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Foreword 

The papers contained in this Special Technical Publication are an out
growth of the papers presented at the American Society for Testing and 
Materials Symposium on Erosion: Prevention and Useful Applications 
sponsored by Committee G-2 on Erosion and Wear. The symposium was 
held in Vail, Colo., 24-26 Oct. 1977. Dr. W. F. Adler, Effects Tech
nology, Inc., Santa Barbara, Calif., Dr. D. A. Summers, University of 
Missouri, RoUa, Mo., and Dr. Fun-Den Wang, Colorado School of 
Mines, Golden, Colo., were members of the organizing committee. This 
was the fifth symposium on erosion to be sponsored by ASTM. Previous 
symposia were held in 1961, 1966, 1969, and 1973. 
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Introduction 

Erosion of materials is becoming more generally recognized as a restraint 
on engineering designs which can no longer be ignored. Performance restric
tions on the useful life of blading in gas and steam turbines due to particle 
impacts, all-weather requirements for supersonic aircraft, helicopters 
operating in sandy terrains, high-performance marine vehicles, and the ex
tended operation of coal conversion plants are illustrations of the significance 
of erosion in engineering practice. 

On the other hand, the destructive aspects of the erosion process are being 
effectively utilized and enhanced in the development of liquid jets for a vari
ety of applications in drilling, tunneling, rock cutting, and mining. Useful 
applications of waterjets for cutting and cleaning are also becoming more 
evident. High-speed precision cutting of fabric, jigsaw puzzles, and high-
volume mining of coal exemplify the range of materials in which cutting jets 
are used, while jet cleaning uncovers airport runways, buildings, and 
chemical plant components, as well as having submarine applications. 

The investigations presented in this publication form the basis for 
technical information concerning a broader range of erosion-related topics 
than is normally assembled in one source. The information provided is in
tended to expose an audience composed of diverse backgrounds to current 
advances in the field of erosion as well as to some of the major problem areas 
requiring attention. Unfortunately not all areas in which erosion is important 
are represented; however, an attempt has been made to provide an inter
change of ideas between those who view erosion as a blessing and those who 
view it as a problem. 

The papers in this volume on solid particle erosion provide a balanced 
perspective of the current work on understanding microscopic erosion 
mechanisms, correlation of erosion data with material properties, testing and 
evalution procedures, and application of the test data to operating systems. 
There is now a need for studying erosive effects at elevated temperatures 
and in conjunction with chemically active environments. Some initial 
efforts in these directions are reported in several of the papers. 

Current work on liquid drop impingement from both a numerical analysis 
and materials approach is presented. The use of high-velocity jets to simulate 
rain erosion effects is also included along with representative work on the 
response of carbon-carbon materials exposed to hypervelocity particle im
pacts. 

The observations pertaining to liquid impact and cavitation erosion 

1 
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EROSION: PREVENTION AND USEFUL APPLICATIONS 

damage may provide important insights into the effectiveness of liquid jet 
cutting and cleaning. This association has not been adequately exploited; 
however, the work reported on waterjets should be useful in establishing 
potential relationships. The papers on waterjets emphasize the many areas of 
application where they can be effectively utilized, the range of concepts per
taining to the most efficient and practical means for cutting or cleaning, and 
a much needed initial assessment of how one system can be compared with 
another. 

W. F. Adler 
Effects Technology, Inc., Santa Barbara, 

Calif. 93111; editor. 
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L. K. Ives1 and A. W. Ruff 

Electron Microscopy Study of 
Erosion Damage in Copper 

REFERENCE: Ives, L. K. and Ruff, A. W., "Electron Microscopy Study of Erosion 
Damage in Copper," Erosion: Prevention and Useful Applications, ASTM STP 664, 
W. F. Adler, Ed., American Society for Testing and Materials, 1979, pp. 5-35. 

ABSTRACT: Solid-partiele erosion data have been reported for many materials. The 
mechanics of the impact process has also been examined. However, relatively little 
effort has been expended in studying the microstructural aspects of material response 
to erosion. Effects such as deformation hardening, plastic flow, and particle em
bedding are recognized as being important but have not been subjected to careful 
study. Understanding the erosion mechanism at large attack angles and accounting for 
differences in erosion behavior of different metals and alloys are areas where knowl
edge of materials response factors will be most important. In the present work surface 
and subsurface erosion damage in copper is investigated by transmission and scanning 
electron microscopy techniques. 

KEY WORDS: erosion, impingement erosion, copper, wear, electron microscopy, 
metal erosion 

The erosion of metals by solid particles is often compared mechanistically 
to a metal cutting or grinding operation, on a small scale. In this treatment, 
different properties of metals are usually distinguished by a single parameter 
related to strength, such as hardness [/].2 Perhaps the most significant suc
cess of this approach—and certainly one of the most important milestones in 
understanding erosion—was Finnie's [2] model relating solid-particle im
pingement erosion of ductile metals to a micro-machining process. Using this 
model, Finnie was able to account correctly for the maximum in erosion rate 
that occurs near 20 deg, Fig. 1. The model did not, however, predict the 
substantial erosion that occurs at large attack angles. Bitter [3], noting that 
brittle materials exhibit a maximum in erosion rate at normal incidence (Fig. 
1) and, furthermore, recognizing that ductile materials work-harden and 
eventually fail by microfracture processes, proposed that the angular de-

'Physicist and acting division chief, respectively, Metallurgy Division, National Bureau of 
Standards, Washington, D.C. 20234. 

The italic numbers in brackets refer to the list of references appended to this paper. 

5 

Copyright® 1979 by A S T M International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



EROSION: PREVENTION AND USEFUL APPLICATIONS 

FIG. 1—Dependence of erosion rate on attack angle is shown schematically for ductile and 
brittle materials. 

pendence of erosion could be regarded as the superposition of ideally duc
tile (cutting mode) and brittle (deformation mode) behaviors. Several 
modifications and improvements to these models have been made [4-8] and 
additional mechanisms have been proposed recently [9,10]. While a much 
better picture of the mechanics of material removal has been gained, prin
cipally through the single-particle studies of Hutchings et al [//], little effort 
has been reported on material response at the microstructural level. 

Reference is often made in erosion studies to such effects as plastic flow, 
work-hardening, recovery, fracture, and particle embedding, but little rele
vant information detailing these phenomena has been published. Under
standing the erosion mechanism at large attack angles, predicting the 
erosion behavior of different metals and alloys, and accounting for the 
effects of elevated temperatures and chemically active environments are 
areas where knowledge of materials response factors will be most needed. 

In the present investigation techniques of scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) are used to study 
microstructural features associated with multiple particle erosion damage 
to a ductile metal, namely, copper. 

Experimental Procedure 

Erosion test specimens were prepared from OFHC copper, ASTM B170 
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IVES AND RUFF ON ELECTRON MICROSCOPY STUDY OF COPPER 7 

Grade 1. Specimens 1 cm square were cut from 2-mm-thick cold-rolled sheet 
and annealed under vacuum for 24 h at 1000 °C, producing a grain size of ap
proximately 1 mm. Immediately prior to erosion exposure, each specimen 
was electropolished in a solution composed of equal parts of phosphoric acid 
(H3PO4) and water (H2O.) 

Tests were conducted in air at approximately 23 °C and a relative humidity 
of 50 percent. Two particle velocities, 20 and 60 m/s, were employed, pro
viding approximately one order of magnitude difference in erosion rate. Par
ticle velocities were measured by the rotating-disk method [12]. Attack 
angles of 20 and 90 deg were studied at each velocity with the intention of 
comparing material response under so-called cutting and deformation modes 
of erosion. For convenience, we shall use the notation (velocity-attack angle) 
when identifying specimens. 

A schematic drawing of the erosion test device is shown in Fig. 2. This 
device, fitted for high-temperature operation, has been described previously 
[13]. An important feature with respect to the present study concerns the fact 

PARTICLE FEED AND SUPPLY 

AIR ^ 

NOZZLE 

SAMPLE 

Fi 'flwr TiiRF 

FIG. 2—Schematic drawing of erosion test device. 
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8 EROSION: PREVENTION AND USEFUL APPLICATIONS 

that the entire 1-cm-square face of the test specimen could be immersed in 
the beam of particles. Thus, a relatively large uniformly eroded surface area 
was provided for subsequent specimen preparation and study. 

The erosive particle material was a high-purity grade of AI2O3 (99.28 per
cent according to the supplier). The nominal particle diameter was specified 
as 50 fim, and the size distribution given was such that approximately 80 per
cent by weight of the particles were in the range 35 to 65 fim. A collection 
of particles is shown in Fig. 3a. On close examination it was found that 
each of the primary particles was covered with a fine AI2O3 particulate dust 
as shown in Fig. 3b. 

In most cases, specimens for microscopic examination were prepared in 
duplicate. One set of specimens was used for direct study of the eroded sur
face in the SEM while the other set was cross sectioned and used in both 
SEM and TEM studies. Prior to sectioning the specimens, a layer of copper 
approximately 1.5 mm thick was electrodeposited on the eroded surface. 
This electrodeposition step was carried out immediately after erosion was ter
minated without any additional treatment to the surface. The plating bath 
was an aqueous solution of 250 g/litre CUSO4-51120 and 75 g/litre H2SO4. 
Plating was carried out at a current density of 40 to 60 mA/cm^ and a 
temperature of 23°C. As illustrated in Fig. 4, the specimens were sectioned 
along a plane that was perpendicular to the eroded surface and parallel to the 
direction of the eroding particle stream. Sectioning was carried out with a 
spark erosion cutting machine. 

Slices 1 mm thick (Fig. 4) were taken for SEM and TEM specimens. These 
slices were thinned to 0.1 to 0.2 mm either by etching in a 1:1 (by volume) 
solution of concentrated mitric acid (HNO3) and H2O or chemically polishing 
at 45 °C in a solution consisting of equal parts of HNO3, acetic acid 
(CH3COOH), and H3PO4. After electropolishing in the 50 percent H3PO4 
solution, these slices were suitable for SEM study, both for the purpose of ex
amining the interface structure and obtaining selected area electron channel
ing patterns. Further electropolishing produced electron transparent regions 
(<0.5 /xm thick) suitable for TEM study at 200 kV. In some cases, addi
tional thinning was carried out by ion beam bombardment with 3 to 4 kV 
argon ions at 15 deg. This method was particularly useful in thinning the 
outermost eroded surface layer, which in most cases contained a significant 
concentration of embedded AL2O3 particles. 

Results and Discussion 

Erosion Rate Results 

Values for the erosion rate of copper obtained in this investigation are plot
ted in Fig. 5 together with data on copper collected from the literature. The 
usual log-log representation is employed and straight lines were fitted to the 
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10 EROSION: PREVENTION AND USEFUL APPLICATIONS 

PARTICLE DIRECTION 

ELECTRCDEPOSIT 

S/\MPLE 

I Cm 

FIG. 4—Schematic drawing of erosion test specimen after copper has been electrodeposited 
on eroded surface. Specimen was sectioned perpendicular to eroded surface for subsurface ex
amination. 

data by a least-squares analysis to reflect the expected power law relation
ship between velocity and erosion rate. The consistency among these data is 
surprisingly good when one realizes that the various points refer to tests that 
were conducted with a wide variety of different particle types, sizes, and 
fluxes, and different test apparatus. The only criteria used in selecting data 
were that the material be "pure" copper and the attack angle be either 20 or 
90 deg. The slope of 2.4 at 20 deg is in good agreement with a value of 2.3 
which is found for most metals [6]. The slope of 2.8 at 90 deg appears 
somewhat high; however, in view of the small amount of data at this angle, 
this departure may not be significant. The erosion rates obtained in this 
study at 60 m/s appear somewhat low relative to the other data. It is not 
known at this time whether this results from test materials and conditions or 
is due to experimental scatter. 

The relationship between erosion rate and accumulated mass of particle 
exposure is shown in Fig. 6. At 90 deg for both 20 and 60 m/s there is a 
brief induction period in which specimen mass first increases and then 
decreases. This is followed by the attainment of a steady-state condition of 
linear mass loss. The slope of the specimen mass change versus exposure 
curve is the erosion rate. The initial increase in mass is, of course, the 
result of embedment or deposition of erosion particles. This effect has been 
discussed previously by Nielson and Gilchrist [4\ and is characteristic of 
many ductile materials. Nielson and Gilchrist found that the length of the 
induction period decreased with increasing velocity, as is the case here. At 
low angles, deposition is substantially less. No increase in weight was 
detected at 20 deg. The induction period shown in Fig. 6 consisted of a 
slight increase in erosion rate leading to the steady-state condition. 
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FIG. 5—Collected erosion results (see references) for copper at attack angles of 20 and 90 deg. 
Straight lines represent a least-squares fit to the data. 

Specimens for microstructural examination were taken at three points on 
the weight-change versus exposure curves: (1) after a brief exposure produc
ing isolated impacts on the surface, (2) during the initial stage of the 
induction period (at 90 deg while the specimen mass was still increasing), 
and (3) after a steady-state erosion condition had been attained. Points at 
which induction period and steady-state condition specimens were taken 
are indicated by arrows in Fig. 6. TEM studies were confined to the steady-
state specimens. 

Surface Topographic Features 

In the following discussion, the results of a systematic SEM examination of 
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12 EROSION: PREVENTION AND USEFUL APPLICATIONS 

1 1 r 

10 20 30 40 50 
Mass Abrasive. g 

60 

FIG. 6—Dependence of specimen mass change on accumulated erosion exposure. Arrows in
dicate points at which specimens were prepared for microscopic study. 

surface topographic characteristics will be illustrated by a few representative 
examples. Figure 7 shows surfaces after brief exposure at 60 m/s at attack 
angles of 20 and 90 deg. The indentation size is somewhat larger at 90 
deg; however, the indentation shapes are qualitatively similar without 
any apparent significant elongation in the direction of particle motion at 20 
deg. The most important observation concerns the presence of a lip of 
material at the exit end of many 20 deg craters. Thus, material has been 
plowed or displaced from the crater and is now much more susceptible to 
complete removal by subsequent particle impacts. Hutchings et al [//] have 
made a detailed study of this crater-forming process using well-characterized 
large single particles. The observations made here appear to be in good 
agreement with their results. In most cases, material did not appear to be 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



IVES AND RUFF ON ELECTRON MICROSCOPY STUDY OF COPPER 13 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



14 EROSION: PREVENTION AND USEFUL APPLICATIONS 

removed by the initial impact. Whether or not material is removed from a 
smooth surface on initial impact is a function of particle density, velocity, 
and attack angle [//]. 

A higher magnification view of the 60-m/s, 90-deg surface is shown in Fig. 
8. An AI2O3 erosion particle 10 fitn in diameter is seen embedded in the sur
face. The particle conforms to the bottom portion of a crater and has ap
parently fractured from a much larger particle. Since there are on the order 
of 2 X lO*" particles per gram of 50-/im material, if even a small fraction of 
the incident particles leave embedded fragments, the concentration of 
embedded material will increase rapidly. This is demonstrated in the mass 
change versus exposure curves, Fig. 6. In addition to the large fragment, a 
quantity of fine "dust" particles has accumulated on the surface shown in 
Fig. 8. These particles appear to be loosely attached to the surface but in 
some cases have been pressed into the surface by larger impacting particles. 
These fine particles undoubtedly make a significant contribution to the net 
concentration of embedded material. 

Surfaces eroded at a particle velocity of 60 m/s in the steady-state stage are 
shown in Fig. 9, where Fig. 9a and b were obtained at an attack angle of 20 
deg and Fig. 9c and d at an attack angle of 90 deg. At 20 deg, features 
characteristic of isolated impact sites are still retained. In particular, the 

FIG. 8—Large embedded AI2O3 fragment and fine dust particles after brief exposure at 60 
m/s. 90 deg. 
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IVES AND RUFF ON ELECTRON MICROSCOPY STUDY OF COPPER 15 

ductile material response is still evidenced by the apparent plowing of 
material; lips are formed at the exit ends of craters. This response is clearly 
demonstrated in Fig. 9b. 

Indentations formed at 90 deg, Fig. 9 c, also seem to result from plastic 
flow. However, examination at higher magnification, Fig. 9d, reveals a sur
face that appears to consist almost entirely of fragments derived both from 
the copper surface and the erosion particles. Development and eventual loss 
of this fragmented surface structure are apparently responsible for the attri
tion of surface material. 

The examples shown in Fig. 7 to 9 and the accompanying discussion re
ferred to specimens eroded at 60 m/s. Similar observations were made at 20 
m/s, where the topography appeared to differ only with respect to the much 
smaller indentation size. 

The topography developed under steady-state and induction-period condi
tions did not differ significantly at an attack angle of 90 deg. However, at 20 
deg, where the induction period consisted of a slight increase in erosion rate, 
the induction-period specimen surfaces were incompletely covered with parti
cle impacts. At a nominal crater diameter of 5 to 10 /̂ m, a uniform distribu
tion of 1 X 10̂  to 4 X 10' impacts would be required to completely cover the 
surface. This would correspond to 0.5 to 2 g of the 50-/im AI2O3 particles. 
Since the impacts are actually randomly distributed, this would represent a 
minimum quantity for complete coverage. This rough estimate agrees with 
the observed induction-period length of about 5 g at 20 m/s and 2 g at 
60 m/s. Thus at 20 deg, steady-state erosion determined from mass loss 
measurements appears to commence once the surface is fully covered with 
particle impacts. 

SEM Study of Cross Sections 

Sections through steady-state surfaces exposed at 20 and 90 deg are shown 
in Fig. 10. The large-scale roughness of the surface reflects the size and 
depth of individual particle impacts. This can be seen by comparing Fig. 10a 
and c with Fig. 9a and c, respectively. Embedded AI2O3 erosion particles are 
present at both 20 and 90 deg but are more concentrated and extend to a 
greater depth at 90 deg. The embedded particles undoubtedly originate both 
through fracturing of large 50-/xm-size particles and through accumulation 
of the fine dust that coats the larger particles. Most of the particle debris in 
the 20 deg surface is less than a micrometre in size, while a number of larger 
particles are embedded in the case of 90 deg impingement. The thickness of 
the embedded layer varies considerably at both attack angles. Locations can 
be found in Fig. 10a and c where there are no embedded particles. At 90 deg, 
there appear to be "pockets" of embedded particles. Plastic flow of the metal 
surface layer seems to play an important role in the embedding process. In 
Fig. lOb particles appear to have become trapped beneath layers of deformed 
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18 EROSION: PREVENTION AND USEFUL APPLICATIONS 

FIG. 10—Cross sections through steady-state eroded surfaces: (a) and (b) at 60 m/s, 20 deg: 
(c) and (d) at 60 m/s, 90 deg. Arrows indicate approach direction of particles. Magnification of 
(a) and (c) are the same: similarly, (b) and (d) are the same. 

metal. Thus, in Fig. lOfc, we attribute the fissures in the surface to the flow of 
metal along the surface rather than arising from surface cracks. The flow 
pattern in Fig. \0b is consistent with the particle impingement direction. 
Flattening or folding over of peaks produced by prior impacts would also 
result in embedment. The latter effect almost certainly plays a major part in 
the embedding process at 90 deg. Evidence of this can be seen in Fig. \Qd. 
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It was noted earlier that the surface topography of the induction-period 
specimens and steady-state specimens was quite similar. Cross sections of 
these specimens are shown in Fig. 11. The thickness of the embedded layer 
on the induction period specimen, Fig. 11a, is much less than that on the 
steady-state specimen, Fig. life. This agrees with the fact that the induction 
period specimen was in a regime of weight increase at the time exposure was 
terminated. 

Influence of Particle Embedding on Erosion 

It is reasonable to assume that particle embedding has a significant in
fluence on the erosion process, particularly at 90 deg, where the concentra
tion of embedded particles is greatest. A model illustrating the embedding 
process and suggesting a mechanism by which attrition of surface material 
may occur is shown in Fig. 12. A cross section through the surface is depicted 
and normal particle impingement is assumed. In Fig. 12a numerous small 
particles and a much larger fragment are embedded in the surface. At a later 
time, in Fig. Mb, the large fragment has been fractured into small pieces 
and driven farther into the surface on being struck by one or more incident 
particles. Smaller scattered particles became buried when metal projections 
were deformed over them. Consistent with experimental observations, the 
concentration of embedded particles is shown to vary along the surface. The 
locations containing a high concentration of embedded particles would be ex
pected to exhibit different mechanical properties than surrounding metal. In 

FIG. 11—Cross section through surfaces eroded at 20 m/s, 90 deg: (a) erosion terminated in 
induction period while mass is increasing: (b) steady state exposure. 
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(a) 

i l l ! 

(b) 

(c) 

(d) 

FIG. 12—Model illustrating possible mechanism for particle embedding and surface attrition 
processes. 

particular, they are likely to be harder under compressive impact loading, 
with the result that they may tend to become gradually higher than the 
average surface. Fig. 12c. On the other hand, the composite mixture of 
loosely adherent erosion particles and metal fragments is probably much 
weaker in shear and less ductile than the surrounding metal. Thus the raised 
composite structure should be more susceptible to fracture and removal from 
the surface once it is exposed. 

Since previous investigations have not involved a careful study of eroded 
surfaces in cross section, the extent to which embedding occurs in various 
metal erosion experiments is not well known. Nielson and Gilchrist [4] 
related embedding to an increase in weight during the induction stage. The 
method is certainly capable of detecting the most prominent cases of embed
ding, that is, ductile materials at large attack angles. However, as was shown 
here at an attack angle of 20 deg, significant embedding can also occur 
without a detectable increase in weight. Further studies are strongly in
dicated both with respect to delineating the influence of material properties 
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and impact parameters on embedding and to determining under what condi
tion embedding enhances or decreases erosion rate. As a limiting case, one 
might cite the situation where sintering to the surface occurs at elevated 
temperatures and erosion is effectively eliminated. 

Plastic Strain Measurements Below the Eroded Surface 

Measurements were made of the plastic strain developed below the eroded 
surface using a selected-area electron channeling (SACP) method [17,18]. 
The method involves the determination of loss of contrast in certain electron 
channeling bands [19] that results from the development of a deformation 
structure in the metal, analogous to the broadening of X-ray diffraction lines 
from deformed metals. The SACP variation with plastic strain was determin
ed using a copper calibration specimen that had been deformed in compres
sion. Strains as large as 35 percent could be measured. The SACP patterns 
were obtained from circular regions about 10 nm in diameter and about 500 
A in depth. The measured value refers to the average strain in that volume. 

SACP measurements were made on cross sections of specimens eroded in 
the steady state regime at 20 m/s, 90-deg and 60 m/s, 90 deg. Figure 13 
shows two SACP's obtained at distances 10 and 80 /̂ m below the erosion 
surface on the 20-m/s, 90-deg specimen. The 111 channeling band used in 
these measurements is vertically oriented in the patterns. The loss of con
trast and sharpness seen in the SACP at 10 /̂ m is a result of the large 
plastic strain that is present. The results of measurements of strain at 
various distances below the eroded surface are shown in Fig. 14. At a given 
depth it is seen that strains are about three times larger at the higher velocity. 
In both cases studied, the strains decrease rapidly below the eroded surface. 

FIG. 13—Selected area electron channeling patterns obtained at 10- and 80-)xm depth for 
20-m/s, 90-deg specimen cross section. Strain measurements were made on the vertical HI 
band. 
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14—Variation in strain determined from SACP measurements with distance below 
surface. 

vanishing at distances of about 30 and 45 /̂ m for particle velocities of 20 and 
60 m/s, respectively. A previous study [18] of erosion damage at isolated im
pact craters in copper (50-;um particles, 59 m/s) found that strains in excess 
of 30 percent were reached at the surface, and decreased to about 5 percent 
at depths of about 25 /xm. Those results are consistent with the findings here 
for 60-m/s velocity exposure. 

TEM Observations 

In the same study cited in the foregoing [18], TEM micrographs were ob
tained illustrating the damage at isolated impact sites in annealed 310 
stainless steel. A high concentration of dislocations was found to extend for a 
distance of a few micrometres from the indentation. The dislocation density 
was quite low outside of this high damage zone. Deformation twins were also 
identified at some impact sites. In the present investigation, specimens sub
jected to steady-state erosion sustained considerably greater damage. This 
was evident at an attack angle of 90 deg without making any measure
ments. Specimens were visibly bent after exposure. The eroded surface was 
convex in shape, indicating that significant compressive stresses were devel
oped within that surface. The effect was much less at an attack angle of 
20 deg. 

TEM micrographs from regions 6 and 14 /xm below the eroded surface of a 
specimen exposed at 20 m/s, 20 deg are shown in Fig. 15. The dislocation 
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density decreases rapidly with increasing distance below the surface. At 40 
^m beneath the surface, very few dislocations could be found in an area 
equivalent to that shown in Fig. 15. In contrast, at 60 m/s, 90 deg, the most 
severe condition studied, a high dislocation density was observed at distances 
greater than 200 ̂ m below the surface. TEM micrographs at 10, 52, and 160 
fim from the eroded surface are shown in Fig. 16. The dislocations are ar
ranged in a distinct cell structure; that is, regions relatively free of disloca
tions are surrounded by walls of high dislocation density. Cells are also evi
dent in Fig. 15. 

The formation of a cell structure is characteristic of many materials at a 
sufficiently high dislocation density under conditions of multiple slip. Cell 
formation is retarded by a low stacking fault energy and the concomitant 
tendency toward coplanar slip. The presence of obstacles to dislocation mo
tion such as fine precipitates may preclude cell formation entirely. Neither of 
the foregoing factors is operative in the relatively pure copper used here. 

In general, cell size decreases with increasing strain. Thus, in Figs. 15 and 
16 a much smaller cell size is found near the surface, where the strain is 
greatest. A number of studies have attempted to relate cell size to flow stress. 
Although a generally accepted relationship has not been firmly established, 
recent work suggests a reciprocal dependence [20]. In Fig. 17, the reciprocal 
of cell diameter, d~\ is plotted against distance below the eroded surface. 
Since to a good approximation flow stress is proportional to hardness [21], 
the curves in Fig. 17 also indicate the variation in hardness as a function of 
distance from the surface. The electron channeling results previously dis
cussed (Fig. 14) are qualitatively similar to the results obtained here at 90 
deg. However, the actual strains may be somewhat greater than those derived 
using the channeling analysis. Preliminary dislocation density measurements 
have been made for some of the erosion specimens. For the 20-m/s, 90-deg 
specimen, the dislocation density is about 2 X lO'̂ cm"̂  at 40-/im depth and is 
higher for the 60-m/s, 90-deg specimen. According to measurements of 
Bailey [22] on tension specimens, this dislocation density is equivalent to a 
tensile strain in excess of 10 percent. The channeling method determined a 
strain of about 1 percent compressive at this same depth. However, factors 
other than dislocation density, such as dislocation type and distribution, are 
also involved and probably are responsible for this discrepency. 

It should be noted that although these specimens had reached a steady-
state condition with respect to erosion rate, this does not necessarily apply to 
the state of deformation below the surface. Damage at some distance below 
the surface could still continue to accumulate without strongly influencing 
erosion rate. No attempt was made in this investigation to determine whether 
the accumulation of subsurface deformation had reached a steady-state con
dition. 

Now consider the nature of the microstructure at the eroded surface, 
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which in these specimens is the interface between the copper specimen and 
the electrodeposited copper layer. As might be anticipated from our earlier 
topographic observations, there was considerable variation in the microstruc-
ture along the surface. One would not expect to find the same structure in 
displaced crater lip material as would exist at the bottom of an indentation, 
nor would the same features prevalent at 20 deg also be equally prevalent at 
90 deg. The presence of embedded AI2O3 particles introduces further com
plexities, not the least of which concerns the preparation "of uniformly thin 
specimen areas. An example of the microstructure at the surface of a 20-m/s, 
20-deg specimen is shown in Fig. 18. At distances greater than about ~ 1 /im 
below the surface, the damage is manifested by a high dislocation density, as 
we have seen in Fig. 15. Closer to the surface, a significant change in 
microstructure occurs. Columnar grains can be seen in Fig. 18 curved in the 
direction of particle impact. A more striking example of apparently similar 
grains is shown in Fig. 19 obtained at 60 m/s, 20 deg. Here the grains 
were identified as deformation twins. The zone of high deformation appar
ently corresponded to a condition where plastic flow at the imposed strain 
rate could no longer be accommodated by dislocation generation and mo
tion. In some cases, a dark band (corresponding to a surface in three di
mensions) could be seen at the boundary of the high deformation zone. 
Such bands are visible in both Figs. 18 and 19 and may be similar to ob
servations by Hutchings et al [//]. In single-particle impact studies on 
polycrystalline steel, Hutchings et al found that metal removal occurred 
along a band of intense subsurface shear. Further study is required to 
provide a better understanding of the bands observed here. 

In some cases the outermost layer was distinctly polycrystalline in ap
pearance. Electron diffraction patterns consisted of arcs and spots that were 
not consistent with a single crystalline orientation. Although grains could be 
distinguished, they were not sharply defined and bounded as in annealed 
polycrystalline material. A similar highly distorted layer, referred to as a 
"fragmented layer," is observed at abraded metal surfaces [23]. Other 
similarities seem to exist between these eroded surfaces and abraded sur
faces. In a TEM study of 70-30 brass, Turley and Samuels [24] found that 
below the fragmented layer a zone of deformation twins was present, fol
lowed by dislocations alone at greater depths. 

Although it was difficult by electrochemical means to obtain suitably thin 
areas for TEM study at the surface of 90-deg specimens because of embed
ded AI2O3 particles, a highly deformed polycrystalline structure was found. 
An example of the microstructure from a 20-m/s, 90-deg specimen is shown 
in Fig. 20. Highly deformed grains of irregular shape are visible. The con
trast and delineation of the various grains are mainly a function of TEM im
aging conditions. Several previous investigations have suggested that melting 
may occur at eroded surfaces [10,25], Although features such as droplets of 
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FIG. 17—Dependence of dislocation cell size on distance below eroded surface for steady-
state specimens. 

metal that might be associated with melting were not observed here, ther
mally induced recovery effects cannot be ignored. Thermal recovery may in
deed play some part in developing the polycrystalline-like grain structure at 
the surface of specimens exposed at 20 deg and within the embedded layer of 
those exposed at 90-deg particle incidence. 

As a final observation of subsurface microstructure, Fig. 21 shows an area 
within the embedded layer of a specimen exposed at 60 m/s, 90 deg. The 
specimen was thinned by ion beam bombardment. With this method both 
the embedded AI2O3 particle and surrounding copper are thinned 
simultaneously (not necessarily at the same rate). Relief effects are mini
mized by employing a low bombardment angle of about 15 deg and rotating 
the specimen during thinning. The central feature in Fig. 21 is a relatively 
large AI2O3 particle. The surrounding copper has conformed almost com
pletely with the particle without visible separation or voids over most of its 
boundary. There are, however, separations or voids within the metal. The 
metal in this region is highly deformed. Single-crystal diffraction patterns 
which could be obtained at greater distances below the surface, in Fig. 16, 
for example, are completely obliterated. 
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FIG. 18—TEM micrograph showing microstructure near eroded surface. Specimen exposed 

under steady-state coruiitions at 20 m/s, 20 deg. Dashed line indicates approximate position of 
eroded surface plane. Arrow indicates particle direction approach. 

Summaiy and Conclusions 

Surface topographic features and subsurface microstructure in copper 
erosion specimens were studied by scanning and transmission electron 
microscopy. Emphasis was placed on examining the material response at at
tack angles of 20 and 90 deg. At 20 deg, topographic features observed here 
resemble those generally believed to result from a cutting process. 

Subsurface damage at 20 deg could often be separated into three loosely 
defined zones. The first zone consisted of a layer of highly deformed grains. 
The second zone was characterized by the presence of deformation twins and 
was often separated from the third zone by a definite boundary possibly 
associated with an intense shear deformation. The third zone consisted of 
dislocations at a concentration that decreased with increasing distance below 
the surface. The first two zones occurred within a few micrometres of the sur
face and were not always identified at all locations due to variations inherent 
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FIG. 19—TEM micrograph of steady-state eroded specimen exposed at 60 m/s, 20 deg. Dark 
acicular features are deformation twins. Dashed line indicates position of surface plane. Arrow 
refers to particle direction of approach. 

in the impact process and experimental difficulties in observing the im
mediate surface layer. 

At 90-deg particle incidence, the deformation damage was more severe 
than at 20 deg. A high density of dislocations, extended to greater depths and 
metal near the surface, invariably gave the appearance of a highly deformed 
polycrystalline structure. However, the most marked difference between the 
two attack angles concerned the amount of particle embedding. While some 
particle embedding was observed at 20 deg and undoubtedly had an in
fluence on the erosion process, embedding was extensive at 90 deg. Under 
the conditions of this investigation, the embedded layer was nominally a few 
micrometres thick; however, the thickness varied considerably along the sur
face, even in steady-state conditions. 

Although embedding in ductile metals has been noted by several in
vestigators, its influence on the erosion process has not been considered in 
any detail. Our observations indicate that this embedded layer can, in effect, 
be regarded as a composite material having entirely different properties from 
the base metal. An erosion model is suggested in which regions containing a 
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FIG. 20—TEM micrograph illustrating highly deformed polycrystalline structure within 
embedded layer of steady-state eroded specimen exposed at 20 m/s, 90 deg. 
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FIG. 21—AI2O} particle embedded in surface of specimen exposed to 60 m/s, 90 deg. 
Specimen thinned by ion bombardment. Arrow indicates direction of particle approach. 

locally high concentration of particles tend to be raised above the surface due 
to their greater indentation hardness. Once exposed, however, these regions 
are likely to be fractured away by impact-imposed tensile and shear stresses. 
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DISCUSSION 

A. Levy^ (written discussion)—Were any deformation patterns, such as 
ripples, seen on the surface? Was there any evidence of void formation and 
cracks in the surface layer that had embedded particles? 

L. K. Ives and A. W. Ruff {author's closure)—No patterns were observed. 
There were pores and fissures in the surface; however, the origin of these 
features was not established. This was particularly the case for TEM 
specimens where images were complex and preparation of thin foils could in
troduce artifacts. Undoubtedly, smearing of metal and flattening of 
asperities played an important role in generating crack-like features and 
porosity. This was especially clear from examination of SEM micrographs of 
cross sections through the eroded surface. 

D. M. Mattox^ {written discussion)—Under equilibrium conditions, what 
is the surface coverage by abrasive particles at the various attack angles? 
What particle flux was utilized in this study? 

'University of California, Berkeley, Calif. 
^Sandia Laboratories, Surface Metallurgy Division, Kirtland AFB, Albuquerque, N. Mex. 

87115. 
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L. K. Ives and A. W. Ruff {author's closure)—We have not yet measured 
the amount of embedded abrasive material under the various test conditions. 
This could be done by dissolving away the copper and weighing the AI2O3 
residue. Examination of cross sections in the SEM did indicate that the 
amount of embedded material was significantly greater at an attack angle of 
90 deg than at 20 deg. 

The particle flux was approximately 1 g/cm^ min at normal incidence and 
about one third of that on the specimen surface at an attack angle of 20 deg. 

M. E. Gulden^ (written discussion)—Does amount of embedded material 
remain constant with increasing number of impacts? 

L. K. Ives and A. W. Ruff (written discussion)—We have shown that 
embedding increases during the induction period, particularly at normal in
cidence. However, no measurements were made to determine whether some 
change might still be occurring during the steady-state erosion condition. 

G. A. Savanik'* (written discussion)—Can you make any statement regard
ing the mechanism of adhesion between the particle and the metal? Do you 
consider this to be true adhesion? 

L. K. Ives and A. W. Ruff (author's closure)—We do not have any direct 
measurements regarding the extent to which the impacting particles might 
adhere to the metal surface. However, under the conditions of erosion, the 
impacting particle surface may come into intimate—that is atomic—contact 
with the metal surface. The high stresses involved and flow of metal could ef
fectively eliminate an intervening layer of air or other absorbed species and 
also allow the particle to break through an oxide layer that would otherwise 
interfere with adhesion. Adhesion could, of course, occur between the parti
cle and an oxide on the metal surface. 

We would regard this as true adhesion in the sense that there is actual 
atomic bonding between the particle and metal surfaces. 

A. C. Buckingham^ (written discussion)—The particle impact-
impregnation for normal (perpendicular) impact leads to apparent new 
roughness (new hills and valleys) on the surface. What is the height or depth 
of these new hills and valleys? 

If impact had been severe enough to produce new hills and valleys of the 
order of 100 jttm, a very great change in the surface environment must be con
sidered if the eroding surface is in a gas flow. The analogy is drawn to gas-
borne particulate erosion on turbine blades in coal combustion electrical 
energy conversion cycles. What happens is that for changes to surface 
roughness heights of the order of 100 ixm in a gas flow of from several hun
dred to 1000 cm/s, the critical Reynolds number for transition from laminar 
to turbulent boundary layer flow drops. The boundary layer becomes 

'Solar Turbines International, Operating Group of International Harvester, San Diego, Calif. 
92138. 

""U. S. Bureau of Mines, Twin Cities Mining Research Center, Twin Cities, Minn. 55111. 
^Lawrence Livermore Laboratory, Livermore, Calif. 94550. 
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turbulent at the site of the impact-induced roughness. The surface shear 
stress and proportional heat transfer will increase locally one to a few orders 
of magnitude. The resulting higher surface temperatures and gas-surface 
shear will probably significantly affect the surface erosion rate. Even if the 
gas flow boundary layer is already turbulent at the site of impact-induced 
roughness, a considerable change in the surface heat transfer and 
mechanical shear will occur for roughness height changes of the order of 100 
^m. This is because the shear or resistance varies exponentially with surface 
roughness height (as does the proportional heat transfer) for these roughness 
amplitudes at gas flow velocities of a few hundred cm/s or greater. 

L. K. Ives and A. W. Ruff (author's closure)—The roughness observed is 
on the order of Ijum, depending on particle velocity—about the same as the 
topographic roughness. 

G. Mayer*" {written discussion)—Do fractured particles cause more or less 
damage than unfractured particles? In this regard, is there a distinction be
tween initially acicular and initially rounded particles? 

How were standards made for estimating the strain induced by erosion for 
electron channeling? Since there is probably a temperature change at the 
surface of the copper during erosion, the strain that you subsequently as
sessed by electron channeling may be lower because of relief through recovery 
processes, and, thus, the compression standard may not be realistic. 

L. K. Ives and A. W. Ruff {author's closure)—We did not conduct any ex
periments to determine the effects of particle fracturing on erosion rate. Tilly 
[10] has done extensive work in this area. However, particle fracture did ap
pear to play an important part in the embedding process. Fragments from 
large 50-jum particles rather than the entire particle were embedded. None of 
our observations were able to detect an effect that particle shape might have 
on a tendency to fracture. 

Recovery effects due to a temperature rise at the surface were not ac
counted for in the compression standard. 

^Army Research Center, Research Triangle Park, N. C. 27709. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



/. Finnie,1 A. Levy,1 and D. H. McFadden1 

Fundamental Mechanisms of the 
Erosive Wear of Ductile Metals 
by Solid Particles 

REFERENCE! Finnie, I., Levy, A., and McFadden, D. H., "Fundamental Mecha
nisms of the Erosive Wear of Ductile Metals by Solid Particles," Erosion: Prevention 
and Useful Applications, ASTM STP 664, W. F. Adler, Ed., American Society for 
Testing and Materials, 1979, pp. 36-58 

ABSTRACT: A brief survey is presented of the mechanisms which have been proposed 
for the erosion of ductile metals by solid particles. After reviewing these and examining 
scanning electron microscope photographs, it is concluded that a ductile cutting mode 
applies when the velocity vector of the eroding particle makes an angle of less than 
about 45 deg with the surface. Above this angle the removal process appears to involve 
quite different mechanisms. An earlier analysis of the cutting mechanism is reexam
ined and shown to predict many features of the erosion process. In particular, the roles 
of particle velocity, elevated temperatures, and material properties are discussed. Some 
preliminary results are presented for erosion at higher angles, and possible mechanisms 
for material removal are discussed. Finally, some suggestions are made for future 
directions in erosion research in view of the current interest in coal-hydrogenation 
processes. 

KEY WORDS: abrasion, coal-hydrogenation, cutting, ductile metals, erosion, erosive 
wear, flow stress, grinding, hardness, heat treatment, machining, metals, scratching, 
size effect, wear, work-hardening 

Erosion by solid particles in a fluid stream has been a problem in many 
industrial processes. Currently, there is a great deal of interest in coal-
hydrogenation. From pilot plant results and experience with similar opera
tions, erosion appears to be an important factor in the development of 
novel hydrogenation processes. The need for a better understanding of 
erosion in this connection is the motivation for the present work. 

This type of wear has been studied for many years, and the classic mono
graph of Wahl and Hartstein [l],2 Strahherschleiss, published in 1946 
contains some 233 references. It was known, by this time, that erosion depends 

1 Professor of mechanical engineering, staff senior scientist, Lawrence Berkeley Laboratory, 
and graduate student, respectively, University of California, Berkeley, Calif. 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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markedly on the angle of impingement, with the dependence being quite 
different for ductile metals and brittle solids. This early work compared 
the erosion resistance of different materials, and many ingenious solutions 
to practical problems were devised. However, an interest in the fundamen
tal mechanisms by which solid particles remove material during erosion 
has developed only within the past 20 years. Work in this direction is stim
ulating because of the many different viewpoints which have been pro
posed. It is also somewhat frustrating because of the difficulty in relating 
the conditions occuring during erosion to those in conventional materials 
tests. Since the literature on the mechanisms of erosive wear has been 
reviewed in detail in recent publications [2,3], we will present here only a 
brief summary. 

In 1958, one of the co-authors [4] considered the trajectory of the tip of 
a rigid abrasive grain which cuts the surface of an ideally ductile metal. 
Making a number of assumptions which were spelled out in this and later 
work [5,6], the volume V removed from a surface by a mass M of eroding 
particles was predicted to be 

V ~ MU^fia) ^ p (1) 

where 

U — particle velocity, 
/ (a) = function of a, angle measured from plane of this surface to 

particle velocity vector, and 
p = horizontal component of flow pressure between particle and 

surface. 

As we will discuss later, this approach predicts, successfully, many features 
of the erosion of ductile metals when the angle a is less than say 45 deg 
but is incapable of predicting the erosion observed for higher values of a. 
By contrast with ductile metals, in which material can be removed by the 
cutting action of a particle, as well as by other mechanisms, in ideally 
brittle solids removal must occur by the propagation and intersection of 
cracks. Analyses of this type of erosion presented in 1966 [7] and later [8] 
showed encouraging agreement with experiment. We will not pursue the 
topic of the erosion of brittle solids in the present paper since we are treating 
ductile metals. However, it is important to realize that the mechanisms 
of material removal for ductile and brittle behavior are completely different. 

With this in mind, one has to be skeptical about the analysis of Bitter 
[9] which attempted to cover both brittle and ductile solids with the same 
equations. Following earlier workers, he considered erosion to consist of 
two simultaneous processes, "cutting wear" and "deformation wear." For 
ductile metals at low angles, cutting wear predominates, while at high 
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angles deformation wear predominates. The analysis is elaborate, being 
based on elastic contact stress calculations and energy balances. Later it 
was simplified by Neilson and Gilchrist [10], who presented equations 
which gave a good fit to experimental data. Our viewpoint may be parti
san, but it is difficult to view this approach as other than "curve fitting," 
and it sheds little light on the fundamental processes involved in erosion. 

An extensive series of erosion studies was carried out by Tilly and his 
colleagues [11-17] in connection with sand erosion of gas turbine compres
sors. A great deal of useful information was obtained, for the first time, on 
the effect of the properties of the eroding particles on erosion. By contrast 
with earlier workers who assumed the eroding particles to be rigid, Tilly 
proposed a two-stage process in which particles produce some erosion and 
then fragment to produce additional damage. On the basis of this model, 
the erosion which occurs at a = 90 deg was attributed to the radial motion 
of the fragmented particle. However, this explanation has been questioned 
by Kleis and his colleagues [18]. The two-stage process was used also to 
explain the effect of particle size in erosion since large particles should 
fragment more easily and produce more damage than small ones. However, 
such a size-effect is observed also in slow-speed abrasion tests. Finally, 
the additional fragmentation which should occur at higher velocities was 
offered as an explanation for the observed dependence of volume removal 
on velocity V ~ U" where « > 2. By contrast with Eq 1, which predicts 
n — 2, virtually all erosion tests on ductile metals show higher values of 
the exponent «. In Tilly's tests the value reported was n = 2.3. While 
fragmentation may play a role in some cases, the wide variety of situations 
in which values of the exponent n greater than 2 have been reported leads 
us to seek a more general explanation for this result. 

Continuing with these different viewpoints, the next approach is that of 
Smeltzer, Gulden, and Compton [19]. They suggest that local melting dur
ing impact and attachment of surface material to the impacting particles 
produce erosion. Again the generality of this hypothesis may be ques
tioned, because materials of widely differing thermal properties show a 
similar response to eroding particles. 

Another model for erosion was suggested by Sheldon and Kanhere [20]. 
Their derivation, which applies for a = 90 deg, consists of an energy bal
ance between the kinetic energy of the particle and the work expended dur
ing indentation. The result is 

V ~ D^IP {p/Hvy^ 

where 

p — particle density, 
D = particle diameter, and 

H, = Vicker's hardness of surface. 
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Sheldon [21] contends that the appropriate value to use for the Vicker's 
hardness is that of the material in the "fully work-hardened" condition, 
which may be as much as five times greater than that of the annealed 
metal. Again, this analysis is lacking in generality since the velocity expo
nent is usually between 2 and 3 and the derivation based on an energy 
balance appears to be oversimplified. 

An important contribution to our fundamental studies of erosion mech
anism in recent years has been the work of Hutchings and Winter [22-25]. 
Using single particles, they have shown that cutting or plowing may occur, 
depending on the rake angle. The plowing or extruding of material above 
the surface can lead also to erosion if this raised and more vulnerable 
material is removed by subsequent particles. These authors have observed 
bands of localized deformation in the material raised by particle impact. 
These bands are attributed to thermal softening, and the mechanism by 
which fracture propagates in these bands to remove material has been 
discussed [25]. 

From this brief review it is seen that a variety of opinions exists on the 
mechanism or mechanisms of material removal in erosion. For this reason, 
it appears worthwhile to reexamine the original cutting analysis [4] to 
assess its range of validity and to suggest directions in which it may be 
improved. 

The Cutting Analysis 

For completeness we will summarize the assumptions and the final 
results. Details of the derivation have been given elsewhere [4,6,26]. 

A rigid polyhedral grain as shown in Fig. 1 strikes the surface and does 
not fracture. Although the analysis can be extended to the three-dimen-

FIG. 1—Idealized two-dimensional model of a rigid grain cutting into a ductile metal. 
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sional case [5], for simplicity we consider the two-dimensional case in 
which the grain of Fig. 1 has a uniform width, b. Little rotation of the par
ticle occurs during cutting, so for polyhedral particles the coordinates of 
the particle center of gravity X, Y and its tip XT, YT are related by XT = 
X + r<l> and YT = Y. If particle rotation is limited, the cutting configura
tion should be approximately geometrically similar while the particle cuts 
into the surface. Also, with sharp particles, large strains should occur from 
the beginning of the cutting process. These conditions lead us to assume 
that the ratio K of vertical to horizontal force on the particle is a constant 
during cutting and that a constant plastic flow pressure exists during cut
ting with its horizontal component being denoted by p. Before writing the 
equations of motion, an assumption has to be made for the ratio ^ of the 
vertical distance L over which the particle contacts the surface relative to 
the depth of cut YT. In previous work [1], based on metal cutting experience 
this value was estimated as 2. For the present, however, we leave it as an 
unknown but fixed ratio. Finally, the volume removed was taken as the 
product of the area swept out by the tip of the particle and the width b of the 
cutting edge. That is 

YTdXT = b 1 YT 
dXj 

dt 

where t is time from the start of cutting and tc the time at which the particle 
ceases to cut. 

Having made these assumptions, the equations of motion for the particle 
in the X, Y, and (^-directions may be solved and expressions determined 
for V. In presenting the results it is convenient to make use of the quantity 

p = — ^ — 
I + SE: 

where m is the mass of an individual particle and / the mass moment of 
inertia about its center of gravity. Also, recognizing that not all particles 
will cut in the idealized manner, we denote the fraction which cut in the 
manner assumed by c. The resulting expressions for the volume removed 
by a total mass M of abrasive grains are 

cMW 
2ip 

2 / 2 
— ( sin 2a — -^ sin^a a < tan- ' j - (2) 
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V = 
cMW 
UP 

r cos^a "1 

[ l '^"/ j j 
a > tan - i Z (3) 

Equation 1 applies when the particle leaves the surface while still cutting, 
Eq 2 when the particle comes to rest while cutting (that is, t^ corresponds 
to l̂ r = 0 and dXr/dt = 0, respectively). The two expressions for volume 
removal coincide for tana = P/2, while maximum removal is predicted 
to occur at the slightly lower angle given by tan 2a = P. Taking a value of 
K = 2 based on grinding data and tests with single abrasive grains, and 
choosing / = Vi mr^ for a polyhedral grain, P = 0.5 and maximum ero
sion is predicted to occur at a = 13 deg. The angle for maximum erosion 
is fortunately not very sensitive to the choice of P. For example, for P = 
1-0, amax — 22.5 deg. In previous work we have shown that the predicted 
variation of volume removal with angle agrees very well with experiment 
for angles less than say a = 45 deg. This is illustrated by Fig. 2, which 
compares the predicted result with recent experiments on 1100-0 alumi
num. Also, a modification of the analysis to treat curved surfaces provides 

10 

0 8 

0 2 

Base Material IIOO-O Al 

Porticle Size 280/^-350/^510 

Predicted ' 

20 30 4 0 50 60 
Angle of Incidence (degrees) 

70 90 

FIG. 2—Predicted and experimental curves for erosion as a function of angle, normalized 
to give the same maximum erosion in both cases. Velocity, 78 m/s. 
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a qualitative explanation [27] for the ripple patterns which form when 
ductile metals are eroded at low angles of impingement. 

To study, in a more fundamental way, the variation of erosion damage 
with angle, a series of single particle impacts was examined using stereo 
scanning electron microscopy (SEM). In addition, profdes were traced 
through the approximate center of the "crater" produced by the impacting 
particle. There is considerable variability in the craters produced at a given 
angle because of the irregularity in the shape of the abrasive grains. How
ever, after examining five or six craters for each angle, we get the "typical" 
results shown in Figs. 3-6 for a = 10, 30, 60, and 90 deg. At a = 10 deg, 
the particles, in general, leave the surface while still cutting; at a = 30 deg 
the particles cut but are trapped by the surface. These mechanisms corre
spond to those involved in the cutting analysis. However, much of the 
material which has been cut is displaced rather than removed, as described 
by Hutchings and Winter. We will return to this aspect later. At a = 60 
and 90 deg, no cutting is involved and the original surface markings can 
be seen in the region stuck by the particles. When very many particles 
strike the metal to produce a rough surface, the situation becomes more 
complicated. However, it appears inappropriate to apply a cutting type of 
analysis for higher angles (say a > 45 deg). 

Returning to Eqs 2 and 3, we note two simple predictions which are 
confirmed by experiment. The volume removed is observed to be propor
tional to the total mass of the eroding particles except for an incubation 
period, which is most pronounced for the higher angles. The particle size 
does not influence the volume removal provided it is greater than about 
50 to 100 iMtn. The reduction in volume removal ("size effect") which 
occurs with smaller particles has been discussed by one of the authors [6] 
and there is little we can add to this topic at the present time. 

As pointed out earlier, a puzzling feature of erosion has been its de
pendence on velocity. Rather than the value V ~ IP predicted by Eqs 2 
and 3, the observed values of the exponent are more typically 2.3 to 2.4 
and can range from 2 to 3. This was explained recently [26] by a slight 
modification of the original cutting analysis. In the original derivation, 
based on Fig. 1, the vertical and horizontal forces were assumed to act 
at the tip of the particle. By moving these forces to the center of the con
tact region between the particle and the surface, only the equation of 
motion in the (^-direction is changed. This change depends on the ratio \p 
and the depth of cut, which in turn depends on the velocity. As a result, 
velocity exponents are predicted which agree with the range of values 
observed experimentally. The modified analysis predicts a velocity ex
ponent which increases with angle in the range for which cutting occurs 
and a slight increase in the angle for maximum erosion. The crater shape 
predicted by the original and modified analysis for a = 10 and a = 30 deg 
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INITIAL PARTICLE 
VEUXITY 

» = I0° 
SECTION X-X 

FIG. 3—(A) Damage caused by a single llOO-iim-diameter silicon carbide particle at 
10-deg angle of impingement with initial velocity of 67 m/s on 1100-0 aluminum. (B) Crater 
profile along Section XX. (C) Stereo photographs of impact (use stereo viewer provided in 
Metals Handbook, Vol. 9). 
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INITIAL PARTICLE 
VELOCITY 

50/«m 

50/im 

FIG. A—Same conditions as Fig. 3 except a is now 30 deg. 
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INITIAL PAf?T(CL^ 
VELOCITYX 

a =60° ^ 
SECTION X-X BOA«m 

FIG. 5—Same conditions as Fig. 3 except a is now 60 deg. 
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INITIAL PARTICLE VQ-OCITY 

FIG. 6—Same conditions as Fig. 3 except a is now 90 deg. 
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is compared in Fig. 7 with experimentally observed values. The experi
mental curve was taken as the median one for all craters examined for each 
angle (that is, some were longer, some shorter). The maximum depth was 
scaled to be the same in each case. For a = 10 deg, the crater profile is 
predicted quite well. For a = 30 deg, it must be remembered that the 
particle comes to rest while cutting and only the coordinates of its tip are 
being predicted. The additional area removed may correspond to the 
region occupied by the particle. Perhaps fortuhously, this is approximately 
equal to the area piled up above the surface ahead of the arrested particle. 
However, stereo-viewing of the lower photographs in Figs. 3 and 4 also 
shows material piled up at the sides of the craters. 

Influence of Materisd Properties on Cutting Erosion 

So far, we have examined the effect of angle and velocity in a relative 
sense to avoid discussing the uncertain quantities c, p and to a lesser 
extent xj/. In previous work [28] it was found that the volume removed at 
a = 20 deg and U = 76 m/s for several high-purity annealed face-centered 
cubic (fee) metals was inversely proportional to their Vickers hardness, Hv. 
Since this result has been quoted on a number of occasions, and extended 
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FIG. 7—Single-particle crater profiles for representative experimental results and profiles 
predicted by original and modified analysis at (A) a = 10 deg and (B) a = 30 deg. Results 
are scaled such that the maximum depths of cut for experimental and predicted results are 
equal for a given a. 
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beyond the range of validity claimed in the original work, it may be worth 
discussing in some detail. First of all, from volume removal measurements 
and Eq 3 with ^ = 2, an approximate value quoted [6] from these tests 
was c/p = 0.1/Hv. A more precise value would be c/p = O.lS/iTv, or in 
the more general case with yp left as an unknown, c/^p = 0.075/Hv. Any
way, returning to the original expression c/p = O.l/Hv, this was used 
along with observations made in abrasion experiments that c — 0.1 to 
deducep = H,. However, SEM observations on single impacts in the cutting 
range show that almost all particles cut a crater with some of the material 
being displaced above the surface rather than being removed. To esti
mate p, the horizontal component of the flow pressure, the crater shapes 
shown in Fig. 7 were compared with those predicted analytically. For 
annealed commercially pure aluminum (1100-0), the average value ob
tained in the cutting range is ;J = 2Hv where H^ applies to the annealed 
material. On this basis we would deduce c = 0.3 for 1,̂  = 2 or c = 0.45 
for ^ = 3. Values of this magnitude for the fraction of particles cutting in 
an idealized manner appear reasonable. The raised material observed in 
single-particle experiments has to be removed by subsequent particles 
when multiple particle impact is involved. At this stage it appears difficult 
to be more quantitative about the values of the variables c, p, and •^, but 
their combined value c//j^ may be deduced from experiments on a given 
material. 

We return now to the relationship oip, the horizontal component of the 
flow pressure to the hardness or other material properties, since p is the 
only means of comparing the relative erosion resistance of different ma
terials in the cutting analysis. In comparing different materials, we recall 
that erosion involves large strains, large strain-rates, and elevated tempera
tures in the region being deformed. By contrast, the Vickers hardness test 
is a measure of the flow stress at low strains and ambient temperature. 
A common approximation is to equate the Vickers hardness to three times 
the tensile stress at 8 percent strain. To a large extent, one would expect 
the effects of high strain rate and high temperature in erosion to offset 
one another. Thus, in comparing annealed high-purity fee metals, which 
should have approximately similar stress-strain curves, it is not unreason
able to assume that the Vickers hardness is proportional to the flow 
pressure reached in erosion. However, if the annealed material is cold-
worked before erosion, its Vickers hardness will be increased, but little 
change would be expected in the flow stress at very large strains where the 
stress-strain curve tends to become flatter. Thus, it is not surprising to 
find that prior cold work has essentially no effect on the erosion resistance 
of ductile metals \28\. In steels, large increases may be produced in the 
yield strength by alloying and heat treatment, but the strain-hardening 
following yield is much less pronounced than in, say, annealed fee metals. 
Thus, we would expect the hardness of steels to overestimate their erosion 
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resistance when using the result V ~ (\/p) ~ (l/Hv) obtained from an
nealed fee metals. Another illustration that the Vickers hardness cannot 
be relied upon to predict relative erosion resistance is the work of Brass 
[29] on AISI 1075 in pearlitic and spherodized forms. Comparing a fine 
pearlite with Hv = 250 kg/mm^ and a spherodized structure with Hv — 
162 kg/mm^, the "softer" material is seen to erode about 15 percent less 
at a = 15 deg, with both materials showing the same weight loss at 
a = 90 deg. After correcting Brass's observations for the difference in 
velocity between his tests and those in Ref 28, we found that his results for 
spherodized steel fell quite close to the relation obtained for annealed fee 
metals. The most striking feature of these tests is, perhaps, that a dramatic 
difference in microstructure leads to relatively little change in erosion 
resistance. Tests [29] on an Al-4.75Cu alloy heat treated to give fine 
Guinier-Preston (GP) zone precipitates with a lower yield and a higher 
work-hardening rate than the larger precipitate 6' microstructure led to 
the unexpected result that GP-zone material eroded about 20 to 30 percent 
more at a = 15 deg than 6' material, with relatively little difference 
being observed at a = 90 deg. Again, after correction for the different 
velocities in these tests and Ref 28, the erosion rate at a = 20 deg is less 
than a factor of two greater than would be expected from the tests on 
annealed fee metals. 

The picture that emerges is a discouraging one from the point of view of 
material selection, if we consider ductile metals tested in air with hard 
abrasive particles. The result obtained with annealed high-purity fee 
metals, c/p = OAS/Hv at a = 20 deg, appears to provide a lower bound 
for the volume removal when erosion occurs by a cutting mechanism. For 
practical purposes an upper bound would be more desirable. From pre
vious work [28] and the tests of Brass [29] it is seen that prior cold-work 
or microstructural changes have little influence on erosion. While these 
conclusions are based primarily on tests at low values of a, where cutting 
is involved, they appear to apply also for erosion at higher angles. How
ever, changing tests conditions such as softer and more friable particles 
or a corrosive environment could well alter these conclusions. 

Erosion by Perpendicular Impingement 

Our analytical treatment of erosion has been based on the cutting mech
anism which has been shown to be limited to angles less than a = 45 deg. 
Various mechanisms have been postulated for removal when the particles 
impinge normally onto the surface, but these are all intuitive without any 
convincing proof. Among the mechanisms suggested for removal are: work-
hardening and embrittlement [9], fracture of the particles with radial 
flow of fragments [17], an extrusion or pushing up of the surface [20], 
delamination of subsurface material [29,30], melting [19], and low-cycle 
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fatigue [6]. The difficulty in deciding between these mechanisms is clear 
if we compare the volume removed by a typical particle at a = 90 deg 
with the volume of the crater formed when a single particle indents the 
surface. If the hardness of the surface can be described by the Vickers 
hardness of the annealed material, this ratio is about 1:200. On the other 
hand, if we accept Sheldon's explanation [21] that the surface may be 
about five times harder than the annealed material, the ratio is about 1:40. 
In any event, the conclusion is that about 1 percent of the indentation 
vblume, within a factor of two, is actually removed from the surface. With 
such a small fraction of the deformed volume removed, many removal 
mechanisms are plausible. However, several may be discounted by SEM. 
An examination of the same region as erosion progresses [31 ] eliminates 
both the embrittlement and melting mechanisms, and fracture of the 
particles does not appear to be a general explanation. The process is best 
described as a continuous "battering" of the surface, leading to removal 
when extrusion of vulnerable material leads to a ductile fracture. The 
removed material is "flake-like" which is consistent with either an "extru
sion" type of mechanism or the concepts of "delamination wear" advanced 
by Suh [30]. This is illustrated by Fig. 8, which shows an aluminum 
surface eroded at a = 90 deg [31]. Both photographs are of the same 
surface and have the same magnification. One was taken at 63 deg to the 
normal and the other is a cross section of the surface. For the present we 
favor, as the mechanism of removal, an extrusion process ending in ductile 
fracture, but we cannot exclude "low-cycle fatigue" or "delamination 
wear" as potential mechanisms. In fact, we believe that with further study 
these three potential mechanisms may prove to be interrelated rather 
than distinct. 

Influence of Temperature and Environment 

Although many erosion problems occur at elevated temperature and in 
a corrosive environment, there have been few basic studies which involved 
these variables. Unless elevated temperature tests are run in a vacuum or 
inert atmosphere, the effects of oxidation or other surface reactions may 
influence the results. Further complications would be expected if changes 
in particle strength, size, velocity, or flow rate alter the extent to which 
the surface scale is removed relative to the removal rate of the base metal. 

Considering first the role of temperature, it is found in static tests that 
most metals cease to be of structural value when their homologous tem
perature (HT = temperature -^ melting temperature in degrees absolute) 
is about one-half. However, because of the extremely high strain rate in 
erosion, one might expect to find strength levels maintained to higher 
temperatures than in static tests. The most extensive collection of experi
mental results reported to date is that of Tilly [13], who tested materials 
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L. 
50/^ 

FIG. 8—^̂ iEW photographs of 1100-0 aluminum eroded at a = 90 deg and a velocity of 
61 m/s by 600-iji.m silicon carbide particles. Top view is taken at 63 deg to the normal; lower 
view is a cross section of the surface. 
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using a resistance-heated specimen in an airstream. From room tempera
ture to about 500 °C, a nickel alloy and a titanium alloy at a = 40 deg and 
a = 90 deg as well as an 11 percent chromium steel at a = 90 deg showed 
little effect of temperature on erosion. On the other hand, the erosion 
resistance of a beryllium copper, an aluminum alloy, and a mild steel 
increased as the temperature was increased. For both the aluminum alloy 
and the steel the erosion at 400 °C was only about a third of that at room 
temperature. The tests of Smeltzer et al [19] on four materials (2024 
aluminum, 17-7 PH steel, 410 stainless, and Ti-6A1-4V) also showed little 
effect on erosion of gas temperatures ranging from ambient to 370°C. 
Recently, Young and Ruff [32] reported that at 500 °C the oxide coating on 
certain alloys could decrease the erosion due to small particles (5 /̂ m) rela
tive to that due to larger particles. However, little difference was noted 
in the erosion at 25 and 500 °C when larger particles (50 ^m) were used 
at the same velocity and angle (52 m/s, 45 deg). These results point out 
the importance of the particle depth of cut relative to the thickness of the 
oxide coating. At the same time, Ives [33], using an ingenious test fixture 
which permits simultaneous testing of multiple specimens, examined the 
effect of temperature and environment on Type 310 stainless, a prime 
candidate material for coal-hydrogenation systems. At a = 90 deg and 
15 to 70 m/s, silicon carbide particles of 100 mesh (approximately 124 
to 150 /im) produced considerably more erosion at 975 °C than at 25 °C. 
At the lowest velocity where the particles did not penetrate the oxide scale, 
the effect of temperature was more pronounced. 

In another study [34], several metallic alloys and silicon nitride were 
exposed to oxidizing combustion gases at 870 °C and velocities up to 270 
m/s with and without 130 ppm of 20-/im aluminum oxide (AI2O3) particles. 
While the silicon nitride was relatively unaffected in either case, the metal
lic alloys showed two to three orders of magnitude more weight loss under 
erosion-corrosion conditions than with corrosion alone. In this case, each 
region of the eroded surface is being struck on the order of once per 
second. The oxide scale forming in this period is so thin that metal erosion 
governs removal rather than scale erosion. Additional evidence of the 
predominance of erosion under these types of turbine operating conditions 
relates to the differences in alloy behavior found with and without erosion. 
Iron- and nickel-base alloys that showed different behavior in corrosion 
tests behaved similarly in combined erosion-corrosion tests. The surface 
features which developed in these tests after exposure were typical of those 
observed in eroding ductile metals at both shallow and steep angles of 
impingement. As might be expected, smaller size (2 /im) AI2O3 particles 
resulted in a different relationship between erosion and corrosion. Refer
ences 32-34 are notable for combining elevated temperature erosion mea
surements with microscopic observations of the surface and illustrate the 
complexity of the high-temperature erosion-corrosion problems. 
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For further experimental work we have designed a high-temperature 
erosion test facihty which permits temperatures up to 1000 °C with gas 
compositions typical of coal-hydrogenation processes. Details of the appa
ratus will be reported later. For the present we give only preliminary results 
on 1100-0 aluminum and 310 stainless steel with 250 iitn particles, using 
nitrogen as the carrier gas. Particle velocities were measured using the 
rotating-disk technique of Ruff and Ives [35]. Figures 9 and 10 show the 
results of tests at 30.5 and 61 m/s on 1100-0 aluminum with HT = 0.32 
(room temperature), 0.4 (99°C), 0.6 (285°C), and 0.8 (471 °C). At the 
lower velocity the curves for the lower three temperatures are quite similar. 
Even the curve for HT = 0.8 shows a peak at about the same angle as 
the other tests. This indicates that a cutting mechanism is still involved at 
low angles even at the elevated temperatures. The decrease in erosion at 
low angles as temperature is increased, as in some of Tilly's tests, is 
unlikely to be due to an oxide scale. While his tests were run in air, ours 
were in nitrogen, and one would expect a shift in the angle for maximum 
erosion if a brittle material were being eroded. For a = 90 deg, the pic
ture is reversed, with no change in erosion occurring up to HT = 0.6 and 
then a sudden increase for HT = 0.8. At the higher velocity. Fig. 10, 
the effect of angle on erosion is decreased. The curves still show a maxi
mum at about a = 15 deg, but for HT — 0.8 the difference between the 
maximum erosion and that at 90 deg is only about 15 percent. At the 
higher velocity, the erosion rate increases with increasing temperature. 
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FIG. 9—Erosion of 1100-0 aluminum at a velocity of 30.5 m/s as a function of angle for 
several temperatures. 
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which is a resuh that might be expected from a decrease in flow pressure 
with temperature. However, the increase in erosion is much smaller than 
would be expected from the effect of temperature on, say, the tension 
test. The preliminary tests on 310 stainless are shown in Fig. 11. By con
trast with the tests on aluminum, increasing temperature has a profound 
effect on erosion, but the maximum erosion again occurs at low angles. At 
a = 25 deg, U = 30 m/s and 975 °C, Ives [33] found an increase in 
erosion by a factor of about five compared with tests at 25 °C when testing 
with excess oxygen or excess propane. Our results at 982 °C and 20 °C in 
nitrogen show an increase due to temperature by a factor of about 11. 
This further illustrates the need to test with the corrosive enviroiiment 
expected in service. 

From the references we have cited and Figs. 9-11, it is clear that addi
tional work needs to be done to clarify the effect of temperature on the 
flow stress and other variables. Generally, the factors such as velocity 
and angle that influence the ambient temperature behavior of ductile 
and brittle materials appear to play a similar role in elevated-temperature 
testing. However, the particle size and concentration in the fluid stream 
are much more important at elevated temperature. Along with the velocity 
and angle, these variables will determine whether the particles remove 
a ductile metal or a brittle corrosion product. At the same time, the cor
rosive environment and temperature will control the growth rate of pro
tective oxide scales and in some cases destructive sulfur compounds. 

Conclusions 

Many aspects of the erosion of ductile metals by rigid particles in the 
inert environment are quite well understood. The challenging and impor
tant problem, now, is to extend this work to elevated temperatures, cor
rosive environments, and particles which are typical of those found in 
service. An improved understanding of this complex problem will call for 
careful and extensive mechanical testing and metallurgical studies using 
specialized apparatus. 
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DISCUSSION 

S. M. Woip {written discussion)—Your erosion model results from 
cutting by isolated particles. The substructure developed in the impacted 
region will be different from that after multiple impacts (in terms of dis
location network, subsurface crack formation). Therefore doesn't your 
model implicitly assume little or no effect of the aforementioned structural 
changes? 

You showed erosion of steel by silicon carbide particles becoming more 
dependent on angle as the temperature increased. This is contrary to 
recent experimental results (at Lawrence Berkeley Laboratory and Battelle-
Columbus). Please comment. 

/. Finnic, A. Levy, and D. H. McFadden {author's closure)—Although 
the analysis is based on the action of an individual particle, the predictions 
are compared with test results using many particles in an attempt to de
duce the flow pressure p. The approach of glossing over structural changes 
and characterizing a material only by a flow pressure that it experiences 
during erosion appears to be a good first approximation for ductile metals 
eroded at low angles. 

Figure 11 for Type 310 stainless steel shows an increase in overall erosion 
with increasing temperature. At the same time the ratio of the erosion at 
90 deg to that at 15 deg is increasing slightly less with increasing tempera
ture, as is true also for our tests on aluminum. For the present we can 
offer only experimental results for the effect of temperature on erosion. 
It is perhaps premature to attempt to explain why the angular dependence 
changes with temperature until we understand better the mechanisms 
causing removal at large angles of impingement. 

N. H. Macmillan^ {written discussion)—You have used a two-dimen
sional (plane strain) analysis to relate erosive weight loss to particle impact 
angle and velocity, even though particle impacts do not result in plane-
strain deformation. I would therefore like to ask if you have been able to 
make any progress with the (admittedly far more difficult) three-dimensional 

'Department of Energy, Basic Energy Sciences Division, Washington, D.C. 20545. 
^Pennsylvania State University, Materials Research Laboratory, University Park, Pa. 16802. 
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problem; and, if so, whether this latter approach predicts a similar de
pendence of erosion on impact angle and velocity. 

/. Finnie, A. Levy, and D. H. McFadden (authors' closure)—In earlier 
work [5] it was shown that an irregular particle gives rise to the same 
dependence of erosion on angle and velocity as a two-dimensional particle. 
However, this analysis was based on the assumption that the resultant 
force during cutting acts on the tip of the particle. For the more realistic 
model that we have now discussed, in which the location of the resultant 
force moves as the particle makes a deeper cut, we have studied only the 
two-dimensional case. For typical values of the parameters used in erosion 
studies, this analysis predicts trends in the velocity exponent and explains 
why exponents greater than two are observed. It seems likely that similar 
results would be obtained with a three-dimensional analysis. 
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ABSTRACT: The behavior of spherical and angular particles on oblique impact with 
a metal surface is illustrated by experiments using macroscopic projectiles. Three 
classes of behavior are identified: plowing and two types of cutting. Results of energy 
loss and crater volume determinations are given which agree with theoretical pre
dictions. The strain rates occurring in erosion are estimated and shown to be extremely 
high (105-107 s~ ]). This may explain the failure of quasi-static strength measure
ments to predict erosion resistance. The possibility of erosion being caused by melting 
is discussed and it is concluded that the process is primarily mechanical, with thermal 
effects playing only a subsidiary part. 

KEY WORDS: erosion, impact, impingement, metals 

Despite widespread interest in the problem of erosion by solid particles, 
and a growing understanding of the complex processes involved, there is 
still radical disagreement among workers in this field on the mechanisms 
by which hard particles remove material from a metal surface on impact. 

This paper presents results from a study of the damage caused by single 
impacts of rigid projectiles of well-defined shape on to ductile metals. The 
impact behavior observed in these model experiments is compared with 
that predicted by a simple theory and with impact damage caused by hard 
irregular abrasive grains. The possible mechanisms by which erosion might 
occur are then discussed in the light of these results. 

Since maximum erosion in ductile metals is always found to occur at low 
angles of impact, the experiments were carried out with impact angles 
between 20 and 40 deg to the metal surface. 

1 University demonstrator and Fellow of St. John's College, University of Cambridge, De
partment of Metallurgy and Materials Science, Pembroke Street, Cambridge, England; 
formerly with Cavendish Laboratory, Madingley Road, Cambridge, England. 
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The single-impact studies were carried out using very hard steel pro
jectiles and work-hardened low-carbon steel targets (BS 970/En lA, 0.15 
percent carbon, Vickers Pyramidal Hardness = 235 kg/mm'^ = 2.35 
GPa). Two shapes of projectile were used: spheres of 9.5 mm diameter, 
weighing 3.5 g, and square plates 8 by 8 by 1.5 mm. Details of how the 
projectiles were accelerated and the impacts photographed using a high
speed camera are available elsewhere [1-3].^ The square plates struck the 
target edge-on; the problem could therefore be treated theoretically as one 
in plane strain. This considerably simplified the theory and also meant 
that the experimental results should be applicable to square plates of any 
thickness, or to cubes, impacting edge-on. 

The aims of the experiments were twofold: first, to identify the mecha
nisms by which metal may be removed from a surface in a single impact, 
and second, for comparison with theory, to make measurements of the 
motion of the projectile during and after impact. 

In order to compare the results of the single-impact experiments with 
damage caused by irregular abrasive grains of submillimetre dimensions, 
targets were also impacted with sieved fractions of quartz sand, silicon 
carbide grit, and spherical glass beads at controlled velocities and impact 
angles using a gas gun [1]. The targets were then examined by scanning 
electron microscopy. 

Single-Impact "Model" Experiments 

Results 

The single-impact experiments using spherical and square plate pro
jectiles were carried out in order to simulate the various classes of impact 
which occur with irregular grains. Earlier experimental studies of single-
particle impact [4-6] had identified two classes of surface deformation at 
oblique impact angles: plowing deformation, usually caused by spherical 
projectiles, and a type of deformation caused by angular particles and 
termed "cutting deformation" by Winter and Hutchings [6]. A third type 
of deformation, also caused by angular particles, has since been distin
guished [8]. The classification of these three modes of deformation is best 
illustrated by reference to the series of high-speed photographs (Fig. 1) 
and to the outlines of crater sections (Fig. 2). 

Figure la depicts a typical impact of a spherical projectile at an impact 
angle of 30 deg. In Frame 2 the sphere strikes the surface, leaving it again 
in Frame 4 and removing a fragment of material which is clearly visible in 
subsequent frames. The source of this material is evident in Fig. 2a, which 
shows a sectional view through a similar crater from which no material has 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—High-speed photographs {19-iis interframe time). Frames are numbered sequen
tially, (a) 9.5-mm hard steel ball striking mild steel at 212 m s~' and 30 deg impact angle. 
The initial direction of motion of the ball is indicated by the arrow. Plowing deformation, (b) 
8-mm square plate impacting mild steel at 153 m s''. Impact angle 30 deg, rake angle —35 
deg. Type I cutting deformation, (c) 8-mm square plate at 152 m s~'. Impact angle 20 deg, 
rake angle — 7 deg. Type II cutting deformation. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



62 EROSION: PREVENTION AND USEFUL APPLICATIONS 

(a) 

(b) 

(c) 

FIG. 2—Sections through impact craters showing typical shapes. Impact direction left to 
right, (a) Plowing deformation by a sphere, (b) Type I cutting, (c) Type II cutting. 

been removed. The lip of material at the exit end of the crater has been 
pushed up in front of the ball and folded over onto the undisturbed surface 
of the metal; at a higher impact velocity or lower impact angle the lip 
shown in the diagram would have been removed in exactly the same way 
as the lip seen in the high-speed photographs. By no means all the metal 
displaced from the crater in Fig. 2a has been extruded into the lip; the 
lip represents typically only 10 to 25 percent of the total crater volume at 
an impact angle of 30 deg [7\. The other material displaced forms less 
highly strained ridges around the sides of the crater. We may describe this 
form of deformation, by a spherical particle or by a rounded surface of an 
irregular particle, as "plowing." 

The study of square-plate impacts revealed two quite different types of 
behavior. A further impact variable now becomes important: the orienta
tion of the plate at impact. This may be described by the "rake angle" as 
defined later in Fig. 5a. It is convenient to adhere to the convention adopted 
in metal-cutting studies whereby the rake angle shown in the figure is 
negative. In these experiments the rake angle of the plate could be ad
justed independently of the impact angle (see Ref 2). The predominant 
type of deformation, observed over a wide range of rake angles, was the 
"cutting" deformation described previously [6] and seen in Fig. lb and 2b. 

The plate seen in Fig. 16 strikes the surface with an impact angle of 30 
deg and a rake angle of —35 deg. It rebounds from the surface with appre
ciable rotational velocity in the forward direction. The indentation formed 
by this type of impact has the characteristic triangular shape shown in 
Fig. 2b. Under these plane-strain conditions, all the metal displaced from 
the indentation is pushed forward into the large lip at the exit end, which 
is clearly vulnerable to removal by subsequent impacts. This type of be-
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havior was observed for plates impacting at rake angles between —17 and 
—90 deg at a 30-deg impact angle. 

For rake angles between 0 and —17 deg at this impact angle, however, 
the plate was found to execute a backward rotation as shown in Fig. Ic, 
and the impact resulted in a crater of the shape shown in Fig. 2c, from 
which all the metal was removed. Backward rotation of the plate results in 
a perfect machining action, cutting out the chip of metal which is clearly 
visible moving away from the target in Fig Ic, Frames 5 to 8. 

Since the behavior of the plate in cases of both forward and backward 
rotation may be broadly termed "cutting," although only the backward 
rotation leads to the removal of a machined chip, it is proposed to distin
guish between the two senses of rotation by referring to the more common, 
forward rotation, as "Type I cutting" and the backward rotation as "Type 
II cutting." Type II cutting, since it occurs over a narrower range of rake 
angles than Type I cutting, would be observed in only about one sixth of 
the impacts of randomly oriented plates at 30-deg impact angle. 

The volumes of the indentations below the original surface of the target 
were measured for plowing and Type I cutting impacts. Volumes were 
measured for only a few Type II cutting impacts and were found in all 
cases to be less than those resulting from Type I cutting impacts at the 
same velocity. The crater volumes measured for plowing and Type I cutting 
impacts are plotted against impact velocity in Fig. 3. To aid comparison, 
the volumes measured for the plate impacts have been multiplied by a 
scaling factor so that the volumes plotted are those which would have been 
caused by plates 8 mm square and of the same mass as the spheres. The 
same scaling factor was applied to the results of energy loss plotted in 
Fig. 4; the results represent the initial kinetic energy of the projectile 
minus its final kinetic energy of translation and rotation, and therefore 
correspond to the amount of energy available for deformation of the targets. 
The total kinetic energy of a 3.5-g projectile traveling at the impact velocity 
is shown for comparison. 

Theoretical treatment 

The solid lines plotted in Figs. 3 and 4 represent the predictions of a 
theoretical treatment developed in the course of this work. The details of 
its application to the impact of spherical and square-plate projectiles are 
available elsewhere \7,8] but the assumptions of the theory will be briefly 
summarized here. 

In the quasi-static formation of a plastic impression by the indenter in a 
conventional hardness test, the force on the indenter may be represented 
fairly accurately by a constant pressure acting on the area of the indenter 
in contact with the metal. This pressure is a measure of the hardness of the 
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FIG. 2—Indentation volume measured after impact for 30-deg impact angle, plotted against 
impact velocity. Square symbols denote Type I cutting results, circles are plowing results. The 
solid lines are the theoretical predictions for Type I cutting (—30 deg rake angle) and plowing. 

metal [9]. By extending the idea of a constant indentation pressure to the 
case of oblique impact, the equations of motion of a projectile can be 
written at any stage during its impact. In general, these equations cannot 
be solved analj^ically, but numerical treatment using a computer enables 
the motion of the projectile during impact and its final velocity and rate of 
rotation to be predicted. 

The theory therefore assumes a constant pressure to act over that part of 
the projectile which is in contact with the target at any instant. In the case 
of a spherical projectile which will be sliding over the surface during oblique 
impact, an additional tangential frictional force is assumed to act, related 
to the normal force by a conventional coefficient of friction. Measureijients 
with the steel balls used in this work revealed [7] that at the high sliding 
speeds involved the coefficient of friction had the very low value of about 
0.04. Friction, therefore, has a correspondingly small effect on the predic
tions of the theory. The plastic indentation pressure and the frictional force 
are assumed to be the only forces acting on the projectile, which is assumed 
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FIG. 4—Kinetic energy lost by the projectile for 30-deg impact angle, plotted against im
pact velocity. Square symbols denote Type I cutting results, circles are plowing results. The 
solid lines are theoretical predictions for Type I cutting (—30-deg rake angle) and plowing. 
The total kinetic energy of the projectile at the impact velocity is also shown. 

to behave rigidly. Elastic stresses and strains are neglected since the plastic 
strains are much larger. The properties of the target material are therefore 
represented by only one undetermined variable: the plastic indentation 
pressure. Since the crater volumes predicted by the theory are sensitive to 
variations in the plastic indentation pressure, its value was determined 
empirically to ensure the best correlation with the experimental data. 

Figures 3 and 4 show the predictions of the theory (solid lines), taking 
the indentation pressure to be 4 GPa. An indentation pressure somewhat 
higher than the quasi-static hardness of the target material (~ 2.35 GPa) 
is not unreasonable in view of the high strain rates and inertial effects 
associated with impact. The correspondence between theory and experiment 
is good. Particularly noteworthy are the velocity exponents of 2.0 predicted 
and observed for crater volumes and energy losses in square-plate impact. 
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and the values of 2.3 to 2.4 predicted and observed for sphere impacts. 
In the case of square-plate impact, the model also predicts the possibility 
of both senses of rotation, leading to the two types of cutting. The computer-
generated diagrams in Fig. 5 show the predicted behavior of the plate as 
the rake angle is changed at a constant impact angle. In Fig. 5b the rake 
angle is —10 deg and the plate rotates backwards during impact, executing 
a Type II cutting action. As the rake angle is changed to —30 deg in Fig. 
5c, the direction of rotation changes; the crater form now has the charac
teristic triangular section of Type I cutting. Figure 5d shows that as the 
rake angle changes further, to —45 deg, the rate of spin of the plate can 
be such that a secondary impact occurs as the plate "cartwheels" over 
the surface. Such behavior has been observed experimentally [8], The rake 
angle at which the sense of rotation changes is predicted theoretically to be 

FIG. 5—Computer-generated diagrams of the position of a square steel plate at 2-tis inter
vals during impact, predicted theoretically. The impact angle and rake angle are defined as 
shown in (a), (b) Impact angle 30 deg, rake angle —10 deg, velocity 200 m s~'. (c) Impact 
angle 30 deg, rake angle —30 deg, velocity 150 m s"'. (d) Impact angle 30 deg, rake angle 
-45 deg, velocity 200 m s~'. The origin of the axes marks the point of initial contact be
tween the plate and the target. 
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— 15 deg for impacts at 30-deg impact angle, and to be largely indepen
dent of impact velocity. Other values of critical rake angle pre4icted by the 
theory are —11 deg for impacts at 20 deg and —16 deg for impacts at 40 deg. 

Discussion 

The three types of deformation revealed in this experimental study point 
to three possible mechanisms of metal removal by hard irregular particles. 
In all cases of Type II cutting observed, the machined chip was completely 
removed from the surface; this mechanism will, therefore, lead to a loss of 
material in a single impact. Plowing impacts lead to weight loss in a single 
impact only within a certain regime of velocity and impact angle, but clearly 
in a realistic erosive environment, where the surface is being continually 
bombarded by particles, not only the vulnerable lip at the crater end but 
also the metal extruded into the side ridges will be removed by subsequent 
impacts. Similarly in the case of Type I cutting the metal raised in front 
of the indentation is liable to be removed by another impact of an angular 
particle, whatever its rake angle. 

Figures 3 and 4 show that the crater volumes are predicted theoretically 
and found experimentally to be proportional to the energy lost by the pro
jectile during impact, for both plowing and Type I cutting cases. It is of 
interest to note that in the case of cutting impacts, where geometric simi
larity of the indentation applies, the velocity exponent is 2.0, but that for 
plowing impact caused by spheres, the velocity exponent is close to 2.4. 
The origin of this higher exponent, which is predicted from the simple 
theoretical assumptions presented in the foregoing, may be explained in 
the following way. As the impact velocity of a sphere increases, so the ge
ometry of the indentation changes; in particular, the angle of the exit 
"ramp" of the crater becomes steeper and the sphere loses more of its 
energy in the later stages of the impact. For the same reason that the energy 
loss shows this high velocity exponent, so does the crater volume, and the 
proportionality between volume and energy loss is preserved. But if a larger 
proportion of the initial kinetic energy of the sphere is being dissipated as 
the impact velocity increases, as is implied by a velocity exponent greater 
than 2, then there must come a point when all the energy is dissipated in 
the impact and the exponent therefore must fall to 2.0. The velocity ex
ponent of 2.4 can therefore only apply over a finite velocity range. 

Irregular-Particle Impacts 

Impact experiments using hard irregular particles of about 400-/Lim di
mensions were carried out so that the results of the model experiments 
could be compared more closely with the impacts of real erosive particles. 
The same low-carbon steel target material was used, and the particles 
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studied were silicon carbide grits (350 to 420 fxm), quartz sand (420 to 
500 /xm), and glass beads (420 to 500 /tm). The glass beads were very nearly 
spherical. The silicon carbide grits were angular, with some acute-angled 
corners; typical profiles are depicted in Fig. 6a. The quartz grains tended 
to be more rounded but still irregular with occasional sharp-cornered par
ticles. Figure 6b shows some shapes of the quartz sand grains. 

Scanning electron microscopy of polished steel surfaces impacted with 
these grits revealed that most of the impact craters could be classified in 
terms of the three impact modes discussed earlier. The glass beads caused 
uniform craters exactly similar to those observed with spherical projectiles 
in the model experiments. Figure 7a shows a plowing impact caused by a 
glass bead. Many of the impact craters caused by quartz sand grains were 
of the plowing form, as seen in Fig. 7b, although some impacts were of a 
cutting type and presumably resulted from more angular grains. Figure 7c 
shows Type I cutting deformation (foreground) with a plowed crater behind. 
In Fig. 7d another Type I cutting impact has formed a characteristic tri
angular-sectioned crater with raised material at its end. Only occasionally 
was impact damage found which could definitely be attributed to Type II 
cutting (true machining action). Figure 7e shows one such case; the very 
long crater with a complete absence of raised material at the exit end points 
to this type of behavior. Some craters could not be unequivocally classified. 
Fig. If being an example. The length/breadth ratio of the crater is sug
gestive of a Type II cutting impact, yet the crater has clearly been formed 
by a particle with a rounded edge in contact with the surface. The many 

FIG. 6—Typical particle shapes of abrasive grains, (a) Silicon carbide grit, (b) Quartz sand. 
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FIG. 7—Scanning electron micrographs of impact sites in mild steel caused by abrasive 
grains. Impact angle 25 deg. Impact direction right to left, (a) Glass bead, 500 to 420 /xm, 
142 m s~'. Scale bar represents 50 /im. (b) to (f) Quartz sand grains. 500 to 420 fjim, 130 
m s~'. (See text for detailed descriptions.) 
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much smaller impact sites visible in the micrographs resulted from frag
ments of quartz grains which broke up on impact. 

Surfaces impacted with silicon carbide grit showed the same types of 
impact damage, but with rather fewer craters attributable to plowing and 
more to Types I and II cutting. However, Type II cutting was still only 
rarely observed. 

Discussion of Erosion Mechanisms 

The theories of erosion proposed by previous writers may be broadly 
classified into those which are mechanical, in which impact stresses lead to 
deformation or fracture of the metal and its consequent removal, and the 
thermal mechanisms in which melting of the material is postulated, metal 
being removed in the form of molten droplets. 

Foremost among the mechanical theories is that of Finnic [10-12], who 
pictured a sharp-cornered particle striking a plane surface and assumed 
that it would rotate only slightly while in contact with the surface. Solving 
simplified equations of motion by analytical methods, Finnie predicted the 
trajectory of the tip of the particle through the metal and hence the volume 
of metal removed by this "machining" action from the surface. This theo
retical treatment was found to overestimate erosion rates, and a factor was 
introduced to allow for the considerable proportion (perhaps 90 percent) of 
particles which do not cut in an idealized manner. These particles, imping
ing with an unfavorable orientation, were assumed to remove no material. 
Finnie's model differs in only one important respect from that employed in 
the present work. Whereas we have assumed a constant yield pressure 
acting over that area of the particle which is plastically deforming the sub
strate, and therefore a force vector continually changing in direction during 
impact, Finnie assumes a constant ratio of normal to tangential force, and 
hence a force vector of constant direction. The ratio of normal to tan
gential force assumed by Finnie, namely, 2.0, is close to the values which 
may be deduced from the critical rake angles predicted by the current 
theory. These ratios are 1.48 for impacts at 20 deg, 1.73 at 30 deg, and 
1.80 at 40 deg. Finnie's assumption of a constant force ratio effectively 
represents an averaging over all the possible orientations or rake angles of 
the particle. His model does not, therefore, predict the variations in be
havior with rake angle predicted by the model used here and observed 
experimentally: the phenomena of forward and backward rotation. As 
shown in the foregoing, a true machining action in which a chip of metal 
is removed by Type II cutting is rare; this explains the lack of experimental 
evidence for a machining mechanism in erosion. Many more particles dis
place and remove metal by the plowing and Type I cutting processes. 

The relative importance of the types of deformation discussed in the 
previous sections depends not only on their frequency of occurrence, but 
also on the efficiency of metal removal in the three cases. Although metal 
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removal was not observed in single Type I cutting impacts with mild steel, 
it has been shown to occur if the metal is particularly susceptible to failure 
by an adiabatic shear mechanism [13]. However, any subsequent suitably 
placed impact would remove a raised lip of material which was not removed 
in the first impact. In such a case the volume of the lip, which in plane-
strain deformation is the same as the indentation volume, determines how 
much metal is removed by the second impact. Similar arguments would 
apply in the case of plowing impacts. All three types of deformation can 
therefore lead to metal removal, and it is suggested that these are responsi
ble for the weight loss in ductile erosion at low impact angles. 

Proponents of thermal mechanisms of erosion tend to emphasize the 
correlations observed between erosion rates and thermal properties of the 
target materials. Ascarelli [15] has found excellent correlation between the 
erosion rates of pure metals and a "thermal pressure" defined as the prod
uct of the linear thermal expansion coefficient, the temperature rise re
quired for melting, and the bulk modulus of the metal. Some correspon
dence exists between erosion rate and melting point [16,17], and a correlation 
as good as that found by Ascarelli is found with the product of density, 
specific heat, and temperature rise required for melting [18]. More recently, 
correlation has been found for several alloys with the cube root of the mean 
molecular weight divided by the thermal conductivity, the melting tempera
ture, the enthalpy of melting, and the cube root of the density of the metal 
[19]. Other correlations have, however, been found between erosion rates 
and the hardness of the annealed metal [20], Young's modulus [21], and 
interatomic bond energy [22], suggesting that consideration of thermal 
properties is not essential to obtaining a correlation. 

It is clear that some temperature rise in the target material adjacent to 
an impacting particle must be expected, since the kinetic energy lost by 
the projectile in an inelastic impact will be largely (> 90 percent) degraded 
into heat. An estimate can be made of this energy loss, based on the experi
mental evidence presented earlier; for a Type I cutting impact at 30-deg 
impact angle, between 40 and 80 percent of the energy of the incoming 
square plate is dissipated in the target metal. However, in order to arrive 
at a figure for the temperature rise, an estimate must be made of the 
volume of metal in which this energy is dissipated. Metallographic exami
nation of the oblique impact sites of spheres and angular particles suggests 
that the deformed volume is about twice the volume of the indentation. 
Making this assumption, if 80 percent of the kinetic energy of a 3.5-g pro
jectile at 100 m s ' ' is dissipated in a volume of twice 3.2 mm' (from Fig. 3), 
the temperature rise in mild steel would be about 500 K. If only 40 percent 
of the energy were lost, then the rise would be 250 K. These temperatures 
are high, but not high enough to cause melting. At other impact velocities, 
since the crater volume has been found experimentally to be proportional 
to the energy loss, the predicted rises would be the same. Ascarelli [15] and 
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Smeltzer et al [16] have both suggested that, in the impacts of sharp par
ticles, "snagging" of the corner of the particle will lead to the highest 
temperatures and to melting. But "snagging" of the corner of a particle is 
essentially the same as the Type I cutting discussed earlier, and we have 
seen that in an extreme-case calculation the temperature rise is insufficient 
for melting. In proposing a melting mechanism for erosion, it is not enough 
to show, as has been done [16], that there is ample energy available to 
melt the mass of metal removed; a plausible mechanism must be suggested 
by which the energy can be concentrated in a volume very much less than 
that of the indentation. 

Mention must be made here of the possible role of localized shear defor
mation in erosion. Metallographic studies of the deformed metal around 
plowing and Type I cutting impact sites formed in the model experiments 
reveal that the plastic deformation is not always homogeneous. Figure 8 
shows examples of localized shear observed in mild steel. At the base of the 
lip of the plowed crater (Fig. 8a) a band of intense deformation is visible; 
at higher impact velocities the lip detaches along the line of this band. 
Bands of shear are also seen in Type I cutting impacts in mild steel (Fig. 8fe) 
although failure of the metal along these bands was not observed. It has 
been suggested that the formation of these bands is aided by the local 
temperature rise resulting from adiabatic high-strain deformation [6,7]; 
certainly titanium, which is highly susceptible to failure by adiabatic shear, 
forms very pronounced bands in Type I cutting impacts [13]. These shear 
bands are formed, however, within the deformed metal and, although high 
temperatures are associated with them, any melting of the metal is very 
localized and simply aids the detachment of a lip of material formed by a 
plowing or cutting process. The fundamental mechanism operating is 
therefore mechanical, melting playing only a subsidiary role in aiding the 
removal of deformed metal. 

If the erosion of ductile metals is predominantly mechanical in origin, 
with thermal phenomena being of only secondary importance, it remains to 
be explained why conventional strength measurements and hardness tests 
on a metal give such poor indication of its erosion resistance, as several 
authors have noted [20,24]. One possible explanation lies in the rate at 
which metal around the impact site is deformed. By applying simple elastic 
and plastic indentation theories to the normal impact of a sphere on a 
plane, the impact duration and mean strain rate around the indentation 
may be estimated. Details of the calculation are given elsewhere [25]. It is 
found that the elastic and plastic theories give very similar results; for the 
normal impact of a 200-;um-diameter quartz sphere onto mild steel at 
100 m s~' an impact time of about 100 ns is predicted, with a mean strain 
rate of around 5 X 10̂  s~'. Both impact time and strain rate vary with 
particle size; for a 2-iim sphere the values are 1 ns and 5 X IC s"'. Erosion 
therefore involves very high strain rates, a point which has only briefly been 
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FIG. 8—Sections through crater lips formed in mild steel, etched in 2 percent nital, show
ing bands of localized shear. Impact direction left to right, (a) Plowing deformation. Scale 
bar = 100 nm. (b) Type I cutting. Arrows indicate shear zones. 
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made in the literature [20]. Very little is known of the behavior of metals 
at such high rates of strain, since conventional dynamic testing techniques 
can be applied only up to rates of about 10̂  s~' (see for example Ref 26]. 
Possibly the combinations of physical properties used as predictors of 
erosion resistance and discussed earlier do in fact provide estimates of the 
strengths of metals at very high plastic strain rates. It is clear, however, 
why quasi-static measurements cannot be used to predict the behavior of 
metals under erosion conditions, and the variation of strain rate with par
ticle size provides a plausible explanation for the size effect in erosion re
ported by several authors [16,27,28]. 

Conclusions 

Three types of deformation have been identified which occur in the 
oblique impact of hard irregular grains onto ductile metals. All three can 
lead to weight losses from the surface in multiple-impact erosion; although 
thermal effects may be of secondary importance, the predominant mech
anism of erosion appears to be mechanical. Very high strain rates are 
associated with the impact of small hard particles. This may explain the 
particle size effects observed in erosion and the lack of correlation between 
erosion rates and quasi-static strength measurements. 
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DISCUSSION 

G. Mayer^ {written discussion)—Has anyone attempted to do a slip-line 
field analysis of an asymmetric plowing (or indentation) by either a cylindri
cal or a sharp-edged particle? 

/. M. Hutchings {author's closure)—The problem of oblique indentation 
by a tilted wedge has been studied by several workers, the earliest being 
R. Hill and E. H. Lee ("The Theory of Wedge Penetration at Oblique 
Incidence and Its Application to the Calculation of Forces on a Yawed 
Shot Impacting on Armour Plate at Any Angle," Selected Government 
Research Reports, Vol. 6 Strength and Testing of Materials, Part 1: Theo
retical Papers on Strength and Deformation, H. M. Stationery Office, 
London, U.K., 1952, p. 36). Subsequently K. L. Johnson (University Engi
neering Laboratory, Trumpington Street, Cambridge, England, private 
communication) and S. A. Meguid and I. F. Collins {IntemationalJournal 
of Mechanical Sciences, Vol. 19, 1977, pp. 361-371) have investigated the 
problem theoretically and experimentally. Plane-strain indentation by a 
cylinder is very much more complex, and to my knowledge no satisfactory 

'Army Research Center, Research Triangle Park, N.C. 27709. 
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slip-line field has been published; physically impossible velocity diagrams 
or negative plastic work are predicted by the few which have been proposed. 
However, if friction is incorporated in the analysis, one can imagine a 
wedge of "dead metal" in front of the cylinder, and the problem becomes 
similar to that of the rigid wedge. 

It would not be easy to treat the impact of an abrasive particle using 
such slip-line fields, though, because the orientation and direction of mo
tion of the particle are changing throughout the impact; so is the shape of 
the crater. One would be forced to compute the slip-line field and the 
forces at every time increment during the calculation. I doubt whether 
this extra complication would be justified, since we know that the pattern 
of deformation around an indentation formed by impact is very different 
from that around the same shape and size of indentation formed by slow 
loading (I. M. Hutchings, Ph.D. Dissertation, Cambridge University, 
1975). If a slip-line field is accurate for the slow loading case, it cannot 
be so for the impact situation. 
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ABSTRACT: Multiparticle erosion tests were performed on Corning 7740 Pyrex glass 
using alumina powder of two grit sizes. Erosion was measured as a dimensionless 
parameter in terms of the loss in weight of the target per unit weight of particles 
impinged. The erosion characteristics of the Pyrex glass were investigated over a range 
of particle velocities, angles of impingement, and times of erosion. 

It was found that maximum erosion occurred at a normal angle of impact for the 
240-grit powder (mean particle size = 30 ^m); however, with the 400-grit powder 
(mean particle size = 10 ^m), the maximum was found to occur at a slightly lower 
angle of about 80 deg. At all angles of impingement it was found that amount of 
erosion decreased as the erosion time increased. 

Erosion (E) was found to be dependent on the average particle velocity (V) by a 
power relationship of the form 

EocV 

where n is a material constant. The values of the velocity exponent, «, in the present 
experiments were found to be between 2.2 and 2.7 and were independent of time of 
erosion. 

The time (t) dependence of erosion was also found to obey a power law relationship 
of the form 

Eatc 

where c is a material constant. The time exponent c was found to be —0.1 under all 
conditions of velocity, particle size, and angle of impingement. The decrease in erosion 
with increase in time has been interpreted in terms of a change in the surface roughness. 
Scanning electron microscopy (SEM) has been used to establish that the effective 
average angle of impingement decreased as time of erosion increased until a constant 
surface roughness was achieved, at which time it was found that the average angle 
of impingement was about 55 deg instead of 90 deg. 

The experimental data obtained in the present work are discussed in terms of 
existing theories for the erosion of brittle materials. 

KEY WORDS: erosion, multiparticle, Pyrex glass 

'University of Kentucky, Department of Metallurgical Engineering and Materials Science, 
Lexington, Ky. 40506. 
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Erosion usually refers to the deterioration of a target material as a result 
of continued impingements by solid particles or liquid droplets which are 
carried in a fluid stream. Perhaps the most significant result from previous 
studies [1-3]^ was the finding that two different modes of erosion may be 
distinguished empirically for two classes of target material. The ductile 
mode, which is characteristic of most metal targets, is characterized by 
maximum erosion occurring at an angle of impingement of about 20 to 
30 deg. The brittle erosion mode, typical of glasses and ceramics, is char
acterized by the erosion being a maximum at a normal (90 deg) angle of 
impingement. Since the fracture behavior of brittle materials is better 
understood than that of ductile materials, it was decided in the present 
work to investigate the erosion behavior in an elastically isotropic but 
inherently brittle material. Corning 7740 Pyrex glass, which was used as 
the target material for the present work, satisfies these requirements well. 

The independent variables which have been found to be of significance 
in investigating the mechanism of erosion of brittle materials in previous 
studies [1,5,6] are as follows: particle size, shape, velocity and flux, angle 
of impact, and physical properties of the impinging particles; the physical 
properties of the target material; and the time duration of the erosion. 

In almost all of the data reported to date [1,4,6,10], variation of erosion 
as a function of particle velocity has been expressed in the following form 

EaV (1) 

where E is erosion in terms of material removed per unit weight of particles 
impinged and V is the particle velocity. The exponent « is a constant for a 
given target and particle material. 

Erosion, E, also varies with the size of the impinging particles according 
to the following power relationship [4] 

EaD"' (2) 

where D is the diameter of the particle and m is a constant for a given 
target and particle material. 

A systematic study of the effect of time of erosion has received rather 
limited attention. The data available in the literature show three types of 
behavior: a constant erosion rate [1,7], an increasing erosion rate with 
time [/,5], and a decreasing erosion rate with time [8], Previous work on 
the erosion of glass [8,9] indicates an erosion rate which decreases with 
time. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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In this paper, the effect of angle of impingement and particle velocity on 
the erosion of Pyrex glass by alumina particles of two different grit sizes 
has been determmed. In addition, special attention has been given to 
investigating the effect of time of duration of erosion by examination of the 
eroded surface by both direct observation using scanning electron micros
copy (SEM) and by indirect methods utilizing the Hertzian fracture test. 
The Hertzian fracture test offers a means for assessing target surface 
characteristics prior to, and following, multi-particle erosion. An attempt 
has been made to identify the laws which govern erosion as functions of 
particle velocity and time of erosion. 

Experimental Procedure 

Multiparticle erosion tests were carried out on Corning 7740 Pyrex glass. 
Specimens 2.5 by 2.5 by 0.95 cm were cleaned ultrasonically in acetone, 
dried, and then weighed. The specimens were eroded at room temperature, 
in an apparatus similar to that described by Ruff and Ives [23], by 240-
and 400-grit alumina (AI2O3) particles (Buehler AB) carried by air. The 
effects of various particle velocities, angles of impingement, and times of 
erosion were studied. After erosion the specimens were again cleaned in 
acetone and weighed. The loss in weight of the specimen was normalized 
against the weight of impinged particles to obtain a dimensionless erosion 
parameter. 

The particle size distributions of the 240- and 400-grit powders were 
measured by optical microscopy and are shown in Fig. 1. A mean particle 
size, as measured by the linear intercept method, of 30 nm for the 240-grit 
powder and 10 /nm for the 400-grit powder was found. It can be seen from 
the photomicrographs shown in Fig. 2 that both powders consist of sharp 
angular particles. 

The average particle velocity in the airstream at the specimen position 
was measured by means of the rotating-disk method [11]. 

Erosion of the specimens was measured as a function of angle of im
pingement, particle velocity, and time. Deterioration and changes in sur
face characteristics as a result of the erosion were studied both by direct 
SEM observation and by indirect observation by means of the Hertzian 
test. 

The Hertzian test was carried out by pressing a hardened steel ball of 
3.175 mm diameter against the glass surface, at a constant cross-head 
speed, in a bench model Instron machine. The load was increased until the 
characteristic ring crack appeared. At this time, the load and ring crack 
size were recorded. Since the fracture strength of glass depends upon the 
flaw size distribution at the surface, it was necessary to analyze the results 
statistically [12]. 
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FIG. 1—Particle size distribution of 240- and 400-grit Al2O3 powders. 

Results and Discussion 

The effects of angle of impingement and time of erosion on the weight 
loss of the specimen (in grams/gram of particles) for the 240- and 400-grit 
AI2O3 powders are shown in Fig. 3a and 36, respectively. Maximum ero
sion occurs at an angle of impingement of 90 deg for all erosion times 
from 5 to 150 s for the glass eroded with the 240-grit alumina. There is a 
slight shift of the maximum erosion to a lower angle of impingement of 
about 80 deg for those specimens eroded with the 400-grit powder. It is 
also of significance to notice that although the particle velocity was slightly 
higher for the 400-grit powder, the maximum erosion achieved with the 
240-grit powder is more than twice that obtained using the 400-grit powder. 

Table 1 presents a summary of other studies on the effect of angle of 
impingement on the erosion of glass. It can be seen that in general for a 
wide variety of particle materials and velocities the maximum erosion 
occurs at a normal (90 deg) angle of impingement. With very small parti
cles, however, maximum erosion occurs at lower angles, which is more 
typical of the behavior observed for ductile materials. The transition from 
brittle to ductile behavior with small particles has been discussed by 
Sheldon and Finnic [13] and is attributed to the particles being sufficiently 
small that they impinge between surface flaws and hence propagation of 
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FIG. 2—SEM micrographs of (a) 240-grit and (b) 400-grit AI2O3 powders. 
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TABLE 1—Angle of impingement for maximum erosion as a function of particle size, velocity, 
and material. 

Particle 
Material 

SiC 
SiC 
SiC 
SiC 
AI2O3 
AI2O3 
AI2O3 
AI2O3 
Glass beads 
Steel shot 
Steel shot 
Quartz 
Cast iron 

Particle 
Size, ^m 

9 
21 

127 
212 
210 
297 
30 
10 

475 
580 
580 
— 

300 

Particle 
Velocity, m/s 

152 
152 
152 
44 

107 
96 
65 
84 
80 
45 
30 
— 
10 

Angle for 
Maximum 

Erosion, 

25 
85 
80 
72 
90 
90 
90 
80 
90 
90 
90 
90 
90 

deg 
Reference 

No. 

im 
[13] 
[13] 
[20] 
[21] 
[21] 

present work 
present work 

[21] 
[1] 
[1] 
[22] 
[2] 

cracks is not possible and erosion by other mechanisms occurs. Maximum 
erosion at an angle of impingement of 90 deg is to be expected for brittle 
materials, since the maximum normal load is available at this angle of 
impact for the propagation of surface or subsurface flaws. 

In Fig. 4a and 4i erosion (in grams/gram) is plotted on a log-log scale as 
a function of particle velocity for exposure times of 5 and 120 s for the 240-
and 400-grit powders, respectively. From these results it can be seen that 
the erosion, E, is related to particle velocity, V, by a simple power law rela
tionship which may be expressed as: 

EaV (3) 

The velocity exponent, n, from these studies and from other work on glass 
is presented in Table 2. 

From simple energy balance considerations, a velocity exponent of 2 is to 
be expected. The data presented in Table 2 show, however, that the veloc
ity exponent is dependent on both particle size and material. Finnic and 
Oh [14] and Sheldon and Finnic [4] have proposed analytical models for 
predicting the volume of material removed on each impact Vp, taking into 
consideration that the mode of failure is by brittle fracture. They suggest 
that 

V, = Kr'^v" (4) 

where 

K = a. constant involving the elastic properties of both the target mate-
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Table 2—Velocity exponent as a function of particle size and material. 

Particle 
Materia) 

SiC 
SiC 
AI2O3 
AI2O3 
Quartz 
Steel shot 
Steel shot 
Steel balls 

Particle 
Size, nm 

-200 
-100 

30 
10 

125 to 150 
280 

-420 
-584 

Velocity 
Exponent 

3.0 
3.0 
2.2 
2.7 
2.3 
4.4 
4.4 
6.5 

Velocity 
Range, m/s 

60 to 180 
60 to 180 
28 to 65 
58 to 84 
45 to 244 
42 to 122 
42 to 122 
21 to 49 

Reference 
No. 

[4] 
[4] 

present work 
present work 

[6] 
[4] 
[4] 
[/] 

rial and impinging particle, WeibuU [15\ distribution parameters of 
the target material, and other parameters characteristic of the 
target, 

V = particle velocity, and 
r = particle radius. 

The exponents of the radius and velocity, c and b, respectively, are shown 
to be functions of the Weibull flaw parameter, m, of the target material 
surface. Finnic and Oh [14] express the particle radius exponent c as 3m/ 
(m — 2) for spherical particles and 6/5 (3m — 2)/(w — 2) for angular 
particles. Sheldon and Finnic give corresponding values of c to be 3m/ 
(m — 2) and 3.6m/{m — 2). The value of velocity exponent, b, is given 
by 4/5 (3m - 2)/(w - 2) by Finnic and Oh and 2Am/m - 2 by Sheldon 
and Finnic. The slight difference between the values of these exponents 
expressed by the different authors apparently emanates from slightly different 
approaches to the development of the theory. 

The Weibull parameters were measured for the target material (Corning 
7740 Pyrex glass) by four-point bend experiments [16] and a value of 2 
was obtained for the flaw parameter m. This is considerably less than the 
value of eight used by Finnie and Oh in their calculation of the velocity 
exponent b, but it does agree well with other values reported in the literature 
from three-point bend experiments [17]. By using a value of m = 2, the 
velocity exponents predicted by both the Finnie and Oh equation and by 
the Sheldon and Finnie equations are indeterminate. Thus comparisons 
of these values with those measured in the present experimental work are 
not possible. 

One of the basic assumptions of the foregoing analytical studies has 
been that the brittle target material responds completely elastically to the 
impacting particle. If this is indeed the case, then one would expect material 
removal to occur by the intersection of Hertzian cone cracks. However, 
with relatively small angular particles at high velocities the brittle target 
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may be expected to respond quite differently. Evans et al have considered 
the case of quasi-static indentations [18] and impacts on brittle surfaces 
by either sharp indenters or sufficiently small spherical balls [19] and 
have shown that the material responds in an elastic-plastic regime which 
requires a completely different mechanism for surface erosion. They sug
gest [18], for single-particle impacts in the elastic-plastic regime, that the 
material removed by each impacting particle, E, may be expressed as 

where 

r = radius of impacting particle, 
V, = velocity of impacting particle, 
p — density of impacting particle, 
fi = shear modulus of target material, 

KD = dynamic fracture toughness of target material, and 
HD = dynamic hardness of target material. 

The critical load, Pc, in the Hertzian fracture test is related to the radius 
of the indenter, R, by the following equation 

Pc = BiR'' (6) 

where, in case of Auerbach's law, n = 1 and Bi is Auerbach's constant. 
In an indentation test, elastic-plastic deformation in shear occurs, as shown 
by Evans and Wilshaw [18], if the following relation is satisfied 

P, = B2(^' WR^ (7) 

where 

Pi = load, 
Bi = 16.33, 
k — elastic constant, 
E = Young's modulus for target material, and 
U = hardness of target surface. 

A schematic plot of log P as a function of log R is shown in Fig. 5, where 
a critical particle radius R* can be identified. Since the particles used in 
the present experiments were angular in shape, the average particle size 
was measured by a linear intercept method. The mean value of such a 
measurement would yield the diameter of a spherical particle of equivalent 
volume to that of the angular particle. Since the angular particles may 
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Hertzian Fracture 

Plastic indentation 

log R 

FIG. 5—Effect of particle radius on the indentation load for Hertzian fracture, and for 
plastic indentation (schematic). 

have small radii of curvature at pointed ends and relatively large radii of 
curvature at other positions, it was assumed that the average radii of curva
ture of the point of contact with the glass surface was that of the equivalent 
sphere as measured by the mean linear intercept method. The initial frac
ture caused by a particle of size larger than R* is completely elastic while 
that by a particle of size smaller than R* is elastic-plastic in nature. The 
value of ii* is given by the following equation 

B 
^* BiKk) H3 

1 
(8) 

Table 3 gives the values of/?* for glass impacted by various particle materials 
listed in Table 2 along with the corresponding particle radii, R. Further, 
it has been shown [16] that Pyrex glass employed as the target material in 
this work follows Auerbach's law, which yields critical loads, Pc, for Hertzian 
fracture; see Table 3. Finally, an approximate value of total load, PT, 
calculated from the following equation, is also shown [8] 

y'iKE. 
k\ --2^5 

yt/SR2 (9) 

Although Eq 9 is strictly applicable only to round particles, it has been 
assumed in the present analysis that the approximate value of the total 
load can be computed by using the value of R calculated for the sphere 
of volume equivalent to that of the irregular-shaped particle. A comparison 
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reveals that, for the present work, impacts occur in the completely non-
elastic range assumed in the derivation of Eq 5. That the impacts are in
deed nonelastic in nature is evidenced in the SEM's of Figs. 6 and 7, which 
clearly show material removal resulting from the formation and inter
action of lateral cracks. In such a case, one predicts from Eq 5 a velocity 
exponent of 2.4, with which the results of this work are in good agreement. 

It should be further noted in Table 3 that in all cases R < R* and, ex
cept for the steel shot, the observed values of velocity exponents (2.2 to 3) 
are in reasonably good accord with the theoretical value predicted in Eq 5. 
The much higher values of velocity exponents for steel shot can probably 
be attributed to the relatively large value of total load, PT (about five times 
that for Hertzian fracture), so that material removal occurs by formation 
and interaction not only of lateral cracks but also of Hertzian cone cracks. 
Operation of more than one mechanism of material removal is probably 
also responsible for the slightly higher value of velocity exponent for silicon 
carbide particles. 

In the present work, special attention was given to studying the effect 
of time of exposure on the erosion. It can be seen from Fig. 8a and 8b for 
240- and 400-grit powders, respectively, that erosion expressed simply as 
weight of material removed at a normal angle (90 deg) of impact increases 
with both time of exposure and particle velocity. A log-log plot of erosion 
(in grams/gram) as a function of exposure time is given in Fig. 9. From 
these data we may express erosion, E, as a simple power function of ex
posure time t as follows 

Eat' (10) 

where the exponent c was found to be approximately —0.1 and was in
dependent of particle velocity, angle of impingement, and particle size. 
The SEM's of the eroded surface as a function of time for erosion with the 
240- and 400-grit powders given in Figs. 6 and 7, respectively, do show 
that initially at short erosion times a high percentage of the target surface 
is flat and that material removal is by the formation of erosion pits which 
are created, in this case, by the intersection of lateral cracks. It is possible, 
however, that a decrease in the rate of material removal with increased 
time could be due either to an increase in, or change in, surface micro-
structure due to plastic deformation of the surface. Figure 10 shows cross 
sections of the surface after erosion for various times by the 240-grit powder. 
It can be seen that after a few seconds of erosion the surface is considerably 
roughened and that particle impingement is no longer occurring at a normal 
(90 deg) angle of impingement. It can be seen from Fig. 3 that, at an 
exposure time of about 120 s, the effective angle of impingement is about 
55 deg. After this exposure time the surface roughness did not change 
appreciably and the rate of erosion became constant. 
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Hertzian fracture tests were performed on the Pyrex glass surfaces which 
had been eroded at 90 deg by the 240-grit alumina powder at different 
average particle velocities for various lengths of time. Because of the statisti
cal nature of the fracture of glass, the values of the critical load, Pc, at 
which the ring crack is first observed in a series of Hertzian fracture tests 
on a given surface are best expressed in terms of the probability to pro
duce a ring crack as a function of the critical load. Figure 11 shows the 
typical form of such a probability distribution curve for a surface eroded 
at an average particle velocity of 65 m/s. To study the influence of test 
variables on the Hertzian fracture, the value of the critical load at 50 per
cent probability to produce a ring crack was taken as a representative 
parameter to describe the fracture behavior of corresponding surfaces. 
The values of this critical load, Pc(o.s), as a function of the erosion time and 
average particle velocity for erosion of a given surface are listed in Table 4. 

Hertzian fracture tests have revealed that the Pyrex glass used as the 
target material in this work obeys Auerbach's law [16], given by the following 
equation 

Pc = AR (11) 

where 

Pc = critical load for fracture, 
R = particle radius, and 
A = the Auerbach constant. 

The values of Auerbach constant, using Pc(o.s), are listed in Table 4 as a 
function of time and particle velocity for erosion of the surface. Figure 12 
illustrates the variation of Auerbach constant of eroded glass surface with 
time and particle velocity. It is seen here that A increases with time in 
the early stages of erosion but tends to become independent of time at 
about 200 s for the higher velocities (58 and 65 m/s), but any such fluctua
tion is not discernible at the lower two velocities (28 and 47 m/s). Though 
the reasons for this behavior are not very clear, it may be suggested for 
the surfaces eroded by particles at the higher two velocities that an in
crease in Auerbach constant indicates strengthening of the target surface, 
for a given particle radius, which tends to become a constant at erosion 
times of about 200 s. This will result in a drop in erosion which later will 
become a constant at about 200 s time of erosion. Langitan and Lawn 
[23] have suggested that, as surface damage increases, the critical load to 
cause the ring fracture also increases. However, because of the limited 
range of surface damage in their experiments, they could not draw any 
definite conclusions. The multiparticle erosion of glass as a function of 
time of erosion and particle velocity presents one way in which a wide 
range of surface damage can be produced. Thus the results of the Hertzian 
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FIG. 12—Effect of time of erosion on the Auerbach constant A( = Pc(O.S)/r) for eroded 
surfaces of Pyrex glass. 

tests presented in this paper not only confirm the suggestion of Langitan 
and Lawn but also offer a tentative explanation for the effect of time on 
the erosion of Pyrex glass. 

Conclusion 

1. Erosion of Pyrex glass by alumina powder increases with angle of 
impingement with a maxima occurring at 90 deg for 240-grit alumina 
powder and at about 80 deg for 400-grit alumina powder. At all angles 
of impingement, erosion decreases as time of erosion increases. 

2. Erosion, E, can be related to the average particle velocity, V, by a 
power relationship of the following form 

EaV 

where « is a system constant. The value of velocity exponent, n, in the 
present work was determined to be between 2.2 and 2.7 and was inde
pendent of time. This value of velocity exponent is in good accord with 
that predicted by the analytical model of Evans and Wilshaw [18] which 
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considers elastic-plastic response of the target material. The relatively large 
values of velocity exponents, even when particle size is smaller than critical 
particle radius, are probably due to the fact that two mechanisms for 
material removal are operative, namely, formation and interaction of lateral 
cracks and Hertzian cone cracks. 

3. Erosion, E, can be related to time of erosion, t, by a power relation
ship of the following form 

Eat' 

where c is a system constant. The value of time exponent, c, in the present 
work was determined to be —0.1 and was independent of particle velocity 
and size. 

5. Time dependence of erosion may be partly due to increasing roughness 
of the surface, which later becomes constant, and partly due to increasing 
Auerbach constant, which also becomes independent of time at large values 
of time. 
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Solid-Particle Erosion of 
High-Technology Ceramics 
(Si3N4, Glass-Bonded Al203, 
and MgF2) 

REFERENCE: Gulden, M. E., "Solid-Particle Erosion of High-Technology Ceramics 
(Si3N4, Glass-Bonded AI2O3, and MgF2)," Erosion: Prevention and Useful Applica
tions, ASTM STP 664, W. F. Adler, Ed., American Society for Testing and Materials, 
1979, pp.101-122. 

ABSTRACT: Four "engineering" ceramics were subjected to impact (single particle) 
and erosion (multiple impacts) under conditions which simulate a natural dust environ
ment in the subsonic velocity regime. The target materials are hot-pressed silicon 
nitride (Si3N4), reaction-bonded SJ3N4, a glass-bonded aluminum oxide (AI2O3), and 
hot-pressed magnesium fluoride (MgF2). Tests were performed with six narrow size 
ranges of natural quartz between 10 and 385 fim average, and five velocities for each 
particle size. Hot-pressed Si3N4 was also impacted with silicon carbide (SiC) under the 
same particle size-velocity conditions. 

The results are discussed in terms of current erosion and impact models by consider
ing particle size-velocity dependencies, appearance of the impact damage, and the 
basic properties and structure of the targets. 

Under these erosion conditions, the four target materials exhibited widely different 
behavior not only in absolute amount of material removed, but also in mechanism of 
removal. The systems hot-pressed Si3N4-SiC particles and MgF2-quartz particles were 
characterized by a highly deformed, permanent surface crater with associated lateral 
and radial crack formation, and erosion loss was proportional to particle mass and 
velocity, both to the fourth power. Erosion of hot-pressed Si3N4 impacted with quartz 
particles was proportional to the third power of particle size and the first power of 
velocity, and loss occurred by minor chipping with no secondary crack formation. 
Erosion of glass-bonded AI2O3 and reaction-bonded Si3N4 did not show a consistent 
particle size-velocity dependence. The variation is related to the two-phase structure of 
these materials. It was found that strength is not necessarily reduced for erosion 
conditions which produce appreciable material removal. 

1 Senior research engineer, Solar Turbines International, an Operating Group of Interna
tional Harvester, P.O. Box 80966, San Diego, Calif. 92138. 
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KEY WORDS; impact, erosion, ceramics, bend strength, silicon nitride, aluminum 
oxide, magnesium fluoride, mechanical properties, microscopy, quartz sand, silicon 
carbide particles 

In recent years, considerable interest has been shown in the use of 
ceramics for high-technology engineering components in such applications 
as gas turbine engines, bearings, heat exchangers, radomes, and infrared 
transparent windows. All of these applications may involve impingement by 
solid particles. A knowledge of impact and erosion behavior is necessary 
before ceramics can be used with confidence in these systems. The materials 
discussed here, namely NC-132 hot-pressed silicon nitride (Si3N4), NC-350 
reaction-bonded Si3N4, Alsimag 614 glass-bonded aluminum oxide (AI2O3), 
and Irtran 1 magnesium fluoride (MgF2), are either in current use or 
considered for potential use in one or more of the aforementioned applica
tions. 

To date, essentially two types of models have been proposed for impact or 
erosion of brittle materials [1,2].^ The earlier models were based on elastic 
interaction and predicted that material removal occurs by the intersection 
of Hertzian ring cracks on the substrate surface. This process has been 
observed on several materials under static and low-velocity impact condi
tions with relatively large spherical particles (for example, see Ref J). More 
recent analysis has treated static and dynamic plastic indentation, which is 
characterized by plastic deformation of the contact area between the par
ticle and the target, with radial cracks propagating outward from the 
contact zone, and with subsurface lateral cracks propagating outward on 
planes nearly parallel to the surface. The former are considered a source 
of strength degradation and the latter a potential source of material re
moval. These models are based on single impacts and were developed for 
isotropic materials under idealized conditions. One objective of this investi
gation was to assess the validity of these models to predict erosion of engi
neering ceramics by natural dust environments. 

The experimental approach for this investigation has been to perform 
single-impact and erosion (multiple-particle impacts) tests in a controlled 
manner to simulate a service environment in the subsonic velocity regime. 
This approach advances the understanding of erosion mechanisms of engi
neering materials as well as providing data of direct value in application of 
these materials to engineering structures. 

Experimental Procedure 

Materials 

The target materials exhibit a wide range of properties and structure. 

^ The italic numbers in brackets refer to the list of references appended to this paper. 
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The properties considered pertinent to erosion response are listed in Table 
1. Properties of the particles are also given. 

High-purity, natural quartz particles were used for most of the erosion 
testing. Quartz was chosen because in previous work on metallic erosion it 
had been found to be the principal erosive component in natural dusts; 
that is, the amount of erosion was directly proportional to the percentage 
of quartz in the natural dusts [4]. Six particle size ranges were used as 
follows: less than 30, 44 to 53, 62 to 74, 105 to 125, 250 to 297, and 350 to 
420 litn. These size ranges were chosen to be representative of airborne 
dust and to provide significant particle mass differences of at least one half 
order of magnitude. The particles are irregularly shaped with rounded 
corners and edges. 

Angular silicon carbide (SiC) particles of the following size ranges—less 
than 24, 25 to 85, 50 to 165, 203 to 495, 356 to 813, and 660 to 1346 ̂ m— 
were supplied by Bendix Abrasives Division. The primary reason for select
ing SiC as the second particulate was because of its much higher elastic 
modulus and hardness compared with quartz. However, the results of the 
SiC particle tests have direct practical value because SiC is used as an 
additive in aircraft carrier antiskid decking. 

Erosion Testing 

Erosion tests were performed with a stationary target impacted by parti
cles accelerated in an airstream. Particles are injected into the stream 3 m 
from the target to provide sufficient distance for acceleration. High-pres
sure, filtered, and chemically dried air is used for the particle carrier gas. 
The carrier air velocity is measured using standard Pitot tube techniques. 
The air velocity variation across the 0.95-cm-diameter nozzle is less than 
5 percent and velocity is varied between 15 and 343 ms"' to achieve the 
desired particle velocity. 

Particle velocity is measured using the rotating double disk technique 
described in Ref 5. Comparison with calculated velocities based on two-
phase flow theory is good [6]. Five velocities for each particle size range 
were used to establish erosion rates. 

All erosion tests were performed at 90-deg impingement angle at ambient 
temperature. Perpendicular impingement is at or near that for maximum 
erosion of brittle materials. The number of particles used per test was 
varied from a few particles (to examine single-particle impacts) to as many 
as 10* (to insure initiation of uniform erosion and to avoid incubation 
effects) over a 0.71-cm^ target area. The particles are fed into the gas stream 
using a precision feeder at a sufficiently low concentration (~ 10"^ gm/cm^) 
that particle interactions in the carrier gas stream or on the target surface 
are negligible. For the long-time, large number of particle tests, the spec
imens were weighed at specific time intervals to assess any changes in 
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erosion with number of impacts. A detailed description of the erosion test 
apparatus is given in Ref 6. 

Strength Measurements 

Strength was determined in three-point bending for both forms of Si3N4 
and the AI2O3. Baseline values were obtained on as-received material. To 
determine a strength loss threshold, strength of eroded specimens was 
measured over a wide range of test conditions from preweight loss to deeply 
eroded specimens. Each specimen was visually examined to insure that 
failure originated in the area subjected to particle bombardment. The 
eroded areas, which are circular of 1 cm diameter, were located in the 
center of the 2.5- or 1.25-cm specimens to insure no extraneous edge effects 
on strength measurements. 

Examination of Eroded Surfaces 

The eroded surfaces were examined both optically and by replica trans
mission and scanning electron microscopy. The progression of impact or 
erosion events was monitored by examining the specimens after various 
numbers of impacts for several particle size-velocity combinations ranging 
from single-particle impacts to deeply eroded surfaces. The surfaces were 
also examined in cross section to assess the nature of subsurface damage. 

Experimental Results and Discussion 

This section is separated into four parts. Initially, the erosion dependence 
on particle size and velocity will be presented for the 5 target-particle 
combinations, followed by discussion and examples of the type of impact 
damage that occurs. The effect of erosion on strength will then be pre
sented, and in the final section a comparison between erosion behavior in 
terms of impact models and material properties and structure will be made. 

Erosion Dependence on Particle Size and Velocity 

The customary method of reporting engineering erosion data is by plot
ting erosion weight loss versus some function of the erosive environment 
(that is, particle size, velocity, weight of dust ingested, etc.). Under the 
same erosion conditions this approach provides a relative ranking of erosion 
response of the various target materials. Additionally, the phenomeno-
logical models proposed for erosion response include dependent functions 
for particle size and velocity, so that a knowledge of the particle size and 
velocity dependency of erosion behavior is an important first step to under
standing the actual erosion mechanism. 
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Erosion weight loss as a function of particle mass and velocity was deter
mined for conditions involving millions of particle impacts. This large 
number of impacts was necessary to insure that uniform erosion is occur
ring, and that effects from starting surface condition were minimized. In 
the case of reaction-bonded Si3N4 (RB Si3N4) the as-fired surface layer was 
removed prior to erosion testing because it was found to erode at a much 
more rapid rate than the parent material. Weight loss per particle was 
plotted versus particle radius (log-log plot) and the slopes at constant 
velocity were measured to determine the particle size exponent. A similar 
plot of weight loss per particle versus particle velocity yielded the particle 
velocity exponent at constant particle size. 

Two distinct relationships were observed. For the systems MgF2 impacted 
with quartz particles and hot-pressed Si3N4 (HP Si3N4) impacted with SiC 
particles, erosion is proportional to the fourth power of both particle size 
and velocity. The results are shown in Fig. 1 for the three systems. The 
data are shown as volume loss to give a more meaningful comparison for 

10-11 10-9 

FIG. 1—Erosion versus particle size and velocity to the fourth power (velocity varied 
between 40 and 285 m/s). 
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the different density targets. The relationship between R^'V'' and erosion 
is valid over eight orders of magnitude, which corresponds to six particle 
size ranges and five velocities between 24 and 285 ms"̂ ' for each particle 
size. The relationship also applies for RB Si3N4-quartz for all particle sizes 
at higher velocities. These results suggest that a single mechanism is con
trolling erosion under these test conditions. The data points associated with 
arrows correspond to weight increases that occurred after low-velocity 
erosion tests on RB SiaN .̂ Since RB Si3N4 is an inherently porous ( -25 
percent porosity) material, it is probable that the weight increases cor
respond to embedding of the quartz particles in the target. This will be 
discussed later in more detail. 

For a given erosion condition with quartz particles, the volume of MgF2 
lost per impact is approximately 1V7 orders of magnitude greater than for 
RB Si3N4. HP Si3N4 impacted with SiC particles is intermediate between 
the two. 

The system HP Si3N4 impacted with quartz particles showed a signifi
cantly different erosion dependency on particle size and velocity than the 
systems previously discussed. Erosion is proportional to particle size to the 
third power and velocity to the first power, which is a measure of particle 
momentum (particle mass times velocity). The results for this system are 
shown in Fig. 2 plotted as volume loss per particle versus a measure of 
particle momentum. The results are valid over the entire range of particle 
size-velocity combinations investigated. Deviations from the straight-line 
relationship occur as the volume or weight loss threshold is approached for 
115 and 273-/im particles. The results for this system indicate that a single 
mechanism or erosion process is operative within this range of test conditions 
and that the mechanism of erosion of HP Si3N4 by quartz particles is signif
icantly different than the other three target-particle systems, which showed 
an R^V'' erosion dependence. For equivalent particle size-velocity tests on 
HP Si3N4, the volume of material lost with SiC impacts was two orders of 
magnitude greater than for quartz impacts (highest velocity tests). 

Glass-bonded AI2O3 (GB AI2O3) impacted with quartz particles did not 
exhibit a consistent particle size-velocity dependence. Erosion was propor
tional to particle radius cubed over the entire range of particle sizes, but 
the velocity exponent varied between three for the smaller particles and one 
for the larger particles at higher velocities. The test data for erosion with 
the larger particles are also shown in Fig. 2. Apparently, the rate-control
ling erosion mechanism or process is changing for these test conditions. 
This change is believed to be related to the two-phase structure of the 
target and will be discussed further in the following section. 

Examination of Eroded Surfaces 

Surfaces were examined for a range of erosion conditions varying between 
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FIG. 2—Erosion by quartz versus a measure of particle momentum (velocity varied 
between 40 and 285 m/s). 

single-particle impacts and erosion to a depth of several grain diameters 
for the various particle size-velocity test conditions. Generally, the heavily 
eroded surfaces were sufficiently damaged that little information was pro
vided concerning erosion mechanisms or processes. However, single-particle 
impacts have provided insight into the process of erosion for these target 
materials. Figure 3 shows examples of single-particle impacts, under sim
ilar test conditions, for those target-particle combinations which exhibited 
a consistent particle size-velocity dependence. The types of impact are 
typical for each system although average magnitude varied with particle 
size and velocity. Since the particles can impact on a corner, edge, or face, 
variation in the shape of single-particle damage is also observed for a given 
particle size-velocity combination. The contact radii calculated for purely 
elastic impact by a spherical particle [1,3] are given in Fig. 3. Although 
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these calculations do not account for particle irregularity, they do provide 
a measure of the average elastic impact contact area for a given particle 
size-velocity combination and serve to illustrate variations in observed 
damage magnitude between the different target-particle systems. The calcu
lated area is in reasonable agreement with measured contact area for those 
systems where measurements were possible, that is, Fig. 3a, b, and c. 

HP Si3N4 impacted with SiC particles and MgFj impacted with quartz 
particles (Fig. 3a and b) both exhibited a highly deformed, permanent 
surface indentation accompanied by radial and lateral crack formation. 
The radial cracks extend outward from the particle contact zone and are 
generally perpendicular to the surface. Lateral cracks also extend from the 
contact zone but are subsurface and approximately parallel to the surface. 
Material removal occurs by loss of a portion or all of the laterally cracked 
regions. The dark semicircular regions in Fig. 3a and b correspond to 
laterally cracked material which has been removed during impact. Also 
shown in Fig. 3a by polarized light reflecting conditions are the lateral 
cracks which have not resulted in material loss. Since HP Si3N4 is opaque, 
subsurface cracks are not observable by the polarized-light technique. For 
these two systems, the extent of damage or material loss is much larger 
than the observed particle contact area (severely deformed surface crater). 
This type of impact damage has recently been observed in similar single-
phase, fully dense systems, and has been associated with plastic deformation 
of the target [2,7,8]. Both static impact with sharp indentors and dynamic 
impacts with angular particles exhibit dislocation formation associated with 
the permanent surface pit or crater. The extent of plastic deformation 
varies appreciably with target material. For a relatively easily deformable 
ceramic such as magnesium oxide (MgO), plastic flow by slip extends 
well beyond the initial crater and often encompasses the associated fracture 
pattern, while, for a relatively rigid material such as silicon or germanium, 
plastic deformation extends only slightly beyond the region of actual con
tact. Materials such as AI2O3 and SiC exhibit intermediate behavior. 
Although not specifically determined, it is reasonable to assume that 
plastic deformation is also associated with quartz particle impacts on MgF2 
and SiC particle impacts on HP Si3N4. 

Figure 3c shows a quartz particle impact on RB Si3N4. The impacts 
in this system are characterized by relatively deep pits with no apparent 
evidence of secondary cracks intersecting the surface. The approximate 
calculated contact radius (~35 ixm) is of the same order as the pit. The 
appearance of the pit is one of plastic impact. However, since this material 
is inherently porous (~25 percent), the phenomenon could be one of 
crushing rather than plastic deformation. This porosity might also be 
expected to arrest crack propagation which would occur in a fully dense 
material. The type of impact damage shown in Fig. 3c is characteristic of 
the RB Si3N4 quartz particle system at higher velocities (see Fig. 1). 
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Examination in cross section revealed radial cracking beneath the contact 
area that propagated through the pores. 

The type and magnitude of damage produced by quartz particles on 
HP Si3N4 are entirely different from those of the three systems previously 
discussed. An example is shown in Fig. 3d. The chip which has been 
removed (~ 4 pim diameter) is quite small compared with the approximate 
calculated contact diameter, and no secondary cracking is observed. 
Examination in cross section revealed no subsurface cracking. 

An estimate of the volume of material removed per impact can be made 
from the weight loss data on heavily eroded surfaces (data from Figs. 1 
and 2). For all of the systems shown in Fig. 3, the volume removed per 
impact for heavily eroded surfaces is within a factor of 2 of that measured 
from single-particle impacts. Considering the statistical nature of the 
calculations and the test procedure, this shows quite good agreement 
between single-particle impacts and bulk erosion and suggests that second
ary cracking and residual erosion damage may not play a significant role 
in the erosion process under these test conditions. 

The discussion to this point in this section has concerned the target-
particle systems which exhibited a uniform particle size-velocity relation
ship over the entire range of test conditions (except low-velocity impacts on 
RB Si3N4). The system GB AhOj-quartz particles did not show a consistent 
relationship. The structure of this material is characterized by AI2O3 

Velocity 2SS m/s; contact radius —2 iim; depth of erosion —50 nm; 6000 
particle impacts per single-particle contact area; £ a R ̂  V " ° ^ 

FIG. 4—Glass-bonded AI2O3 impacted with 10-yim quartz. 
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grains ( - 1 0 fim diameter) surrounded by a glassy intergranular phase. 
The glass can be as thick as 4 fim in the vicinity of grain boundary triple 
points. It was found that single-impact damage for lO-̂ ^m impacts pro
duced plastic flow in the grain boundary phase and minimal damage to 
the AI2O3 grains. The erosion process occurred by flow and removal of 
the glass to the extent that entire grains were lost. An example of a surface 
heavily eroded by 10-/im quartz is shown in Fig. 4. The depth of erosion 
corresponds to —4 grain diameters. As can be seen, little damage has 
been sustained by the AI2O3 grains. As the particle size was increased, 
chipping of the AI2O3 grains occurred in addition to flow of the glass. This 
chipping is similar in appearance to that which occurs in the HP Si3N4-
quartz system. 

Hertzian-type cone or ring cracking was not observed for any of these 
systems under these test conditions. 

Examination of the impacted and eroded surfaces has shown that more 
than one type of impact occurs for this group of target materials under 
these test conditions. A discussion of the reasons for this variation based 
on properties and microstructure of the targets and particles will be given 
in the "General Discussion" section. 

Strength of Impacted and Eroded Specimens 

Strength after heavy erosion was determined for HP Si3N4, RB Si3N4, 
and GB AI2O3, all impacted with quartz particles (same test conditions 
used to develop Figs. 1 and 2 plus specimens eroded at particle size-
velocity conditions below the weight loss thresholds). It was originally 
expected from Hertzian-type considerations that a strength decrease would 
occur for impact conditions below those needed for actual weight loss; 
that is, cracking would occur, but would be insufficient to produce material 
loss. Above the weight loss threshold, strengths were expected to decrease. 

The strength results are given in Table 2. The baseline strengths plus 
one standard deviation are given for each target material. An estimate 
of the critical flaw size is also given. This was calculated from fracture 
toughness values given in Table 1 using the relationship for three-point 
bend specimens [9]. The strengths after erosion are shown as a function of 
the baseline strengths by giving the percentages which have strengths 
greater than + 1 , within ± 1 , and less than —1 standard deviation of the 
noneroded material strength. 

HP Si3N4 and the GB AI2O3 did not exhibit a strength decrease under 
these test conditions for erosion depths up to 31 /im. For HP Si3N4 this 
depth corresponds to 3 X 10* particle impacts or 600 g of dust on a 
0.71-cm^ area. There was a trend toward strength increase (fracture stress 
for 50 percent of the specimens was greater than one standard deviation 
above the baseline strength), which indicates that a "polishing" phenome-
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non may be occurring. No specimens failed at a stress lower than the 
one standard deviation band. The erosion depth is approximately three 
times the estimated critical flaw size, which indicates that under these 
test conditions the effective flaw size produced by erosion is no larger than 
preexisting flaws characteristic of the "standard" machined surface. 
(Because large numbers of flaws are introduced by erosion or machining, 
the effective stress concentration will depend on both size and spacing of 
flaws. In contrast, critical flaw sizes were calculated for isolated flaws.) In 
confirmation, examination of the eroded surfaces in cross section did not 
reveal apparent subsurface damage; that is, the structure under the eroded 
area was indistinguishable from that below the as-machined surface and 
subsurface cracking was not apparent. 

The trend toward a strength increase is not as conclusive with GB AI2O3 
as with HP Sui^A since 16 percent of the specimens failed at stresses below 
the one standard deviation range. Furthermore, although the maximum 
depth of erosion (~35 fim) is approximately four grain diameters, this 
also corresponds to the estimated critical flaw size of the baseline material. 
However, the results indicate that erosion under these test conditions does 
not produce flaws greater than those inherent to the as-sintered surface. 

RB Si3N4 did exhibit a marked strength decrease under these erosion 
test conditions. Strength decreased rapidly for the first 100-^m erosion 
depth and remained essentially constant at 100 MPa up to the maximum 
depth tested (350 fim). The tests were performed in the as-fired surface 
condition where the surface oxide layer is ~1(K) fxm deep. The lowest 
strength (81 MPa) corresponds to an increase in estimated critical flaw 
size over the baseline material of one order of magnitude (17 /xm compared 
with 200 /im). The depth of subsurface cracks perpendicular to the surface 
is also ~200 /̂ m for this erosion condition. 

According to the model for plastic impact response, the strength of the 
target {OF) should be dominated by radial crack formation by the following 
relation [2] 

K '•'* 

where 

Kc ~ target fracture toughness, 
V = particle velocity, and 
R = particle radius. 

A log-log plot of strength versus (yos/jo.s)-! foj reaction-bonded Su^^ is 
shown in Fig. 5. The data fall roughly into two groups, both of which 
have slopes close to one on a log-log basis. The major difference between 
these two groups is particle size and depth of erosion. The depth of erosion 
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for those particular specimens subjected to lO-fitn particle bombardment 
was still within the surface layer, which has different material properties 
and composition than the bulk material. Furthermore, the type of damage, 
and hence flaw type, apparently differs from that produced with the larger 
particles. Subsurface cracking is minor compared with that produced with 
larger particles, and embedding of the 10-/im particles was observed. 

Since quartz is the most erosive constituent of natural dusts and the 
particle size-velocity conditions are typical of airborne dust, these results 
have direct practical significance and indicate that a strength decrease does 
not necessarily occur for erosion conditions which produce appreciable 
material removal (HP Si3N4 and Alsimag 614 glass-bonded AI2O3). This 
would be expected to apply as long as the load-bearing volume is not 
reduced significantly. 

General Discussion 

In this section a comparison will be made between the erosion behavior 
of the various target materials, and the results will be discussed in terms 
of impact models and material properties and structure. 

Four "engineering" ceramics have been subjected to erosion conditions 
considered characteristic of a natural dust environment. Under these 
conditions, the erosion response differs markedly (Figs. 1 and 2), and for a 
given condition there is approximately one order of magnitude difference 
in volume loss between each of the targets. There is also considerable 
variation in material properties and structure between the targets. Table 1 
lists the mechanical properties considered relevant to erosion response. Of 
the properties listed, fracture toughness and hardness are the properties 
which varied consistently with erosion. The other properties (elastic modulus 
and acoustic impedance) would predict either less separation in erosion loss 
or a different ranking of erosion resistance. Furthermore, the particle 
properties can also have a strong effect on erosion as evidenced by the fact 
that erosion of HP Si3N4 by SiC particles is approximately two orders of 
magnitude greater than with quartz particles for equivalent particle size-
velocity test conditions, and the type of impact damage is entirely different. 

To date, essentiaUy two types of models have been proposed for solid-
particle impact or erosion at subsonic velocities. The earlier model was 
based on Hertzian-type purely elastic interaction where material removal 
occurs by the intersection of ring cracks on the substrate surface. This 
model was expanded to include Weibull statistics whereby erosion was a 
function of the distribution and size of flaws under the particle contact 
area [/]. This relationship predicted that 

E ocRW^^ 
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(where E is volume removed per particle) for a Weibull modulus greater 
than 12 and impact with angular particles {!]. This velocity dependence 
was not observed for these test conditions, nor was ring cracking. 

The second model has treated static, and more recently dynamic, plastic 
indentation, which is characterized by plastic deformation of the contact 
area between particle and target, radial cracks propagating outward from 
the contact zone, and lateral cracks that initiate beneath the contact zone 
and propagate between the radial cracks on planes nearly parallel to the 
surface. It has been observed for a variety of single-phase targets impacted 
with relatively incompressible projectiles (impact conditions above plastic 
impact threshold) that the length of radial cracks, and the depth of 
lateral cracks, for single impacts, followed the relationships predicted by 
the model [2], 

If it is assumed that maximum erosion loss per impact is proportional 
to the volume encompassed by the lateral cracks, then the plastic impact 
model predicts 

where 
Pp = particle density, 
H = target hardness, and 

f(M) = fraction of volume encompassed by the lateral cracks that is 
actually removed and is considered a material-dependent variable. 

Since the experimental erosion data for this type of impact (HP SIJNA 

impacted with SiC, and MgF2 impacted with quartz) revealed both a 
radius and velocity dependence to the fourth power, the term f(M) would 
have to include a velocity dependence, to obtain conformance with experi
mental data. This would require that the formation of lateral cracks as well 
as the volume of laterally cracked material actually removed be velocity 
dependent. 

A log-log plot of E/V^^R* versus pp/H Kc'' for the four target materials 
shows a slope of 0.25 between the two target-particle conditions which 
exhibited typical plastic impact response (Fig. 6). The erosion data in 
Fig. 6 are an average of all of the particle size-velocity test conditions plus 
or minus one standard deviation. However, a plot of E/R'^V* versus 
Pp/H Kc * using all of the erosion data (much smaller data band than for 
£//;4^2.5) also exhibited a slope of 0.25 between HP Si3N4-SiC and MgF2-
quartz. 

Erosion for the other target-particle combinations falls below that 
expected from the plastic impact model, although the relative rank is 
consistent with the model. In the case of HP Si3N4 impacted with quartz 
particles, this is expected since the impact conditions are apparently below 
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FIG. 6—Relationship between erosion data and plastic impact model. 

the plastic impact fracture threshold (material removal occurs by minor 
chipping with no apparent secondary crack formation). However, GB AI2O3 
did exhibit plastic deformation of the glass phase, and RB Si3N4 exhibited 
permanent craters similar in appearance to plastic impacts. 

The model assumes an isotropic material. For the purposes of this 
investigation, both MgFz and HP Si3N4 can be assumed to be single-phase 
materials. (HP Si3N4 contains a minor grain boundary phase, but the 
2-fxm grain size would average this effect over the particle contact area.) 
However, GB AI2O3 and RB Si3N4 are not single-phase materials. RB 
Si3N4 contains ~25 percent porosity, and although the impact craters had 
the appearance of plastic impact, it is possible that crushing is occurring 
under the contact area. Support for this hypothesis is given by the fact 
that particles embedded in the surface at low velocities for all particle 
sizes. Also, the lack of secondary cracking outside of the contact area may 
be related to the crack-blunting ability of the pores. Erosion of GB AI2O3 
is a two-step process which is directly attributable to the two-phase nature 
of the structure. 
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The particle composition and properties obviously affect the type of 
erosion response. From this investigation, however, only general comments 
can be made concerning the influence of particle type on erosion of a 
given target. It appears that, for plastic impact response, the particle 
mechanical properties must closely approach or exceed those of the target. 
For impact and erosion conditions where the particle properties are ap
preciably lower than the target, the erosion process is less efficient. 

Conclusions 

Four ceramic materials with widely different properties and structure 
were eroded under conditions which simulate a service dust environment, 
that is, 10- to 385-/im natural quartz particles at subsonic velocities. 
Additionally, one of the targets (HP SiaN-i) was impacted with SiC particles 
over the same particle size-velocity conditions. The following particle 
size-velocity relationships for erosion were observed 

E ocR^V* MgF2-quartz, RB Si3N4-quartz (higher velocities) 
HP Si3N4-SiC 

ExRW HP Si3N4-quartz 
r a ; ?3y i to3 GB AhO3 - quartz 

Single-particle damage for the systems HP Si3N4 impacted with SiC and 
MgF2 impacted with quartz was characterized by a highly deformed 
surface crater and radial and lateral cracks propagating from the contact 
area (plastic impact). The diameter of material removed could be as much 
as three times the measured contact diameter (corresponds to a portion of 
lateral crack formation). The diameter of material removed for RB Si3N4 
was essentially the same as the estimated contact diameter. Erosion of 
HP Si3N4 impacted with quartz occurs by minor chipping which is an 
order of magnitude less than the estimated contact radius. In the latter 
two cases, secondary cracking was not observed on the surface. However, 
RB Si3N4 exhibited extensive subsurface radial cracks under the contact 
area. Erosion on glass-bonded AI2O3 is a two-step process involving 
plastic deformation of the glass plus chipping of AI2O3 grains. 

Based on these results, erosion is a function of particle radius and 
velocity, both to the fourth power for a plastic impact response. For a 
single-phase material (HP Si3N4, MgF2) erosion appears to follow the 
function of fracture toughness and hardness predicted by the model for 
plastic impact. However, for multiphase materials, structure also influenced 
erosion response. Below the plastic impact threshold, erosion is a much 
lesser function of velocity, and elastic ring cracking was not observed. 
The plastic impact threshold was more a function of relative target-particle 
properties than of particle size and velocity. 
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Strength measurements after erosion with quartz revealed that strength 
is not necessarily reduced after pre-eroding under conditions which pro
duce significant material removal. (HP Si3N4 and GB AI2O3 did not show 
a strength decrease, while RB S'IJI^A exhibited a major strength decrease.) 

It is concluded that more than one mechanism of erosion exists under 
"natural" dust environments, and that the mechanisms are dependent 
not only on target physical properties, but also to a large extent on structure. 
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DISCUSSION 

G. Mayer^ {written discussion)—In connection with your last conclusion, 
that frequently erosion damage has less effect than the natural flaws in a 

'Army Research Center, Research Triangle Park, N.C. 27709. 
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number of brittle materials, we should recognize that erosion may become 
much more important when better processing techniques for ceramics 
reduce the severity of the "natural" flaws. 

M. E. Gulden {author's closure)—I agree with Dr. Mayer's comment. 
However, the conclusion that, under conditions of relatively severe dust 
erosion, the strength of a component is not necessarily reduced, is still 
valid. For those systems where processing improvements do produce in
creased strength, further testing will be necessary. 

A. Levy^ (written discussion)—How applicable would the study be to 
behavior of the ceramics at the elevated temperatures that will be ex
perienced in service? 

M. E. Gulden {author's closure)—The applicability will depend on the 
high-temperature properties of the target and particulates in the service 
environment. Of the target materials investigated, only the silicon nitrides 
are being considered for high-temperature use. For these applications, 
such as heat exchangers and gas turbine engines, fouling by the particulates 
in the gas stream can be a much more severe problem than erosion. For 
high-temperature impacts where erosion is expected (particle integrity 
maintained), the type of damage which occurs at room temperature would 
also be expected at elevated temperatures although the magnitude is 
expected to vary. For example, a degree of plastic deformation can occur 
during impact at room temperature and ease of plastic deformation 
increases with temperature. 

/ . Zahavi^ {written discussion)—In your well-presented and important 
work you found and pointed out the importance of structure and properties 
of two-phase brittle materials in regard to solid-particle erosion processes. 
The results of eroded surfaces of two-phase ceramic materials obtained by 
scanning electron microscope revealed that local material removal processes 
were characterized by undermining around hard microconstitutes and by 
cratering. These observations confirm our results obtained on ductile 
materials and actually provide additional evidence that local erosion 
processes of a substrate containing microconstitutes in the range of 10 /xm 
are affected by these phases and occur by undermining around them. 

M. E. Gulden {author's closure)—Dr. Zahavi's results further illustrate 
the complexity of erosion processes and the need to consider microstructure 
and microproperties in order to more fully understand erosion response 
and mechanisms. 

^University of California, Berkeley, Calif. 94720. 
•' University of Illinois at Urbana, Champaign, Urbana, 111. 
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ABSTRACT: One of the next steps in experimental material erosion investigation is the 
testing at high temperatures comparable to those found inside a jet engine. Described 
in this paper is the design of the high-temperature erosion facility at the University of 
Cincinnati. This facility has the capability of providing between ambient and a 1093°C 
(2000°F) environment temperature for erosion testing of various materials. In addition, 
this facility has the capability for varying material, specimen size, angle to the flow, 
particle concentration, particle size, and velocity. This facility is expected to provide 
basic material erosion data which will be used in predicting erosion in jet engines and 
other devices. 

KEY WORDS: erosion test facility, high temperatures, high-speed particles, particle 
feeder assembly, wind tunnel, gas turbines, erosion 

In many industrial and military applications the erosive action of high
speed particles results in serious problems. Erosion has been pointed out as 
as problem in as diverse areas as aero gas turbines [1,2],2 rocket nozzles 
[3], coal-fired boiler systems [4], and others. Recent interest in this old 
problem coincides with increased usage of gas turbines in dusty terrains. 
The cost of maintaining such engines in dusty environments is great. Air 
filtration has alleviated the problem somewhat, but filtration reduces both 
payload and engine performance. If erosion can be incorporated as an 
engine design parameter, perhaps an erosion-tolerant engine can be pro
duced. 

A description of a sand-blasting erosion test facility, in which a small jet 
of particle-laden air was impacted on a stationary specimen, was provided 
by Finnie [5]. Extensive erosion research has been conducted using this 
facility or modifications of it. Other testing methods used an apparatus 

'Professor and graduate research assistant, respectively, Department of Aerospace Engi
neering and Applied Mechanics, University of Cincinnati, Cincinnati, Ohio 45221. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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124 EROSION: PREVENTION AND USEFUL APPLICATIONS 

where particles dropped through a vacuum impact a stationary specimen, 
or a specimen attached to the end of a rotating arm [6,7]. A common char
acteristic among all these test facilities is that the fluid profile over the 
specimen is completely or partially eradicated. 

Experimental Equipment 

From the literature reviewed, it was concluded that the design of the test 
facility can affect the resulting erosion rate. Further, the test facilities de
signed thus far do not investigate the influence of a flow field on erosion. 
This factor is especially important in rotating machinery, where the fluid 
is abruptly turned by the rotating or stationary blades. The test facilities 
reported herein have been designed to investigate these problems. 

Stationai7 Specimen Test Facility 

Previously, a wind tunnel was constructed at the University of Cincinnati 
to obtain the basic erosion data and to photograph the particle impacts on 
the specimen. Controlling the primary variables of fluid velocity, particle 
velocity, particle flow rate, and particle sizes in a representative aerody
namic environment were main considerations in designing this tunnel. A 
detailed description of this test facility can be found in Ref 8. A significant 
amount of research has been carried out using this facility, which provided 
basic erosion data and particle rebound characteristics for various test ma
terials [9]. These data have been used in analytical models to predict tur-
bomachinery erosion. This was accomplished by following a sufficiently 
large number of particles through the turbomachine and determining these 
individual contributions to arrive at a general erosion pattern for the ma
chine. 

In many applications, however, erosion takes place at elevated tempera
tures near the strength-limiting temperatures of the materials used. As an 
example, titanium used in early stages of jet engine compressors and INCO 
718 used in aft stages are operated at metal temperatures in excess of 316 
and 593°C (600 and 1100°F), respectively. In both cases, these tempera
tures are near the maximum operating temperatures used for these mate
rials. Such elevated temperatures can have a significant effect on erosion 
characteristics as evidenced in data presented by Tabakoff and Hamed 
[10]. These data were obtained in the same facility as the Ref 8 data, 
except that the specimen was heated to a maximum of 204 °C (400 °F). 
Although this temperature falls far short of those experienced in jet en
gines, the data indicate the significance of the effect of temperature on 
erosion and probably on the rebound characteristics. 

The erosion test facility described herein is designed to provide erosion 
and rebound data in the range of operating temperatures experienced in jet 
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engine compressors and low-temperature turbines. For that purpose, the 
facility has been designed to operate at a test section temperature in the 
range of ambient to 1093°C (2000°F). The facility properly stimulates, in 
addition to high temperatures, all erosion parameters found to be impor
tant from previous testing at ambient temperatures. These parameters in
clude velocity, angle of impact, particle size, particle concentration, and 
specimen size. 

In designing the high-temperature erosion facility, close attention was 
given to aerodynamic effects to insure that important parameters such as 
angle of attack are not masked or altered. To insure the correlation of data 
from the high-temperature facility with those of Ref 8, the facility flowpath 
and acceleration tunnel length are almost identical with those of the facility 
described in that reference. The flowpath cross section was increased, how
ever, from 76.2 by 25.4 mm to 88.9 by 25.4 mm (3 by 1 in. to 3V2 by 1 in.). 
This change was instituted to decrease tunnel blockage by the test spec
imen. 

The particle rebound characteristic velocities will be obtained photo
graphically and with the laser velocimeter. Presently, we do not have any 
data at the maximum temperature of 1093°C, but we do not anticipate any 
difficulties. The velocities of the particles in the range of 20 /xm and smaller 
are measured strictly with the laser velocimeter. 

General Description of High-Temperature Erosion Rig 

A schematic of the test apparatus is shown in Fig. 1; it consists of the 
following components: particle feeder (A), main air supply pipe (B), com-
bustor (C), particle preheater (D), particle injector (E), acceleration tunnel 
(F), test section (G), and exhaust tank (H). 

The equipment functions as follows. A measured amount of abrasive grit 
of a given constituency is placed into the particle feeder (A). The particles 
are fed into a secondary air source and blown up to the particle preheater 
(D), and then to the injector (E), where they mix with the main air supply 
(B), which is heated by the combustor (C). The particles are then acceler
ated by the high-velocity air in a constant-area steam-cooled duct (F) and 
impact the specimen in the test section (G). The particulate flow is then 
mixed with the coolant and dumped in the exhaust tank. This facility is 
capable of supplying erosion data at temperatures in the range of ambient 
to 1093 °C (2000 °F). The expected range of testing parameters is given in 
Table 1, but is not necessarily restricted to the tabulated values. 

The individual components which make up the high-temperature erosion 
facility are described in the following. Each component was designed with 
cost, maintainability, availability, and functionality as prime considerations. 

Particle Feeder Assembly {A)—The particles from the feeder (Fig. 2) are 
blown up to the particle injector area. The feeder is designed as a pressure 
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FIG. 1—Schematic of erosion test facility. 

TABLE 1—Erosion parameters. 

Parameters 

Temperature 
Particle angle of attack 
Particle velocity 
Particle concentration 
Particle size 
Particle type and material 
Specimen size 
Specimen material 

10tol093°C(50to2000°F) 
0 to 90 deg 
60 to 450 m/s (200 to 1500 ft/s) 
0 to 5 percent 
1 to 2000 ̂ m 
silica sand, alumina, ash 
6.35 to 25.4 mm (Vi to 1 in.) 
various jet engine materials 
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FIG. 2—Particle feeder assembly. 

vessel to operate at high air pressures. However, this pressure is equalized 
above and below the plunger by a bypass line. This allows the system to be 
calibrated under gravity feed conditions. Further, an electric eye records 
the plunger rpm such that the operating conditions are maintained. The 
metering orifice is designed to be replaceable. In this manner, a larger (or 
smaller) orifice may be used, along with corresponding rod diameter, to 
allow versatility of the feeder. 

Main Air Supply {B)—This air is drawn from air tank storages, which 
allow continuous testing. 

Combustor (C)—High-temperature combustion products are supplied by 
a modified General Electric J93 can combustor as shown in Fig. 3. The J93 
can is encased in a 228.6-mm (9 in.) inside-diameter stainless steel pipe 
with provisions for the fuel nozzle and igniter. Due to heat loss in the ac
celeration tunnel, achieving the maximum test section temperature of 
1093°C (2000°F) requires a combustor exit temperature of 1204.4°C (2200° 
F). To obtain this temperature from a J93 can combustor, certain modifi
cations were required, including use of a large fuel nozzle and blanking 
off most of the downstream dilution air ports. In order to obtain low com-
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FIG. 3—Combustion chamber schematic. 

bustion temperatures in the range of 93 through 260 °C (200 through 500 °F), 
a smaller fuel nozzle is used. The fuel is ignited by a system consisting 
primarily of a propane-fired torch containing a spark plug. 

Particle Preheater (D) and Injector (E)—The preheater consists of a coil 
contained in a 203.2-mm (8 in.) inside-diameter pipe section with a dis
tributor/injector to provide a well-distributed preheated particle supply 
(Fig. 1). The particles are blown up to the accelerating section of the tunnel 
by secondary air which flows from the particle feeder and passes through 
the preheater coils. As the particulate air mixture passes through the coils, 
it is heated by the combustion products to a temperature of 538 °C (1000°F) 
before being injected into the tunnel. The spread-out of the particles in the 
main airstream is accomplished by impinging them on a specially contoured 
ball, and then accelerating them through an elliptical nozzle to the accel
eration duct section. 

Acceleration Section (F)—Figure 4 shows the acceleration section, which 
is 3.66 m (12 ft) long with a rectangular cross section [89 by 25.4 mm (3V2 
by 1 in.)]. The acceleration tunnel is steam cooled to minimize heat loss. 
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FIG, 4—Schematic of acceleration tunnel. 

The use of steam coolant allows the 316 stainless steel liner to operate at 
a maximum of 760°C (1400°F). This maximum operating temperature 
results in a temperature drop in the gas stream of about 93 °C (200 °F), 
which is quite acceptable. The use of water as a coolant would have re
sulted in at least three times the heat loss. 

The particle velocities attained in this acceleration section are predicted 
analytically and verified by experimental methods. Since the particles are 
accelerated by aerodynamic drag forces imparted by the high-velocity air, 
it is necessary to know the air velocity at all locations in the tunnel. For 
this reason, the tunnel pressure is measured at the inlet, midsection, and 
exhaust. Using these data, the tunnel friction is accounted for when cal
culating the fluid velocity. The dynamics of relatively large and small par
ticles (200 and 20 ixm) for ambient and 1093 °C (2000 °F) temperatures for 
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low-speed fluid velocity [122 m/s (400 ft/s)] are shown in Fig. 5. From 
this figure it can be seen that the particle velocity is an exponential function 
of tunnel length. The law of diminishing returns would indicate that a 
tunnel length of 0.61 to 0.92 m (2 to 3 ft) would be sufficient; however, 
a tunnel length of 3.66 m (12 ft) was chosen, for several theoretical and 
practical reasons. An additional plot of the ratio between particle and 
fluid velocity at the end of the acceleration section (starting test section) 
for various particle sizes is given in Fig. 6. This figure illustrates the obvious 
fact that a longer tunnel will result in higher particle velocities, but that 
the rate of change of particle velocity with particle size is smaller for a 
longer tunnel. 

Test Section (G)—The test section (Fig. 1) is designed such that the 
particle-laden air is channeled over the specimen and the aerodynamics 
of the fluid surrounding the test specimen are preserved. This section con
tains several interchangeable inserts such that the fluid profile can be de
termined using conventional instrumentation, and the particle trajectories 
can be recorded using high-speed photographic methods. 

The test specimen can be oriented at different angles to the gas stream 
by rotating the specimen holder. The test section flow path turns 30 deg at 
the plane of the test section to help turn the flow when the test specimen 
is oriented at an angle. The test section is water-cooled. This does not sig
nificantly cool the primary gas stream due to the section's small size. The 

P = 20/*»" T = AMBIENT 
r = 20 >im T = 1093°C 
n = 200yumT = AfPIENT 
P = 200y«irJ = 10Q3°C 

0 1 2 3 4 

LOCATION IN ACCELERATION TUNNEL (METERS) 

FIG, 5—Particle dynamics in a constant-area acceleration tube. 
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3,66 f'ETER ACCELERATION TUNNEL 
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FIG. 6—Effect of acceleration tunnel length on particle dynamics. 

coolant water is discharged into the particulate gas stream at the down
stream end of the test section. 

Testing of particle rebound characteristics is also planned, using photo
graphic means to measure the speed and angle of the impinging and re
bounding particles. For this purpose, a special test section with a glass 
window has been constructed. 

Exhaust System (H)—The erosion rig exhaust system consists primarily 
of a settling tank (Fig. 1). The exhaust from the erosion test section is 
loaded with cooling water. In the settling tank, the water is removed from 
the air, taking with it most of the erosion particles. The particle-laden 
water is drained from the bottom of the tank through a 101.6-mm (4 in.) 
line. The air leaves the top of the tank through a 152.4-mm (6 in.) line 
which discharges the air outside the building. The steam used in cooling 
the 3.66-m (12 ft) acceleration tunnel is also discharged through the same 
exit line. 

Analysis of Photographic Data 

In the previous tunnel [8], two techniques of analyses were used in re
ducing the photographic data. The same techniques may be used in the 
high-temperature erosion tunnel. These techniques are complimentary in 
that one was used to check the other. Both of these methods relied on a 
reference distance which was marked on the test section background. The 
particle velocities were obtained by comparing the distance traveled by 
the particle in two successive frames to this reference distance. 
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The first method of analysis is essentially one of streak photography. 
The velocity is determined by dividing the distance traveled by the particle 
during the exposure for one frame. 

The velocity is calculated using 

y = (L-k)jt. (1) 

where 

V = particle velocity, m/s, 
L = length of particle streak on screen, m, 
r = actual length of reference line, m, 

R = reference line projected on screen, m, and 
t^ = exposure time of frame observed, s. 

The second method of analysis was based on the distance a particle travels 
in successive frames. The basic concept is the same as the first method; 
however, it was found to give more accurate results. The particle velocity 
is determined using 

y = n~S (2) 

where 

n = length traveled by particle between two successive frames, m, 
S — film speed (local quantity), m/s, and 

r, R = same as in Eq 1. 

In practice, a combination of the two methods was used and checked 
against each other. 

Test Results 

To date, erosion data have been accumulated for three target materials 
(2024 aluminum, Ti-6A1-4V and INCO 718) varying particle velocity, im
pingement angle, and target temperature. Figure 7 shows preliminary results 
for Ti-6A1-4V. These data indicate that for Ti-6A1-4V target material 
with impingement angle of 25 deg, the erosion rate increases with increasing 
target temperature. Additionally, the slope of the data appears to be de
creasing with increasing temperature; however, more data are required to 
substantiate this trend. 

The accuracy of the erosion rates presented depends on the errors accrued 
in measuring the amount of erosion and in the independent parameters 
influencing the erosion. At present the most significant error results from 
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FIG. 7—Effect of erosion versus particle velocity. 

the calculation of the particle velocity from air pressure, temperature, and 
flow plus the flow path metal temperature. An estimated maximum error 
of ± 5 percent in particle velocity results in a ± 8 percent error in erosion 
rate due to the strong dependence of erosion on particle velocity. Smaller 
errors of the order of ± 1 percent result from the measurement of impact 
angle, specimen weight, specimen temperature, and particle weight. The 
mean square error of all these errors is ±8.2 percent maximum. This max
imum error will be substantially reduced by calibrating the calculated par
ticle velocity with measured values. The measured velocities will be obtained 
using both photographic techniques and a laser velocimeter. 
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DISCUSSION 

G. Mayer^ {written discussion)—In the schematic of your apparatus a 
fairly sharp angle was shown in the flow system as it enters the test section. 
Was the flow in the test section laminar? 

W. Tabakoff and T. Wakeman (authors' closure)—The flow in the wind 
tunnel test section is turbulent. The size of the particles which we used 
in this investigation are large—this means over 50 ^m. Despite the high 
turbulence in the flow, these particles follow very much established particle 
streamwise paths which to the outside observer look like laminar paths 
(this depends strongly on the particle sizes). This observation was made by 
high-speed fdm camera, approximately 40 000 frames per second. The tur
bulence of the main flow core is measured with optical devices. 

A. Levy'^ {written discussion)—What was the particle velocity profile 
across the containment pipe into test section and what was the size of the 
specimen? Was there a velocity variation across the specimen? 

W. Tabakoff and T. Wakeman {authors' closure)—The particle velocity 
profile across the test section was uniform. The specimen sizes were 6.35, 
12.70, 19.05, 25.4, and 31.75 mm (0.25, 0.50, 0.75, 1.0, and 1.25 in.). 
The approach velocity to the specimen was uniform. 

/. Finnic^ {written discussion)—Do the velocity fluctuations in turbulent 

'Army Research Center, Research Triangle Park, N.C. 27709. 
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boundary layers formed around turbine blades have a strong effect on the 
particle trajectories and on the resulting erosion damage? 

M. MenguturV {written discussion)—Since the main flow turbulence 
level is quite high in gas turbines, the boundary layers developing around 
the blades are predominantly turbulent. The turbulent velocity fluctuations 
inside the boundary layer are small in magnitude compared with the local 
root-mean-square velocity of the fluid, and they occur very rapidly. Particles 
which possess considerable inertia to impact blade surface with sufficient 
velocity to effectively remove blade material will not even feel the presence 
of these fluctuations. Only extremely fine particles can adjust to the tur
bulent velocity fluctuations owing to their negligible inertia. However, these 
particles will cause virtually no erosion. By the time they reach the surface, 
they will nearly assume the surface gas velocity, which is zero. The result 
is deposition. Deposition rates of such small particles can be calculated 
by considering their diffusion due to Brownian motions, turbulent fluctua
tions, and temperature gradients in the case of cooled blades. Professor 
Tabakoff is justified in neglecting the flow turbulence in his erosion mea
surements. 

W. Tabakoff and T. Wakeman (authors' closure)—Professor Pinnies 
question is well answered by the comment of Dr. Menguturk. 

"•Westinghouse Electric Corp., Research and Development Center, Pittsburgh, Pa. 15235. 
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ABSTRACT: Erosion of flat plates and tubular test specimens by spherical 270-/im steel 
shot showed appreciable differences in the amount of material removed, depending on 
the condition of the steel shot used. Ductile shot removed considerably less material than 
brittle or more frangible shot. In addition, lower-velocity exponents were obtained for the 
tougher, more ductile abrasive. 

The evidence presented here supports the view of Tilly that erosion by frangible par
ticles may be viewed as a two-stage process. According to this view, the first stage is due 
to surface indentation by the particle, forming vulnerable lips around the crater, and the 
second is due to removal of these lips by radially projecting particle fragments. 

KEY WORDS: erosion, impact, wear, fracture, mechanical properties 

When studying the erosion of materials by solid-particle impact, the 
removal mechanism is often studied by classifying the eroded surface as 
either ideally ductile or ideally brittle. By so classifying materials, models of 
the particle-surface interaction can be postulated and theoretical predictions 
of erosion resistance made. The influence of basic material properties on ero
sion resistance is often evident from these predictions and gives one a rational 
basis of material selection [1,2]? 

The characteristic shape of the impacting particle is also a factor in the 
erosion process. As would be expected, angular particles (grit) will often 
remove an order of magnitude more surface material than spherical particles 
(shot) of the same material. Hence, in studying erosion processes, it is impor
tant to know whether the impacting particles have sharp cutting edges or a 
more rounded surface. Interestingly enough, many of the erosion effects, ex
cept for the actual magnitude of material eroded, are quite similar for 
angular and spherical particles [3]. 

'Graduate student and professor, respectively, Department of Mechanical Engineering, 
Washington State University, Pullman, Wash. 99164. 
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A third, less-studied area affecting erosion is concerned with the frangibil-
ity of the eroding particles. If the particles fracture upon impact, additional 
mechanisms for surface material removal will exist than if the particle re
mains in one piece. Tilly showed that some aspects of erosion of ductile 
materials are due to particle fracture [4], using high-speed photography, 
electron microscopy, and actual particle size measurements to study this ef
fect. According to him, erosion by fragmenting particles can be thought of as 
due to two effects or stages. In the first stage, called primary erosion, par
ticles indent the surface, removing chips and forming vulnerable hillocks. 
The other stage, called secondary erosion, is due to particles breaking upon 
impact so that the fragments are projected radially to produce secondary 
damage to the craters. The primary stage predominates for glancing impacts 
and the secondary stage for normal impacts, as shown in Fig. 1 (taken from 
Tilly's work). 

Measurements by Tilly showed the extent of fragmentation to be depen
dent on initial particle size and velocity, as well as on impact angle. Particles 
too small to break up cause primary erosion alone, while increasing particle 
size causes an increase in secondary erosion. Similarly, increased velocity 
causes an increase in secondary damage. 

From his two-stage erosion equations, Tilly concluded that for the extreme 
conditions of small particles which do not fracture (no secondary erosion) 
and for large particles and high velocity (maximum fragmentation), the total 

18 

/• Secondary Erosion 
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FIG. 1—Influence of impact angle for 135 iim quartz against H46 steel at 366 m/s (1200 ft/s) 
{from Ref4). 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



138 EROSION: PREVENTION AND USEFUL APPLICATIONS 

erosion will tend to a velocity-squared dependence. In-between conditions of 
particle velocity and size result in particle velocity exponents greater than 
two; these predictions have been confirmed by Tilly and others for silicon 
carbide grit impacting against several metals [5]. 

Using the concept of particle threshold size and velocity below which no 
erosion would occur, Tilly was also able to show the influence of particle size 
on erosion. This is the well-known effect, in which the amount of erosion for 
a fixed quantity of abrasive (gram/gram) is found to decrease as particle size 
is decreased below the 100-̂ m size. 

Further Effects of Particle Frangibility 

The effects of frangibility of large spherical steel particles on aluminum 
are shown in this section. Generally these results are in agreement with those 
of Tilly and show the importance of secondary-impact effects on material 
removal. In addition, it is shown that particle fragmentation, the cause of 
second-stage erosion, is important not only at near-normal impact angles (as 
shown in Fig. 1), but also at glancing impact angles, that is, impingement 
below 5 deg. 

Tube Erosion 

A transfer line or a cylindrical duct is often used to convey particles of an 
erosive nature. A numerical model of the particle path down the tube shows 
impact angles in the range of 0 to 5 deg, with a majority of impact angles in 
the 2 to 3 deg range [6]. Wellinger and Uetz have also estimated that the par
ticle impingement angle for pipe flow to be on the order of 5 deg [7\. Hence, 
study of the erosion wear of a tube can provide insight into erosion effects at 
small impact angles [8]. 

The transfer tube used in the study was 6061-T6 aluminum, 4.95 mm in 
diameter by 30.5 cm long. It was carefully sectioned into individual short 
tube lengths 2.54 cm long. Each individual tube length was carefully 
weighed, and the tube lengths then reassembled to form a tube of original 
length, using clamping fixtures to align the tube in a straight configuration. 
Considerable care was taken to assure that the tube reassembled from short 
tube lengths was straight. The tube was mounted in the same air-blast ero
sion tester used for previously described investigations, and 2500 g of 270-^m 
(average diameter) hardened steel shot (HRC 65) was blasted through the 
tube at an average rate of 1.26 g/s. The gas pressure at the inlet of the tube 
was 172 kPa (25 psig). After eroding the bore, the assembly was then care
fully disassembled and each 2.54-cm tube length carefully weighed. The 
erosive wear in grams of aluminum per gram of abrasive used was deter
mined and plotted. The middle curve in Fig. 2 shows the results. It is noted 
that the wear is zero at the inlet end of the tube, where the velocity is very 
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FIG. 2—Erosion of 4.95-mm-inside-diameter aluminum (6061-T6) tube using 270-nm 
hardened steel particles (brittle). Inlet gas pressure was 172 kPa. 

low, and rises in nonlinear manner to a maximum value at the exit end of the 
tube, where the velocity is highest. The lower curve in Fig. 2 is for shot col
lected after erosion and rescreened to eliminate fragmented pieces. It is 
noted that the magnitude of erosion for the rescreened shot is about one-half 
that of the as-received "new" shot. 

An examination of the particle debris of both new and reused shot showed 
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a great deal of fragmentation of new shot and very little fragmentation of 
reused shot. So much fragmentation of new shot occurred that a very large 
amount of screening was required to collect sufficient whole shot for the sec
ond erosion test. 

Evidently a large amount of tube erosion by the new, as-received shot is by 
secondary erosion. Upon screening, only tougher particles which survived the 
initial impact are used; these particles are also quite likely to survive the sec
ond impact when they are reused in a repeat test. It follows that the lowest 
erosion curve is for erosion by primary impact alone with very little secondary 
impact of fragments. As stated earlier, this reduction in secondary impacts 
reduces the amount of erosion by approximately one-half along the tube 
length. This shows that secondary impacts caused by particle fragmentation 
are important in the material removal mechanism not only at near normal 
impact, but also for low-angle or glancing impact. Also shown in Fig. 2 are 
the erosion characteristics of the aluminum tube using angular steel grit of 
the same screened size as the shot. 

Flat-Plate Erosion 

To further study the effects of particle frangibility when eroding softer 
metal surfaces, a series of flat-plate erosion tests was conducted using 
6061-T6 specimens. These tests used a conventional blast tube device in 
which the particles were accelerated down a 4.95-mm-inside-diameter by 
30-cm-long tube by a high-velocity gas stream. The tube interior was lined 
with a tough, replaceable plastic liner. This liner effectively prevented the 
particles from fracturing by impacting the tube wall. Actual particle 
velocities were measured very near the impact position using the multiple-
flash photographic technique, the double rotating disk method, and the 
laser-Doppler technique. 

To study the effect of particle fragmentation, 270-/im steel shot was pro
cured in both a ductile and a brittle condition. The ductile shot was a softer, 
tough material of hardness HRC 45. The brittle shot was much harder, 
quenched to a hardness HRC 65. Erosion weight-loss tests as a function of 
particle velocity were performed for a glancing 20-deg impact condition and 
for a near normal 70-deg impact condition using both the ductile and brittle 
shot. 

The test results for the 20-deg impact condition are shown in Figs. 3 and 4. 
Figure 3, for ductile shot, shows identical results for both the as-received and 
rescreened abrasive. Since this material is predominantly ductile, very little 
fragmentation occurred upon impact and no change is noted between the two 
conditions. A velocity exponent of 2.2 is estimated from the data points. Ex
amining Fig. 4, for the brittle shot, it is to be noted that the new, as-received 
shot gives a higher velocity exponent, due to the additional effects of particle 
fragmentation. When this shot has been collected and rescreened, the veloc-
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FIG. 3—Influence of particle type and velocity on erosion. Particles were 270-fim annealed 
steel shot (ductile) impacting at a glancing angle (20 deg) on aluminum (6061-T6) surface. 

ity exponent drops from 2.4 to 2.2, the same as for ductile shot. This clearly 
shows the effect of particle fragmentation at a 20-deg impact angle. For com
parison, results for hardened steel grit of the same size are included; a veloc
ity exponent of 2.7 is obtained. Whether this increase is due to the angular 
shape of the grit or due to a large amount of fragmentation is not known. 
Probably both changes have an effect. 

Similar results were obtained for the case of particles impacting at the 
more normal angle of 70 deg. Figure 5, for ductile shot, shows identical 
results for both the as-received and rescreened abrasive; the velocity expo
nent was found to be 2.1. Again, no particle fragmentation occurs with this 
abrasive, and a low exponent value (close to 2) is found. Figure 6 shows the 
results for the brittle shot using 70-deg impact. The new, as-received 
material exhibits considerable fragmentation causing secondary erosion, 
while the collected and rescreened material exhibits primarily primary ero
sion. Rescreened brittle shot and all-ductile shot show identical erosion 
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FIG. 4—Influence of particle type and velocity on erosion. Particles were 270-iim hardened 
steel shot and grit (brittle) impacting at a glancing angle (20 deg) on aluminum (606I-T6) sur
face. 

characteristics. The velocity exponents correspondingly drop from 2.5 to 2.1. 
Again, for comparison, hardened steel grit gives a high value, 2.5. 

Shown in Fig. 7 are the results of a sieve analysis for both the ductile and 
brittle shot as originally received (Curve 4), after leaving the plastic-lined 
blast tube (Curve 4), and after striking the flat test surface (Curves 3,2). This 
analysis shows that the cushioned tube effectively prevents particle fragmen
tation. Confirming the earlier discussion on impact effects, the ductile shot is 
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FIG. 5—Influence of particle type and velocity on erosion. Particles were 270-ii.m annealed 
steel shot (ductile) impacting at a near normal angle (70 deg) on aluminum (6061-T6) surface. 

virtually unaffected by impact with the test specimen, while the brittle shot is 
heavily fragmented. The effect of using a hardened steel blast tube without 
the cushioning liner is also shown in this figure. 

Eroded Surface Appearance 

Examination of the impact sites for both the ductile and brittle shot, using 
the scanning electron microscope, revealed no clues as to the different 
mechanism of material removed by the two types of particle. The aluminum 
surface is indented and pushed out by the particle moving through it, 
perhaps visualized as similar to a Brinell hardness test. A vulnerable lip or 
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FIG. 6—Influence of particle type and velocity on erosion. Particles were 270-fiLm hardened 
steel shot (brittle) and grit impacting at near normal conditions (70 deg) on aluminum 
(6061-T6) surface. 
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FIG. 7—Cumulative size distribution (sieve analysis) of steel shot. 

hillock is formed around the front of the impact scar. Shown in Fig. 8 is a 
typical crater formation using either shot type. Though not evident from the 
photographs, the second-stage erosion due to particles breaking up on im
pact is probably due to more efficient removal of the vulnerable lips around 
the impact scar by radially projected fragments. 

Conclusions 

The concept of a two-stage model of the erosion process as proposed by 
Tilly has been examined. The effects of secondary-stage erosion caused by 
particle fragmentation upon impact were shown using one size of an an
nealed ductile steel shot and a heat-treated brittle steel shot. Erosion tests 
were made at both glancing and normal impact angles on a tubular 
aluminum specimen and on flat aluminum specimens. The effects of second
ary erosion were quite evident. Additional material is removed when a parti-
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FIG. 8—Craters formed by the impact of ductile 270-ixm steel shot on aluminum. Impact 
angle was 20 deg: impact velocity was 65 m/s (213 ft/s) on aluminum (6061-T6) surface (X 
222). 

cle fractures on impact, resulting in more material loss and a higher velocity 
exponent. 

While this study was undertaken to investigate the effects of particle frac
ture and subsequent material removal at the general conditions of near-
normal and glancing impact, the effects of particles fragmenting in an ero
sion tester of the type which accelerates particles down a hard surface tube 
are also revealed in this study. Applied to erosion testing, the results present
ed here show that particles can fragment in the blast tube and therefore may 
be more erosive than the original specimen. To illustrate this effect, the par
ticle size distribution at the exit of the tube of brittle particles blasted 
through an unlined hardened steel blast tube is shown by Curve 1 of Fig. 7. 
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Note the large amount of fragmentation shown. At the tube inlet, the 
particles were all of uniform size, shown by the top curve of Fig. 7, that is, 
screened to 270-/xm. Of course, fragmenting effects will vary with particle 
velocity and length of blast tube, introducing undesirable variables into 
test results. 
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DISCUSSION 

A. P. L. Turner^ {written discussion)—You showed an increase in erosion 
rate and velocity exponent due to fragmentation of spherical particles. 
Would you expect a similar result if the particles were angular before 
fragmentation? 

/. Maji and G. L. Sheldon (authors' closure)—Yes, similar secondary 
erosion of frangible particles would occur. 

G. Mayer^ {written discussion)—Since you indicated a substantial second
ary erosion effect from fragmenting particles, was there an effort made in
itially to shake out and screen flawed (precracked) particles prior to test? 

/. Maji and G. L. Sheldon {authors' closure)—We were not able to identify 
flawed particles from perfect ones. The particles impacted with the test sur
face fractured flawed particles and the fragments were screened out to obtain 
flawless ones for retesting. 

'Materials Science Division, Argonne National Laboratory, Argonne, 111. 60439. 
^Army Research Center, Research Triangle Park, N.C. 27707. 
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ABSTRACT: Over 200 materials were screened by a high-velocity sandblast-type 
erosion test to determine their suitability for application in coal gasifier valves. Most 
metals had relatively similar and low erosion resistances. Ceramics and cermets such as 
boron carbide (B4C), tungsten carbide (WC), silicon carbide (SiC), silicon nitride 
(SbN4>, and titanium diboride (TiB2), if manufactured to minimize porosity, had more 
than four times the erosion resistance of metals. Several coatings such as boronized 
molybdenum and tungsten carbide, chemical vapor-deposited titanium carbon nitride 
(TiCN), and electrodeposited T1B2 also proved highly erosion resistant when applied in 
sufficient thicknesses. Additional findings confirmed that cermet binder content and 
ceramic porosity are related to erosion resistance. 

KEY WORDS: solid particle erosion, erosion, erosion resistance, damage, tempera
ture, metal, ceramic, cermet, coal gasification 

The Bureau of Mines, U.S. Department of the Interior, has established 
a long and productive tradition of research and development in coal gasifi
cation technology. Recently, in 1972, the Bureau began operation of a 
stirred-bed, low-Btu producer gas pilot plant at Morgantown, W. Va. 
Shortly thereafter, the Bureau built a high-Btu synthetic natural gas fa
cility at Bruceton, Pa., for the purpose of demonstrating the Bureau's 
Synthane process. In 1975, the Energy Research and Development Admini
stration (ERDA) assumed responsibility for both facilities. 

One of the general problems that emerged from the operation of these 
and other coal gasification pilot plants was the short life, due to erosion, of 
various valves used for the transfer of solids as dry bulk, slurries, or gas-
born particulates. Figure 1, for example, shows erosion damage to a 
Stellite2 hardfaced ball valve seat. The valve was used to seal an ash re-

1 Metallurgist, Materials Physics, Albany Metallurgy Research Center, Federal Bureau of 
Mines, Albany, Oregon 97321. 

Specific brand names are used for identification and description only and do not imply 
endorsement by the Bureau of Mines. Some brand names are registered company trademarks. 
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moval lock hopper at 2.07 X 10̂  N/m^ (300 psig) against atmospheric 
pressure. A small leak developed, possibly from an abrasive wear scar, and 
was enlarged by escaping high-velocity ash-laden gases. This type of 
erosion failure is common and is known as the "wire drawing effect." 

Unlike other erosion problems, coal gasifier valve erosion is complicated 
by a large number and variety of environments. The valves seldom face the 
same pressures, temperatures, particle velocities, particle sizes and hard
nesses, chemical species, or impingement angles. The literature [1-7]^ has 
defined the effects of several variables upon erosion and has suggested 
plausible erosion mechanisms. With the use of this information, engineers 
can attack erosion through design modifications. Unfortunately, the litera
ture has not provided any universal relationships which can be used to 
propose materials of construction. All equations linking variables to 
measurable material factors are of limited practical significance—only 
narrow classes of materials are covered, the use of difficult-to-measure 
properties are involved, no account is made for all variables, or special 
tests are required for the determination of constants. Furthermore, there is 
a lack of published data that might be helpful to engineers, and there are 
no standard erosion tests. 

This study has taken an engineering approach to the problem. A large 
and diverse sampling of materials has been screened for resistance to 
erosion under a few standardized conditions which are representative of the 
gasifier environments. The information can serve as a guide for more 
detailed work or, with the careful application of known variable effects, for 
the production of trial parts for in situ testing. 

Equipment 

A sandblast-type tester was built to accomplish the screening. An S. S. 
White Model H Airbrasive Unit was used as a regulated supply of gas-
born particles in both room temperature and elevated temperature test 
systems. The tests were conducted with 27-/im alumina particles; the 
particle velocity, as measured on a two-disk device after Ruff and Ives 
[8] was 170 m/s (558 ft/s); the particle mass flow was about 5 g/min; the 
test duration was 3 min; and the atmosphere was usually high-purity dry 
nitrogen. 

In addition to the Airbrasive Unit, the room temperature test equipment 
included an adjustable-angle stage to hold the specimens and an adjustable 
nozzle made up of a molybdenum shank with a 0.58-mm (0.023 in.)-inside-
diameter sapphire tip glued into one end. The elevated temperature test 
equipment (see Fig. 2) consisted of the Airbrasive Unit, a furnace and, 
within the furnace, a multi-faceted turret to secure 12 specimens, a shutter 

•' The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. I—Erosion damage to a lock hopper ball valve seat (courtesy of Morgantown Energy 
Research Center!. 

to control the particle blast duration, and the same nozzle that was used 
in room temperature tests. A tube to evacuate the furnace or to deliver 
an atmosphere was positioned near the specimen, and an infrared pyrometer 
was used to monitor the temperature of the specimen impingement area. 

The multispecimen system was an improvement over a similar earlier 
system which contained dummy specimens that experienced all test con-
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FIG. 2—Cross section of the internals of the multispecimen high-temperature erosion 
test system. 

ditions except the particle blast. Since the dummy specimens in the first 
tester showed negligible weight gains or losses, no provision was made for 
them in the second tester. 

Procedure 

The specimens were used as-received and subjected only to an ultrasonic 
cleaning in acetone prior to testing. After weighing to the nearest 0.1 mg, 
they were set upon the adjustable-angle stage or turret, and the nozzle was 
positioned 9.5 mm (0.375 in.) above the surface. In room temperature 
testing, the particle blast was allowed to impinge against a hand-operated 
shutter between the nozzle and the specimen until the flow was steady. The 
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test was begun following the removal of the shutter, and, at the test 
tetmination, the specimens were recleaned and reweighed. Few alumina 
particles were evident on the tested surfaces when viewed under a X30 
microscope. 

The same parameters were used and the same basic test procedures were 
performed in elevated temperature determinations except that the 12 
specimens on the turret were heated in a vacuum or in nitrogen before 
testing. At the test temperature, a quantity of nitrogen was directed to the 
specimen surface at a rate equal to that flowing through the particle nozzle 
during a test. When the specimen temperature returned to a steady state, 
the shutter was positioned between the nozzle and the specimen, the 
particle blast was begun, and the shutter was removed. Although the 
transfer of heat from the massive turret reduced thermal shock, the im
pingement area temperature dropped an average of 63 °C from tests started 
at 700°C and remained at this temperature for the 3-min test duration. 
The other specimens on the turret were tested in like manner. 

A control and computation procedure was necessary to minimize a small 
source of inconsistency which resulted from particle flow variations caused 
by the Airbrasive Unit feeder system. In the procedure, three Haynes 
Stellite 6B (Stellite 6 is a common valve material) wrought standards from 
a single source were run at equal intervals with each set of nine test speci
mens. If the standards' weight losses were within 10 percent of a value 
established from preliminary tests, the equipment was assumed to be 
operating satisfactorily. The weight losses of the 6B standards and the 
specimens were converted to volume losses, and a relative erosion factor 
(REF) for each material was computed by dividing the mean specimen 
volume loss by the mean volume loss of the three 6B standards from the 
same test set. A series of tests showed that the ratio remained constant over 
a range of particle flows to a degree that one standard deviation of a group 
of five tests on a material was generally within 10 percent of the mean 
specimen weight loss. The REF was adopted as the means by which all 
materials were evaluated. 

Results and Discussion 

Over 200 materials were tested and ranked. Some of the results, the 
approximate chemical compositions of the materials, and the manufactur
ing methods are tabulated in the Appendix. Examples of the REF's of 
metals, cermets, and ceramics are illustrated graphically in Figs. 3, 4, and 5. 

From Fig. 3 it is clear that nearly all metals and metallic alloys except 
tungsten and molybdenum have relatively the same room temperature 
erosion resistances for 90-deg impingement. At best, there is only a 30 
percent improvement over Stellite 6B. Moreover, all of the metals and 
metallic alloys tested at a 20-deg impingement (but not shown) except 
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FIG. 3—Commercially available metals (90-deg impingement). 

1.8 

tungsten and molybdenum again have similar erosion resistances and 
increased erosion volumes. At 700 °C, many alloys eroded more than at 
room temperature, but a few eroded less. However, this is not reflected in 
the REF's since the Stellite 6B upon which the REF is based also eroded 
20 percent more at 700 °C. No apparent explanation for the high-
temperature behavior was found. 

By comparison, numerous cermets and ceramics, Figs. 4 and 5, have 
erosion resistances that are greater than twice that of Stellite 6B. Notable 
among these are a series of mixed ceramics that were prepared by pressing 
and sintering at the Oregon Graduate Center; several commercially avail
able hot-pressed ceramics such as boron carbide (B4C), silicon carbide 
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FIG. 4—Ceramics (90-deg impingement). 
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(SIC), silicon nitride (Si3N4), cubic boron nitride (CBN), and diamond; and 
several tungsten carbides (WC). 

That some ceramics of equal chemistry and purity have unequal erosion 
factors can be explained through differences in the proportions of porosity. 
For example, a near 100 percent dense alumina such as Lucalox is greater 
than 1.5 times more erosion resistant than 95 to 98 percent dense aluminas. 
At the extreme, Lucalox has more than ten times the erosion resistance of 
99P, a porous alumina that is less than 70 percent dense. Similarly, hot-
pressed SbN4 has more than ten times the erosion resistance of reaction-
bonded (and less dense) SbN4. 

On the other hand, the behavior of the tungsten carbide cermets is 
indicative of a relationship between erosion and binder content. Figure 6 
shows this relationship—namely, that with an increase in binder, irrespec
tive of the binder element, a corresponding decrease in erosion resistance 
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FIG. 5—Kennametal cemented carbides (90-deg impingement). 
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results. Uuemyis and Kleis [9] have verified a mechanism in which the 
metallic binder is eroded from around the carbide grains. 

Although ceramics and cermets can be made into valve parts with 
present technology, size and toughness limitations preclude their use in 
many instances. Ideally, large valves might be made from easily fabricable 
and economical materials and protected with erosion-resistant coatings. 
Some promising coatings were tested, and the results are listed in Tables 
3 and 4 of the Appendix. 

Chemical vapor deposition (CVD) silicon carbide that was applied over 
carbon converted to silicon carbide remained completely intact at both 
test temperatures; a slight surface buffing was the only evidence that it had 
been tested. Electrodeposited titanium diboride (TiB2) is another coating 
that possessed outstanding erosion resistance and remained intact at room 
temperature even after the test duration was extended to 10 min. The 
TiB2 also had excellent erosion resistance at 700 °C, but that which was 
applied over 310 stainless steel spalled upon cooling. When retested at 
room temperature, the spalled TiB2 eroded, conceivably because several 
cracks were large enough for particles to undermine the substrate and 
loosen the coating. However, the TiB2 applied over electrolytic nickel did 
not exhibit the spalling tendency. The two TiB2 examples amplify the 
importance of matching the thermal expansion rates of coatings and 
substrates. 

The diffusion coatings listed in the Appendix tables not only eliminated 
all difficulties of thermal mismatch and inadequate bond strength but 
proved to be highly erosion resistant as well. Bonding, for instance, im
proved the erosion resistance of tungsten carbide and molybdenum at 
room temperature and a 90-deg impingement by more than 80 percent, 
while at a 20-deg impingement the improvement was more than fivefold. 

As a rule, to provide adequate protection, most coatings had to be 50 to 
80 ^m (0.002 to 0.003 in.) in thickness. Thin-sputtered titanium carbon 
nitride (TiCN) over Inconel 671 provided no substrate protection, yet when 
applied by CVD in thicknesses of 50 /*m (0.002 in.) it retarded penetration 
at a 90-deg impingement and halted penetration at a 20-deg impingement 
in most tests. Other coatings showed related characteristics. 

Conclusion 

With the exception of tungsten and molybdenum, metallic-base ma
terials have relatively low erosion resistances for severe erosion situations. 
Therefore, if a metallic component has failed prematurely by erosion, no 
better performance can be expected from a metallic substitution, regard
less of hardness. Fortunately, several ceramics, cermets, and ceramic 
coatings have greatly improved erosion resistances. These include tungsten 
carbide, silicon carbide, Si3N4, B4C, cubic boron nitride, ZrB2, electrode-
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posited TiB2, and boronized tungsten carbide, molybdenum, and tungsten. 
Ceramics are most resistant when manufactured by a method that will insure 
optimum density. With cermets, a minimum amount of metallic binder is 
desirable, and with coatings a sufficient coating-substrate compatibility 
and coating thickness are essential. 

The likelihood exists that solutions to valve erosion problems that are 
based entirely on material choices will be expensive and, in some cases, 
impossible. The best solutions will involve both the wise selection of ma
terials and the use of innovative design techniques based upon the knowl
edge gained through the diligent efforts of previous erosion researchers. 
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APPENDIX 

Erosion Test Data 

TABLE 1—Room temperature erosion test results: 90-deg impingement, 27-nm AI2O3 
particles, 5-g/min particle flow. 170-m/s particle velocity, 3-min test duration, N 2 atmosphere. 

Material 

Manu
facturing 
Method Composition REF" 

99P ps* 99Al203(Krohn)* 12.49 
ZRBSC-M lip ZrB2-SiC-graphite(N) 6.36 
chromite ps (UCAR) 2.44 
K151A ps 19Ni binder (K) 1.37 
K162B ps 25Ni-I-6M0 binder (K) 1.35 
98D ps 98Al203(Krohn) 1.29 
Ti-6A1-4V w . . . 1.26 
Haynes93 c 17Cr-16Mo-6.3Co-3C-bal Fe (Stellite) 1.25 
Graph-Air w 1.4C-1.9Mn-1.2Si-1.9Ni-1.5Mo-bal Fe (TRB) 1.19 
25Criron c 25Cr-2Ni-2Mn-0.5Si-3.5C-bal Fe (OGC) 1.19 
Stellite 6K w 30Cr-4.5W-1.5Mo-1.7C-bal Co (Stellite) 1.08 
Stellite 3 c 31Cr-12.5W-2.4C-bal Co 1.04 
K90 ps 25 binder (K) 1.01 
Stellite 6B w 30Cr-4.5W-1.5Mo-1.2C-bal Co (Stellite) 1.00 
304 SS w 17Cr-9Ni-2Mn-lSi-bal Fe 1.00 
316 SS w 17Cr-12Ni-2Mn-lSi-2.5Mo-bal Fe 0.99 
Haynesl88 w 22Cr-14.5W-22Ni-0.15C-bal Co (Stellite) 0.97 
Haynes25 w 20Cr-15W-10Ni-1.5Mn-0.15C-bal Co (Stellite) 0.96 
430 SS w 17Cr-lMn-lSi-0.1C-bal Fe 0.93 
HK-40 c 26Cr-20Ni-0.4C-bal Fe 0.93 
Inconel600 w 76Ni-15.5Cr-8Fe (HA) 0.92 
RA330 w 19Cr-35Ni-1.5Mn-1.3Si-balFe(RA) 0.91 
Refrax20C ps SiC-Si3N4 bond (Carbor) 0.91 
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TABLE 1—Continued 

Material 

Incoloy 800H 
Beta III Ti 
Incoloy 800 
HD435 
RA333 
K86 
Inconel 671 
Lucalox 
mild steel 
WIG 
3109 
K94 
Mo 
Carbofrax D 
W 
K68 
3406 
HD430 
Si3N4 
Norbide 
BT-9 
BT-12 
BT-11 
ZRBSC-D 
VR-54 
BT-24 
K801 
BT-10 
K714 
K701 
CA306 
Noroc 32 
TiC-AbOj 
895 
SiC 
K602 
SiC 
CBN 
GE diamond 

UDETC l^^\^*:.. 

Manu
facturing 
Method 

w 
w 
w 

w 
ps 
w 

w 
ps 
ps 
ps 
w 
ps 
w 
ps 
ps 

hp 
hp 
ps 
ps 
ps 
hp 
ps 
ps 
ps 
ps 
ps 
ps 
ps 
hp 
ps 
ps 
hp 
ps 

« —«- ;«« f« . 

Composition 

32.5Ni-21Cr-0.07C-46Fe (HA) 
11.5Mo-6Zr-4.5Sn-baI Ti 
32.5Ni-46Fe-21Cr (HA) 
recrystallized SiC (N) 
25Cr-1.5Mn-1.3Si-3Co-3Mo-3W-18Fe-bal Ni (RA) 
8.8Co binder (K) 
50Ni-48Cr-0.4Ti (HA) 
densifiedAl203(GE) 
0.15C-bal Fe 
90W-10(Ni,Cu,Fe) (K) 
12.2 binder (K) 
11.5 binder (K) 

SiC-ceramic bond (Carbor) 
(GE) 
5.8 binder (K) 
7.8 binder (K) 
recrystallized SiC (N) 
(N) 
B4C (N) 
2MgO-25TiB2-3.5WC-balAl203(OGC) 
1.5MgO-49TiB 2-3 .SWC-bal Al 2O 
1.7MgO-38TiB2-3.5WC-bal AI2O 
ZrB2-SiC (N) 
WC-7C0 binder (F) 
2MgO-30TiB2-3.5WC-bal AI2O3 
6Ni binder (K) 
2MgO-30TiB2-3.5WC-bal AI2O3 
6Co+lCr binder (K) 
10.2Co-l-4Cr binder (K) 
WC-6C0 binder (Carmet) 
Si3N4-SiC(N) 
(B and W) 
WC-6C0 binder (Carb) 
(N) 
< 1.5 binder (K) 
(GE) 
(GE) 
(GE) 

Volume loss material 
, i - . . \ — 

3(0GC) 
i3(0GC) 

(OGC) 

(OGC) 

R E F 

0.91 
0.90 
0.83 
0.80 
0.80 
0.78 
0.77 
0.76 
0.76 
0.70 
0.62 
0.57 
0.52 
0.49 
0.48 
0.43 
0.42 
0.40 
0.40 
0.38 
0.37 
0.35 
0.33 
0.32 
0.32 
0.32 
0.32 
0.30 
0.26 
0.25 
0.23 
0.20 
0.19 
0.19 
0.12 
0.11 
0.05 
0 
0 

Volume loss Stellite 6B 
^Abbreviations are listed in Table 5. 
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TABLE 2—700°C erosion test results: 90-deg impingement, 27-iim AI2O3 particles, 
5-g/min particle flow, 170-m/s particle velocity, 3-min test duration, N 2 atmosphere. 

Material 

ZRBSC-M 
99P 
chromite 
K162B 
K151A 
Stellite 3 
Carbofrax D 
895 
K90 
2SCriron 
Refrax 20C 
98D 
Stellite 6K 
K86 
Stellite 6B 
Haynes 93 
Haynes 25 
K94 
Haynes 188 
RA333 
3109 
RA330 
HK-40 
304 SS 
Inconel 671 
430 SS 
Inconel 600 
Lucalox 
Beta III Ti 
Incoloy 800 
316 SS 
Ti-6A1-4V 
Incoloy 800H 
K68 
VR-54 
3406 
K701 
K801 
SiC 
W-10 
Noroc 33 
HD430 
CA306 
BT-9 
HD435 
TiC-AhOs 
BT-U 
K714 
BT-10 
Norbide 
BT-24 

Manu
facturing 
Method 

hp* 
ps 
ps 
ps 
ps 
c 
ps 
ps 
ps 
c 
ps 
ps 
w 
ps 
w 
c 
w 
ps 
w 
w 
ps 
w 
c 
w 
w 
w 
w 

w 
w 
w 
w 
w 
ps 
ps 
ps 
ps 
ps 
hp 
ps 
hp 

ps 
ps 

ps 
ps 
ps 
ps 
hp 
ps 

Composition 

ZrB2-SiC-graphite(N)* 
99Al203(Krohn) 
(UCAR) 
25Ni-l-6Mo binder (K) 
19Ni binder (K) 
31Cr-12.5W-2.4C-bal Co (Stellite) 
SiC-ceramic bond (Carbor) 
WC-6C0 binder (Carb) 
25 binder (K) 
25Cr-2Ni-2Mn-0.5Si-3.5C-bal Fe (OGC) 
SiC-Si3N4 bond (Carbor) 
98Al203(Krohn) 
30Cr-4.5W-1.5Mo-1.7C-bal Co (Stellite) 
8.8C0 binder (K) 
30Cr-4.5W-1.5Mo-1.2C-bal Co (Stellite) 
17Cr-16Mo-6.3Co-3C-bal Fe (Stellite) 
20Cr-15W-10Ni-1.5Mn-0.15C-bal Co (Stellite) 
11.5 binder (K) 
22Cr-14.5W-22Ni-0.15C-bal Co (Stellite) 
25Cr-1.5Mn-1.3Si-3Co-3Mo-3W-18Fe-bal Ni (RA) 
12.2 binder (K) 
19Cr-35Ni-1.5Mn-1.3Si-bal Fe (RA) 
26Cr-20Ni-0.4C-bal Fe 
17Cr-9Ni-2Mn-lSi-bal Fe 
50Ni-48Cr-0.4Ti (HA) 
17Cr-lMn-lSi-0.1C-bal Fe 
76Ni-15.5Cr-8Fe (HA) 
densifiedAl203(GE) 
11.5Mo-6Zr-4.5Sn-balTi 
32.5Ni-21Cr-46Fe (HA) 
17Cr-12Ni-2Mn-lSi-2.5Mo-bal Fe 

32.5Ni-21Cr-0.07C-46Fe (HA) 
5.8 binder (K) 
WC-7C0 binder (F) 
7.8 binder (K) 
10.2Co+4Cr binder (K) 
6Ni binder (K) 
(N) 
90W-10(Ni,Cu,Fe) (K) 
Si3N4-SiC (N) 
recrystallized SiC (N) 
WC-6C0 binder (Carmet) 
2MgO-25TiB2-3.5WC-bal Al203(OGC) 
recrystallized SiC (N) 
(B and W) 
1.7MgO-38TiB2-3.5WC-baI AI2O3(OGC) 
6Co + lCr binder (K) 
2MgO-30TiB2-3.5WC-bal Al203(OGC) 
B4C (N) 
2MgO-30TiB2-3.5WC-bal AI2O3 (OGC) 

REF" 

>5.00 
>4.00 

3.43 
1.67 
1.62 
1.61 
1.38 
1.32 
1.21 
1.16 
1.15 
1.12 
1.06 
1.03 
1.00 
1.00 
0.85 
0.84 
0.83 
0.80 
0.80 
0.79 
0.78 
0.73 
0.62 
0.62 
0.61 
0.57 
0.57 
0.57 
0.56 
0.54 
0.54 
0.50 
0.50 
0.49 
0.47 
0.46 
0.44 
0.44 
0.42 
0.38 
0.36 
0.36 
0.32 
0.30 
0.26 
0.25 
0.25 
0.21 
0.20 
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TABLE 2—Continued 

Material 

W 
BT-12 
K602 
Si3N4 
ZRBSC-D 
SiC 
diamond 
CBN 

"RFF rrelat 

Manu
facturing 
Method 

w 
ps 
ps 
hp 
hp 

Composition 

(GE) 
1.5MgO-49TiB2-3.5WC-bal AI2O3(OGC) 
< 1.5 binder (K) 
(N) 
ZrB2-SiC (N) 
(GE) 
(GE) 
(GE) 

Volume loss material 
tm\ = r_ 

REF" 

0.17 
0.16 
0.13 
0.12 
0.07 
0.02 
0 
0 

Volume loss Stellite 6B 
* Abbreviations are listed in Table 5. 

TABLE 3—Room temperature erosion test results on coated materials: 90-deg impingement, 
27-nm AhO3 particles, 5-g/min particle flow. 170-m/s particle velocity, 3-min test duration, 
N2 atmosphere. 

Material Composition and Coating Method REF" 

Borofuse 
Stellite 31 

Ni-Cr-B 

Borofuse 
Stellite 6 

Cr203 
WC 

Borofuse 
Stellite 3 

W 
Borofuse 

MT-104 
Borofuse 

PM moly 
SiC 
SiC 
Borofuse WC 
TiB2 
18B-11 
19A-13 

25Cr-10.5Co-2Fe-7.5W-O.5C-bal Co w/diffused B (MDC)* 1.40 

plasma 0.5C-4Si-16Cr-4B-4Fe-2.4Cu-2.4Mo-2.4W-bal Ni 1.32 
(CWS) 

29Cr-4.5W-lC-bal Co w/diffused B (MDC) 1.29 

plasma Cr 2O 3-5SiO 2-3TiO 2 (CWS) 1.23 
plasma 35(WC-l-8Ni)-llCr-2.5B-2.5Fe-2.5Si-0.SC-bal Ni 1.11 

(CWS) 
31Cr-12.5W-2.4C-bal Co w/diffused B (MDC) 0.92 

pure CVD coating (RMRC) 0.53 

0.5Ti-0.08Zr-0.03C-bal Mo w/diffused B (MDC) 0.30 

Mo w/diffused B (MDC) 0.25 

CVD SiC on C converted to SiC 0.06 
pure CVD coating 0.05 
WC w/diffused B (MDC) 0.02 
electrodeposited over Ni (CPMRC) 0 
TiB 2 electrodeposited over 310 SS (UT) 0 
TiB 2 electrodeposited over 310 SS (UT) 0 

Volume loss material 
" REF (relative erosion factor) = — ; —-—— . 
. Volume loss Stellite 6B 
Abbreviations are listed in Table S. 
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TABLE 4—700°C erosion test results on coated materials: 90-deg impingement, 27-nm 
AI2O3 particles. 5-g/min particle flow. 170-m/s particle velocity, 3-min test duration, N2 
atmosphere. 

Material Composition and Coating Method REF° 

Ni-Cr-B 

WC 

Borofuse 
Stellite 6 

Borofuse 
Stellite 31 

Borofuse 
Stellite 3 

Borofuse WC 
Borofuse PM moly 
W 
Borofuse 

MT-104 
SiC 
SiC 
TiB2 
18B-11 
19A-13 

plasma 0.5C-4Si-16Cr-4B-4Fe-2.4Cu-2.4Mo-2.4W-bal Ni 2.79 
(CWS)* 

plasma 35(WC+8Ni)-llCr-2.5B-2.5Fe-2.5Si-0.5C-balNi 2.06 
(CWS) 

29Cr-4.5W-lC-bal Co w/diffused B (MDC) 1.40 

25Cr-10.5Co-2Fe-7.5W-0.5C-bal Co w/diffused B (MDC) 1.37 

31Cr-12.5W-2.4C-bal Co w/diffused B (MDC) 0.83 

WC w/diffused B (MDC) 0,72 
Mo w/diffused B (MDC) 0.28 
pure CVD coating (RMRC) 0.25 
0.5Ti-0.08Zr-0.03Cr-bal Mo w/diffused B (MDC) 0.19 

pure CVD coating 0 
CVD SiC on C converted to SiC 0 
electrodeposited on Ni (CPMRC) 0 
TiB 2 electrodeposited on 310 SS (UT) 0 
TiB 2 electrodeposited on 310 SS (UT) 0 

" REF (relative erosion factor) 
Volume loss material 

Volume loss Stellite 6B 
''Abbreviations are listed in Table 5. 

TABLE S—Abbreviations used in Tables 1-4. 

B a n d W 
Carb 
Carbor 
Carmet 
c 
CPMRC 
CWS 
F 
GE 
hp 
HA 
K 
Krohn 
MDC 
N 
OGC 
ps 
RMRC 
RA 
Stellite 
TRB 
UT 
UCAR 
w 

Babcock and Wilcox 
Carboloy Systems Dept., General Electric Corp. 
Carborundum Co. 
Carmet Co., Allegheny Ludlum Steel Corp. 
cast 
College Park Metallurgy Research Center 
CWS Corp. 
Fansteel, Inc. 
General Electric Co. 
hot pressed 
Huntington Alloy Products Div., International Nickel Co. 
Kennametal, Inc. 
Krohn Ceramics Corp. 
Materials Development Corp. 
Norton Co. 
Oregon Graduate Center 
pressed and sintered 
RoUa Metallurgy Research Center 
Rolled Alloys Corp. 
Stellite Div., Cabot Corp. 
Timken Roller Bearing Co. 
United Technologies Corp. 
Union Carbide Corp. 
wrought 
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ABSTRACT: Degradation of nickel- and cobalt-base superalloys in corrosive, particle-
laden gas streams is being investigated by injecting salt and abrasive particles into a high-
velocity combustor. The test conditions being used are intended to simulate the 
mechanism of materials degradation expected in coal-fired gas turbines where compo
nents will be subjected to hot corrosion from impurities in the coal and high-velocity 
impingement of fly ash particles. Oxidation-erosion experiments (with abrasive particles 
but no salt), considered a prerequisite for understanding the more complex case of 
erosion-hot corrosion, defined regimes of particle size and flux where the following 
situations were observed: (1) material loss predominantly by mechanical erosion, 
(2) material loss by an oxidation-erosion interaction, and (3) deposition of the solid 
particles on the leading edge of the cylindrical test specimens. A preliminary erosion-
hot corrosion experiment showed a marked interaction between sulfate-induced hot 
corrosion and particulate erosion; the rate of metal consumption was much greater 
than that attributable to the sum of erosion and hot corrosion processes acting alone. 

KEY WORDS: erosion-corrosion, coatings, superalloys, oxidation, oxidation-erosion, 
hot corrosion, erosion-hot corrosion 

The term erosion-corrosion is used to denote processes whereby materials 
degradation occurs simultaneously by mechanical and chemical means. An 
example is the combination of hot corrosion and particulate erosion antic
ipated in fluidized bed coal combustion systems for electric power genera
tion. Such systems would involve the expansion of hot gases from the 
combustor through a gas turbine, and these gases are likely to contain 
corrosive substances from impurities in the coal as well as particulate 

'Assistant materials project engineers and senior staff scientist, respectively, Pratt & 
Whitney Aircraft, Commercial Products Division, Middletown, Conn. 06457. 
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matter (coal ash and sorbent from the bed) which might significantly affect 
the oxidation or hot corrosion behavior of the turbine materials. 

Individually, hot corrosion and particulate erosion have been extensively 
studied, and theories attempting to account for these phenomena have 
been developed [1-12].^ Hot corrosion is accelerated high-temperature 
oxidation due to the presence of molten salt deposits on materials. The 
resistance of nickel- and cobalt-base superalloys to hot corrosion and other 
forms of environmentally induced attack is known to depend on formation 
of protective scales of aluminum oxide (AI2O3) or chromium oxide (CrjOa). 
Alumina is more protective in simple oxidation, especially in moving air-
streams where chromia can be further oxidized to gaseous CrOs. Chromia 
scales, however, may be more resistant to some types of hot corrosion 
conditions where a thin alumina layer would be fluxed or penetrated by 
acidic or basic salts. 

The type of scale formed on nickel- and cobalt-base alloys exposed to 
oxidizing conditions is a function of composition. The effects of composi
tional variables, including major constituents chromium and aluminum 
which render the alloy a chromia- or alumina-former and minor elements 
(for example, yttrium, lanthanum, or hafnium) which may affect oxidation 
behavior via an influence on scale adherence, have been widely studied and 
are sufficiently well defined that the behavior of alloys in simple oxidation 
is usually predictable from their compositions [13-15]. However, since the 
alloy content for favorable oxidation characteristics is generally not com
patible with mechanical property requirements, an extensive coatings 
technology has evolved for surface protection of high-temperature struc
tural components. Techniques such as pack cementation, plasma spraying, 
and physical vapor deposition are widely used to modify surface chemistries 
by diffusion or to overlay oxidation-resistant coatings. 

Erosion is mechanical removal of material by a stream of moving fluid, 
usually with entrained solid particles. Studies of room temperature erosion 
by gas-entrained particles have defined two fundamentally different types 
of material behavior, denoted as ductile and brittle erosion [5-12]. Ductile 
erosion is characterized by maximum rate of material removal at low 
impingement angles. The eroded surface usually exhibits clear evidence of 
material deformation in the form of particle tracks or micromachining 
grooves at low angles and impact craters at high angles. Brittle erosion is 
marked by maximum material loss at normal particle impact; the apparent 
mechanism is microfracturing and removal of fractured segments by 
subsequent impacts. 

Particulate erosion at elevated temperatures has been studied by directing 
streams of particles against heated specimens. Recent work has confirmed 
earlier observations that material loss at high temperature may be either 
greater or less than at room temperature [12,16,17]. Under relatively mild 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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erosive conditions, for example, 304 stainless steel was found to experience 
less weight loss at 500 °C than at 25 °C, apparently due to formation of an 
oxide scale which was more erosion resistant than the underlying substrate 
[16]. Similar experiments on type 310 stainless steel, however, showed 
greater metal consumption at 975 °C than at room temperature [77]. The 
difference between the 975 °C and room temperature data was most pro
nounced at low velocities, where the erosive process was confined to the 
oxide scale; it was much less at high velocities, where the particles pene
trated the scale and directly eroded the metallic substrate. 

The next step in complexity beyond high-temperature erosion in gaseous 
reactive environments (that is, air or combustion gases) is simultaneous hot 
corrosion due to liquid salt deposits plus an erosive or fouling effect of 
impinging solid particles. Such a situation is possible in the case of coal-
fired gas turbines, where liquid salt deposits due to impurities in the coal 
may form on turbine components operating at elevated temperatures and 
the high-velocity gas stream may also contain solid particles of fly ash and 
sorbent from the fluidized bed. The nature of erosion-corrosion inter
actions under these conditions is difficult to predict, and experimentation 
is required to define them. 

This paper describes an experimental program whose objective is to 
investigate the behavior of state-of-the-art turbine materials and advanced 
alloy or coating systems under simultaneously occurring processes of hot 
corrosion and solid particle impingement. These conditions are being pro
duced in laboratory tests by using a high-velocity dynamic combustor with 
provision for ingestion of salt and abrasive particles, either individually or 
simultaneously, into the gas stream. The results presented in this paper 
involve equipment characterization and oxidation-erosion studies which are 
a prerequisite for understanding the more complex case of erosion-hot 
corrosion. Results from an exploratory erosion-hot corrosion experiment 
are also briefly described. 

Equipment and Procedure 

Dynamic Combustor 

The burner rig used for this work is based on a dynamic combustor 
designed by Dils [18] to provide controlled and well-defined oxidation or 
hot corrosion test environments. It was operated for this program on air
craft-grade jet fuel and compressed air. It is capable of attaining gas tem
peratures as high as 1400 °C in the vicinity of test specimens which are 
inserted through the wall of the flame duct as shown schematically in 
Fig. 1. The combustor was modified for this program such that abrasive 
powder could be injected into an instrument collar between the primary 
and secondary combustor. Transport of a controlled amount of powder 
to the instrument collar was accomplished by means of a variable-speed 
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FIG. 1—Schematic diagram of dynamic combustor and test specimen for oxidation-
erosion and erosion-hot corrosion experiments. 

screw feed device and argon carrier gas. Salt for hot corrosion testing was 
injected as an aqueous solution through a hypodermic needle downstream 
of the primary fuel swirler plate. The specimen holder was slowly rotated 
(at approximately 3 rpm) about the rig axis during operation to provide 
for maximum uniformity of exposure conditions. 

Materials and Specimen Preparation 

Materials selected for the test program were: 
1. IN 738 (Ni-16Cr-8.5Co-3.4Ti-3.4Al-l.75Mo-2.6W-l.75Ta), a 

superalloy which forms Cr203 protective scales in normal oxidation. 
cast 
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2. Aluminized IN 738, the foregoing alloy treated by a pack cementation 
process which produces a 75-/im aluminide coating. 

3. X-40 (Co-25.3Cr-10.5Ni-7.5W-0.5C), a cast chromia-forming super-
alloy used for turbine guide vanes. 

4. CoCrAlY (Co-25Cr-6Al-0.2Y and Co-17Cr-12Al-0.5Y), overlay coating 
alloys applied by physical vapor deposition on various superalloys. 

5. IN MA-754 (Ni-20Cr-2 volume percent Y2O3), a dispersion-strengthened 
superalloy which forms CriOs during oxidation. 

6. Haynes 188 (Co-22Ni-22Cr-14.5W-0.lC-0.07La), a wrought chromia-
forming alloy containing a rare earth addition to improve oxide adherence. 

7. Silicon nitride (Si3N4), a hot-pressed ceramic considered to have 
potential for turbine guide vanes due to its favorable creep properties and 
oxidation resistance. 

8. Yttria-stabilized zirconium oxide, applied as a plasma-sprayed thermal 
barrier coating on IN 738. 

The test specimens were cylinders of dimensions shown in Fig. 1. The 
uncoated alloys were mechanically polished with 600 grit silicon carbide 
paper prior to testing; coatings were tested after conventional deposition 
and heat-treating cycles. 

Experimental Procedure 

All burner rig tests were run at the same mass flow rate (10.5 kg/min) 
and air:fuel ratio (32:1) except for minor changes in fuel pressure to adjust 
the specimen temperature to 871 °C (1600 °F) at the start of each run. 
Performance of the specimens in test was evaluated by visual inspection 
and weight change measurements at appropriate intervals. Weight change 
per unit area was calculated based on the surface area of the hemispherically 
capped cylinder exposed to the burner rig flame in the baseline tests and 
half of this area for the erosion tests (since the material losses from the 
leading edge were at least an order of magnitude larger than those from 
the trailing edge). Post-test metallurgical analysis included scanning electron 
microscopy (SEM) of surface features and conventional metallography 
of cross sections through the center of the hot zone of all the specimens. 

The abrasive powder used for most of the oxidation-erosion testing was 
a-AhOj. It was selected because of its high hardness (Mohs 9), chemical 
stability, high melting point, and availability in a range of well-characterized 
size distributions. Three grades with an average particle size of 20, 2.5, 
and 0.3 tim, respectively, were used. Tests were also run with magnesium 
oxide to determine if a powder of similar size, shape, and stability would 
be less erosive because of its lower hardness (Mohs AVi). 

Time in test varied from 20 to 200 h, based on weight change data and 
visual assessment of sufficient degradation to permit metallurgical analysis 
of the mechanism of attack. 
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Results and Discussion 

Characterization of Burner Rig and Particle Trajectories 

Prior to initiation of materials testing, the burner rig was thoroughly 
characterized with respect to gas and specimen temperature, particle velocity 
and spatial distribution, and trajectories of particles in the gas stream. 

Temperature measurements were made with thermocouples and an 
optical pyrometer. Data indicated that temperature variations at the leading 
edge of the specimens would be less than 10 °C during oscillation of the 
specimen holder and that the trailing edge would be approximately 30 °C 
cooler than the leading edge. 

Particle velocity and spatial distribution in the combustor gas stream 
were determined for the 20, 2.5, and 0.3 nm alumina powders by laser 
Doppler velocimetry techniques. Figure 2 presents velocity and rela
tive particle flux data for the 20- and 2.5-/im powder in the specimen 
plane which is perpendicular to the rig axis and 1.3 cm downstream of 
the burner nozzle. The velocity data indicate that the 20-/im particles were 
accelerated to approximately 80 percent of the freestream gas velocity, 
while the less massive 2.5-^m particles reached almost 100 percent of the 
gas velocity. Data for the 0.3-/im powder were intermediate between velocities 
of the 20- and 2.5-/*m particles, an effect attributed to the tendency of 
fine particles to agglomerate and behave in the gas stream as effectively 
larger particles. 

Values of relative particle flux (parentheses in Fig. 2) varied more widely 
than the velocity data. However, since the six-specimen array was slowly 
rotated through the particle-containing stream as shown on the diagrams 

20 I'm 2 Mm 

FIG. 2—Particle velocities (m/s) and relative-number flux data (in parentheses) for 20-
and 2 nm AI2O3 particles in the transition duct of the dynamic combustor. Dotted lines 
show position of test specimens; arrows indicate rotation of the specimen holder through 
fluxfleld. 
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in Fig. 2, the variations were the same for all of the specimens. Visual in
spection and weight change data are thus an indication of the relative per
formance of the different test materials exposed to the same average condi
tions. 

The final area of burner rig characterization was calculation of particle 
trajectories. Such calculations are necessary because particles approaching 
cylindrical shapes may be strongly deflected by fluid streamlines such that 
the velocity and impact angle at the point of contact with the specimen 
may be significantly different than the upstream velocity and the apparent 
impact angle defined by the freestream flow direction and the tangent to 
the cylinder [12]. Since erosion rate is critically dependent on particle ve
locity and impact angle, the possibility of particle deflection by fluid 
streamlines is of paramount importance. 

Particle trajectories for the gas conditions and specimen size being used 
in these tests were calculated for the size range of alumina particles of 
interest [19]. Results are shown qualitatively in the computer-drawn dia
grams of Fig. 3. They indicate that particles of >ll-/im diameter will be 
only weakly influenced by fluid streamlines; that is, the trajectory is a 
straight line up to the point of impact, and impact velocity is negligibly 
different from that upstream of the specimens. For smaller particles, 
graphs of true impact angle, normalized impact velocity, and normalized 
impact number density versus apparent impact angle (90 — /3) are pre
sented in Figs. 4, 5, and 6, respectively. 

Figure 4 shows that for small particles the true impact angle is always 
less than the apparent impact angle and there is a cutoff value of apparent 
angle below which particles of a given size will be deflected around the 
specimen and will not impact the surface. Figure 5 reflects the fact that 
particles approaching the cylinder at high impact angles are decelerated by 
fluid streamlines, coming to rest at the nose of the leading edge; conversely, 
particles approaching at intermediate angles must accelerate to travel the 

FIG. 3—Particle trajectories in the dynamic combustor for the size range of alumina 
powders used in oxidation-erosion testing. 
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GAS FLOW 
DIRECTION 

FIG. 4—True impact angle (a) versus apparent impact angle (90 — 0) of various particle 
sizes impinging on cylindrical burner rig specimens. 

greater distance of the curved trajectory. Finally, Fig. 6 shows the variation 
of impact number density with apparent impact angle due to the cylindri
cal geometry and curvature of the trajectories. 

A possible effect of boundary layers on erosion rate in the burner rig was 
assessed by computing the response of a particle in a fluid flow where the 
velocity drops abruptly from one level Ui to another Ui [20]. It was found 
that the distance required to decelerate a particle to half its incoming 
velocity is about 5.5 times the boundary-layer thickness for a 1-̂ m particle 
impacting at 90 deg. The deceleration distance is a much larger multiple of 
boundary-layer thickness for all other impact angles and for larger parti
cles. It was concluded that particles large enough to cause erosion of the 
burner rig specimens would be negligibly influenced by boundary-layer 
effects. 

Baseline Oxidation 

In order to interpret subsequent oxidation-erosion data, it is necessary to 
know the behavior of the test materials for the gas conditions of the burner 
rig operated without ingestion of solid particles. As expected, weight 
change data from a baseline oxidation test at 871 °C showed small weight 
gains for the alumina-forming coatings and slightly larger weight losses for 
the chromia-forming alloys (Fig. 7). This difference is believed to reflect 
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FIG. 5—Normalized impact velocity (neglecting boundary-layer effects) versus particle 
size and apparent impact angle (90 — |8). 

the stability of alumina scales in simple oxidation and volatilization of 
chromia as gaseous CrOa. 

In comparison with the metallic specimens, the Sh^^ exhibited very little 
oxidation; the plotted weight loss is primarily due to chipping of the speci
men during insertion and removal from the specimen holder. 

Oxidation-Erosion with 20-nm Al^j 

Addition of 130 ppm of 20-/im alumina to the gas stream resulted in 
consumption of the metallic materials at a rate approximately three orders 
of magnitude greater than that observed in the baseline oxidation test 
(Fig. 8). Also, there was no significant difference between weight change 
data obtained for alloys which form chromia or alumina scales during oxi
dation. The aluminide coating on IN 738, for example, was rapidly eroded 
away in spite of its good oxidation resistance, and MA-754, which experi
enced the maximum weight loss in the oxidation test, performed essentially 
the same as CoCrAlY in oxidation-erosion. Finally the silicon nitride expe-
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i 

FIG. 6—Impact number density (number of impacting particles per unit area, normalized 
with respect to upstream particle flux N/) versus particle size and apparent impact angle. 
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FIG. 7—Weight changes due to oxidation of test materials in the high-velocity burner 
rig-operated without ingestion of abrasive or salt. Specimen temperature = 871 °C. 

rienqed a very small weight loss, demonstrating good resistance to condi
tions which caused significant erosion of the metallic systems. 

Post-test examination of the oxidation-erosion specimens revealed similar 
features on all of the metallic materials. Typical observations on visual 
inspection are illustrated in Fig. 9, where the specimens are positioned to 
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FIG. 8—Weight losses in 871 °C oxidation-erosion test with AI2O3 abrasive powder of 
20-iim average particle diameter. 

show the changes in contour and surface texture of the exposure zone. The 
cylindrical section and hemispherical cap were uniformly eroded except for 
a slight taper attributable to a radial variation in flux density as shown in 
the data of Fig. 2. A pronounced angular dependence of metal removal 
rate was evident, with maximum erosion at intermediate impact angles 
producing a cam-shaped cross section with relatively flat faces on opposite 
sides of the nose of the leading edge (that is, 90-deg impact). There were 
no end effects of the hemispherical cap except for a dependence of surface 
texture and metal recession on impact angle which was apparently similar 
to that on the cylindrical section. 

Typical SEM observations of the eroded surfaces are presented in Fig. 
10. Well-defined micromachining marks resulting from individual particle 
impacts are characteristic of areas corresponding to low and intermediate 
impact angles (Fig. 10a). At approximately normal impact angles, indi
vidual particles formed craters with prominent lips at the edges (Fig. 10b). 
At very high magnifications (X 10 000), features resembling a thin oxide 
film were evident, consistent with surface discoloration and high electrical 
resistivity across the specimen surface. However, these features were at 
least an order of magnitude smaller than the micromachining grooves and 
impact craters which developed during the erosion process, and hence it is 
concluded that the oxide scale had no major influence on the rate of metal 
removal. 
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FIG. 9—Exposure zone of specimens tested 52 h in 871 °C oxidation-erosion with 20-iim 
AI2O3. Dotted lines mark 0 and 90-deg particle impact. Note low angle rippling (arrows) 
on Ma-754. 

After visual and SEM inspection, the specimens were sectioned through 
the center of the oxidation-erosion exposure zone and mounted for metal-
lographic examination. Except for one specimen (X-40) which inexplicably 
was more round than the others, the eroded cross sections were all of simi
lar shape with very flat surfaces making the same angle (~ 50 deg) with the 
direction of particle impingement (Fig. 11). Microscopic examination of 
the leading and trailing edges confirmed the SEM observations of minimal 
oxidation of the surface exposed to the eroding particles. The trailing edge 
of IN 738, for example, showed the scale morphology and y' depletion 
typical of the oxidation behavior of this alloy in the absence of erosion (Fig. 
12a). The leading edge of the same specimen, however, exhibited no dis-
cernable oxide scale or alteration of surface structure (Fig. 12b), indicating 
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FIG. 11—Transverse sections through hot zone of cylindrical specimens eroded by 20-iim 
Al203at871°C. 

that the rate of material removal by mechanical erosion was much faster 
than any effects produced by oxidation. 

The microstructural features of the 20-j«m oxidation-erosion specimens 
indicate material removal by a type of micromachining process similar to 
that observed by many investigators in room temperature erosion testing of 
ductile materials. The mechanism of metal removal in ductile erosion has 
been analyzed by Finnie [5-7,10,11], who solved the equations of motion 
for a particle of mass m and velocity v impacting a planar surface at angle 
a and removing a volume of material q. If the total volume Q removed by 
mass M is M/m times that removed by a single particle, Finnie estimated 
that 

MV^ 1 
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FIG. 12—Oxidized trailing edge (a) and eroded leading edge (b) of IN 738 after 52 h 
in 871 °C test with 20-ixm AI2O3 abrasive. 
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where C is the fraction of particles cutting in an idealized manner and p is 
a flow stress as measured in a tension or compression test. The function 
f(a) is such that Q varies with impingement angle as indicated by the 
dashed curve in Fig. 13. 

Finnic observed that experimental data obtained by directing streams of 
abrasive against flat-plate specimens of various metals agreed with the 
predicted angular dependence of erosion rate at low but not at high an
gles (for example, the data points for aluminum superimposed on Fig. 13). 
He reasoned that the discrepancy at high angles was primarily due to 
surface roughening and applied a semi-empirical correction to the high-
angle portion of/(a) to account for the fact that most of the impacting 
particles see a highly roughened surface left by the previous cut; the cor
rection brought the theoretical and experimental curves into good agree
ment (Fig. 13). 

From a mechanistic point of view, erosion of the cylindrical specimens in 
these experiments is fundamentally the same as erosion of flat surfaces as 
analyzed by Finnic. The radius of curvature of the cylinder is a factor of 
2000 times the average particle diameter, and the curvature of the cylindri
cal surface is negligible over the ~ 10-/im length (see Fig. 10) of the micro-
machining grooves. Hence a given abrasive grain removes the same volume 
of material as if it were impinging on a flat plate. However, for a cylindri-
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FIG. 13—General form of mass removal rate versus impingement angle for ductile and 
brittle erosion. From Ref. 11. 
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cal surface in a uniform flux of particles, it is not possible to express weight 
change of the specimen versus impingement angle as in Fig. 13 because the 
cylinder is being eroded at continuously varying angles. 

The quantity most easily measured as a function of impact angle on a 
cylindrical shape is surface recession. The magnitude of surface recession 
reflects the angular dependence of material removal by a single impacting 
particle as analyzed by Finnic and an angle-dependent correction to ac
count for the variation in number of particle impacts per unit area around 
the circumference of the cylinder. For linear trajectories the correction is 
simply sina. Hence the expected angular dependence of erosion rate of 
specimens exposed to the 20-^m AI2O3 powder is Finnie's function / (a) 
multiplied by sina. The parameter /(Q;)sina, including the high-angle 
semi-empirical correction and normalized with respect to its maximum 
value, is plotted versus impact angle in Fig. 14. 

Erosion rate versus impingement angle was determined for the 20-ptm 
oxidation-erosion specimens by measuring the linear recession from the 
original cylindrical cross section on the photomacrographs of Fig. 11. To 
limit consideration to angular relationships (that is, to factor out the effect 
of material properties which caused approximately twofold, differences in 
the amount of metal removal), the data were normalized by scaling the 
maximum recession of each specimen to a factor of unity. Data points, 
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FIG. 14—Angular dependence of normalized erosion rate of cylindrical specimens by 
particles {20-/im AI2O3) with linear trajectories. Data points are from measurement of metal 
removal on cross sections shown in Fig. 11. 
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plotted in Fig. 14, are generally in agreement with the computed curve, 
although the measured values are systematically shifted to the right and 
quantitative agreement of the ratio of maximum erosion with erosion at 
90 deg is not good. 

The reason for the shift of the experimental data to the right, including 
a low-angle portion of the cylinder which experiences no detectable erosion 
in spite of particle impacts, is not evident. The oxide layer, which must be 
present on any metal exposed to this temperature in an oxidizing environ
ment, may be having a subtle effect on the mechanism of metal removal. 
Nevertheless, it is apparent that erosion theory developed and tested for 
room temperature erosion of plate specimens is generally consistent with 
high-temperature oxidation-erosion of cylinders. 

The amount of degradation of the Si3N4 in this test was significantly less 
than that for the metallic alloy specimens. Because the amount of degra
dation was small, it was not possible to correlate the amount of material 
loss with impact angle, and features of the eroded area, as revealed by 
SEM, did not permit a clear definition of the erosion mechanism. 

Oxidation-Erosion with 2.5-ft,m AI2O3 

Weight losses for metallic specimens exposed to 300 ppm of 2.5-/im 
AI2O3 particles were much smaller than produced by 20-^m AI2O3 but 
significantly greater than for baseline oxidation (compare Figs. 7, 8, and 
15). Also, in contrast to the 20-jum test, data for the less-erosive powder 
can be grouped into alloys forming AI2O3 or Cr203 scales, the alumina-
formers consistently losing less weight than the chromia-formers. 

Surface features of the alloy specimens were considerably finer than 
those from the 20-^m test and not as clearly interpretable; no evidence of 
individual particle impacts or micromachining marks could be found on 
the eroded surfaces. Typical features, such as those illustrated in Fig. 16a, 
suggest a material removal mechanism involving development of folds and 
isolated, smeared debris as sketched in Fig. 16b. The loosely adhering 
debris is in turn removed from the surface by subsequent impacts. 

Examination of transverse cross sections of the alloy specimens revealed 
that the rate of metal removal was strongly dependent on impact angle. 
The most striking example was the aluminide-coated IN 738 specimen 
shown in Fig. 17. The aluminide layer was eroded away in two symmetri
cally located arcs bounded by apparent impact angles of approximately 
35 and 80 deg. Portions of the leading edge exposed to low-angle and near-
normal impact, however, retained the aluminide coating. CoCrAlY-coated 
specimens, where thickness measurements permitted precise determination 
of the amount of metal loss, also exhibited maximum thinning of the coat
ing at apparent impact angles near 45 deg. 
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FIG. 15—Weight losses in 871 °C oxidation-erosion test with 2.5-nm AhO3 powder. Data 
are from two runs at same gas conditions and particle flux. 

To explain this angular dependence of erosion produced by the 2.5-/xm 
powder, the particle trajectory analysis and published erosion rate versus 
impact angle data were used as follows. Values of the true impact angle, 
impact velocity, and impact number density versus apparent impact angle 
(90 — |8) for 2.5-/tm particles were read from Figs. 4, 5, and 6, respectively. 
Metal removal versus true impact angle was then read from Fig. 13. Nor
malized erosion rate around the circumference of the cylinder was assumed 
to be proportional to the product of velocity squared, impact number den
sity, and the metal removal versus impact angle data in Fig. 13. This 
product is listed in Table 1 and plotted versus apparent impact angle in 
Fig. 18. 

The relationship between normalized erosion rate and apparent impact 
angle predicted by this calculation exhibits a sharp maximum at an apparent 
impact angle near 45 deg. Examination of Table 1 shows that the high ero
sion rate at 40 to 50 deg on the cylinder occurs because the true impact angles 
are approximately 15 to 25 deg, which is the true angular range of maximum 
ductile erosion. The erosion rate decreases sharply at lower angles due to very 
low values of impact number density, reaching zero at a cutoff value of ap
parent impact angle below which no erosion occurs because particles are 
deflected around the cylinder and do not impact the surface. At angles above 
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particle Impingement 

(b) 
FIG. lb—Surface features typical of eroded areas and schematic diagram of proposed 

mechanism of material removal by 2.5-nm AI2O3 particles. 
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FIG. 17—Cross section of aluminide-coated IN 738 eroded by 2.5-nm AI2O3 particles 
impinging from top to bottom. Dark-etching border (arrows) is aluminide coating retained 
at low and near-normal impact angles but eroded away between —35 and 80 deg. 

TABLE 1—Calculation of estimated erosion rate of cylindrical specimen by 2.5-iJim alumina 
in the dynamic combustor. 

Apparent 
Impact 
Angle 

90 
80 
70 
60 
50 
45 
40 
35 
30 
26 

True 
Impact 
Angle" 

90 
70 
55 
40 
27 
20 
15 
9 
5 
0 

Velocity* 

0.70 
0.72 
0.77 
0.85 
0.95 
0.99 
1.06 
1.14 
1.18 

Impact 
Number 
Density"^ 

1.00 
0.74 
0.68 
0.59 
0.47 
0.40 
0.32 
0.22 
0.11 
0.00 

Erosion 
Rate'' 

5.1 
6.4 
8.3 

11.1 
14.2 
16.4 
17.2 
14.2 
9.2 
0.0 

Relative Erosion 
Rate of Cylinder^ 

0.39 
0.38 
0.52 
0.74 
0.94 
1.00 
0.96 
0.63 
0.22 
0.00 

"From Fig. 4. 
*From Fig. 5. 
'^From Fig. 6. 
''From Fig. 13, using value of true impact angle. 
'(V^ X Impact Density X Rate):( V^ X Impact Density X Rate) at 90 deg. 
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FIG. 18—Angular dependence of normalized erosion rate of cylindrical specimens by 
particles (2.5-urn AI2O3) with curved trajectories. Data are from thickness measurements 
on eroded CoCrAlY coating. 

the peak of the curve, an increase in impact number density promotes ero
sion but is offset by lower particle velocity and lower values of erosion rate 
versus true impact angle. 

Experimental data superimposed on Fig. 18 were obtained by metal-
lographic measurement of reduction in thickness of a CoCrAlY coating 
versus apparent impact angle. As in the case of the 20-/im powder in Fig. 14, 
qualitative agreement of the calculated and observed angular dependence 
appears good, although the data points are systematically to the right of the 
computed curve. 

Also included in the test with the 2.5-/im AI2O3 were two ceramic speci
mens and a preoxidized CoCrAlY coating (weight change data are in Fig. 
15). As expected, hot-pressed silicon nitride was not noticeably degraded. 
However, a plasma-sprayed zirconia thermal barrier coating was signif
icantly eroded; apparently the porous, low-density structure is much less 
erosion resistant than the fully dense silicon nitride. High-temperature 
preoxidation (1 h at 1200°C) of one of the CoCrAlY specimens was carried 
out to provide a thicker oxide (~3 ;xm) than that which forms in 871 °C 
oxidation-erosion. Weight change data and subsequent metallography 
suggested that the thicker oxide decreased the rate of material consump
tion, especially at high impact angles. 

Oxidation-Erosion with S-iim Magnesium Oxide 

An oxidation-erosion test was run with 300 ppm of crushed magnesium 
oxide powder with an average particle diameter of 8 /xm. The purpose of 
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the experiment was to determine if the magnesium oxide would be less 
erosive than alumina because of its lower hardness (Mohs AVi versus 
Mohs 9). 

All of the specimens tested were found to erode at rates of about one-
half to one-sixth that produced by the same loading (in ppm by weight in 
the gas stream) of 2.5-/xm alumina. Considering the difference in particle 
size, these results indicate a substantial effect of particle hardness under 
the oxidation-erosion conditions of the experiment. However, the mecha
nism of metal removal and oxidation-erosion interactions was not discern-
ably different. 

Deposition of Fine Alumina and Magnesia Powders 

Several grades of alumina and magnesia powders with average particle 
diameters of < 1 /xm were found to deposit and build up on the leading 
edge of the test specimens. Visual observations indicated that deposition 
started at the nose of the leading edge (that is, at 90-deg impact) and build 
up from this point to a triangular prism with a well-defined knife edge at 
90 deg. This sequence would be expected from the trajectory analysis, 
which indicates that small, low-momentum particles would be most mark
edly decelerated at 90 deg (see Fig. 5). Lacking the kinetic energy to cause 
erosion, they simply become trapped in the stagnant zone or boundary 
layer and deposit on the surface. 

Post-test metallography of specimens exposed to the fine powders showed 
that no measurable erosion had taken place prior to or during buildup of 
the deposit. 

Hot Corrosion and Erosion-Corrosion 

A baseline hot corrosion test was run by injecting an aqueous solution of 
Na2S04-25 weight percent K2SO4 into the primary combustor; concentra
tion and flow rate of the solution were adjusted to produce a deposition 
rate of approximately 0.05 mg/cm^/h on an inert platinum probe of the 
same geometry as the test specimens. Weight change data for this test are 
plotted in Fig. 19. Comparison with Fig. 7 shows the increased rate of 
degradation of the metallic materials due to the presence of the salt. 

Erosion-hot corrosion was produced by simultaneous ingestion of salt 
(0.05 mg/cmVh) and abrasive particles (300 ppm of 2.5-/xm AI2O3) into 
the burner rig. Note that the deposition rate and particle loading are the 
same as those used individually in baseline hot corrosion and oxidation-
erosion experiments. Weight change data for the erosion-hot corrosion test 
are plotted in Fig. 20. Comparison of the magnitude of these weight changes 
with those of Fig. 15 (abrasive particles but no salt) and Fig. 19 (salt but 
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FIG. 19—Weight losses in 871 °C hot corrosion test with Na2SOrK2S04 salt. 

no abrasive particles) indicates a rate of metal consumption significantly 
greater than the sum of erosion and hot corrosion processes acting alone. 

In contrast to the metallic materials, the hot-pressed silicon nitride 
demonstrated good resistance to conditions which caused severe attack of 
the other specimens. 

The mechanism of rapid metal consumption by erosion-hot corrosion 
was not evident from initial metallographic examination. The metallog
raphy did establish, however, that the eroded surfaces showed substantial 
evidence of chemical attack (surface scale and formation of subsurface 
sulfide precipitates), in spite of material loss at a rate much faster than 
that expected for the diffusion processes necessary to produce the observed 
effects (Fig. 21). Apparently the erosion-hot corrosion mechanism involves 
the establishment of conditions extremely favorable for penetration of 
sulfur into the alloy. 

Summary and Concluding Remarks 

The behavior of nickel- and cobalt-base superalloys in corrosive, par
ticle-laden gas streams was investigated by injecting salt and abrasive 
particles into a high-velocity burner rig. Baseline tests were run without 
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FIG. 20—Weight losses due to simultaneously occurring processes of sulfate-induced hot 
corrosion and particulate erosion by 2. S-^m AI2O3. 

abrasive particles to isolate the effect of the oxidizing and corrosive envi
ronments, and metallurgical analysis of tested specimens was carried out to 
determine the mechanism of material consumption in each type of test. 
Results and conclusions were as follows. 

1. Oxidation-Erosion with 20-ii.m AI2O3—All of the metallic specimens 
were rapidly consumed by mechanical erosion; oxidation processes did not 
significantly influence the rate or mechanism of material removal. 

2. Oxidation-Erosion with 2.5-nm AI2O3—Rate of material consumption 
was about an order of magnitude greater than in baseline oxidation, but 
alumina-forming alloys consistently performed better than chromia-formers. 
Alumina scales appeared to reduce erosion, especially at low and near-
normal impact angles, while chromia was ineffective due to volatilization in 
the high-velocity gas stream. 

3. Oxidation-Erosion with S-fim Magnesium Oxide—Magnesium oxide 
was found to be significantly less erosive than aluminum oxide due to its 
lower hardness. 

4. Deposition of Fine Powders—Several types of alumina and magnesia 
powders with average particle sizes of < 1 ^m were found to deposit on the 
leading edge of the test specimen, showing that fouling by fine particles 
may occur under the same gas conditions where larger particles would 
cause erosion. 

5. Erosion-Hot Corrosion with 2.5-nm AI2O3—A pronounced interaction 
between simultaneously occurring processes of hot corrosion and partic-
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TE i40tini, 

FIG. 21—Cross section and surface microstructures of IN 738 tested 28 h in erosion-hot 
corrosion. 

ulate erosion resulted in materials consumption at a rate significantly 
greater than that attributable to both processes acting alone. 

Hot-pressed silicon nitride was not significantly attacked by any of the 
test conditions which produced severe degradation of the metals. 

These results show that the behavior of materials in erosion-corrosion 
can be dominated by one of the processes or influenced by an interaction 
between both. An example of the former case is the test results with 20-/im 
AI2O3 abrasive. The observed behavior is completely consistent with well-
documented mechanisms of room temperature ductile erosion, including 
the lack of erosion at low impact angles, which can be accounted for by 
Bitter's hypothesis that a critical value of the velocity component normal 
to the surface is required to produce erosion [8,9]. In spite of the elevated-
temperature oxidizing environment, material removal occurred by a purely 
mechanical mechanism independent of the very thin oxide film which 
formed between particle impacts. Surface features were essentially the 
same as those reported for room temperature erosion, and, after correcting 
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for the cylindrical geometry, erosion rates of the specimens were consistent 
with erosion rate versus impact angle data obtained for room temperature 
erosion of plate specimens. 

The case of the 2.5-/im powder is considered an oxidation-erosion inter
action in that material removal was markedly accelerated by erosion but 
performance of the alloys was still influenced by the type of oxide scale 
(that is, alumina or chromia). Although it cannot be proved in the burner 
rig because of an inability to run an erosion test in the absence of an oxi
dizing environment, all observations are consistent with the conclusion that 
alumina scales increased the erosion resistance of the alloys, especially at 
low and near-normal impact angles. The alumina-forming alloys experi
enced smaller weight losses because this scale is chemically stable in a 
simple oxidizing environment (that is, no liquid salt deposit); chromia, on 
the other hand, is less protective because it volatilizes in the high-velocity 
gas stream. 

The mechanism of material removal by oxidation-erosion interactions 
was not conclusively established in this work. There was no unequivocal 
evidence of particulate erosion (that is, micromachining grooves or impact 
craters) as observed with larger particles, and oxide scales on the impacted 
surfaces were too thin for convenient examination. It was shown, however, 
that the angular dependence of erosion rate is similar to that for room 
temperature erosion of ductile materials in spite of the presence of an oxide 
layer. It is therefore proposed that the AI2O3 scales and the alloy surfaces 
were eroded as a single entity with the oxide having a significant inhibiting 
effect. 

In contrast to this situation, the observed interaction between erosion 
and hot corrosion was deleterious; a synergistic effect of the two processes 
resulted in a markedly increased rate of metal consumption. 
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DISCUSSION 

D. M. Mattox^ (written discussion)—What is the expected chemical 
environment of the turbine blade? 

R. H. Barkalow, J. A. Goebel, and F. S. Pettit {authors' closure)—The 
test conditions described in this paper are believed to be relevant to two 
types of schemes being proposed for operation of coal-fired gas turbines. 
One would involve expansion through a turbine of hot, fully combusted 
gases from a fluidized bed; the second, combustion in a turbine of low-Btu 
gas from a coal gasifier. Since excess air will be mixed with the coal or coal 
gas to promote complete combustion, the gases in the turbine are expected 
to contain sufficient oxygen to cause oxide scale formation on turbine 
alloys and coatings even though sulfur, carbon, and chlorine may be 
present. 

' Sandia Laboratories, Albuquerque, N. Mex. 
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Gases entering a coal-fired high pressure turbine are also expected to 
contain gaseous oxides and molten salts due to contaminants in the coal 
(sodium, potassium, sulfur, chlorine, and perhaps heavy metals) as well as 
suspended solid particles of fly ash and sorbent from the fluidized bed. 
Extensive experience with aircraft, marine, and industrial turbines has 
shown that ingestion of gaseous impurities can result in accelerated ma
terials degradation (hot corrosion) by a variety of mechanisms involving 
deposition of liquid salts on the surfaces of turbine components. An 
influence on the hot corrosion process of mechanical erosion by high-velocity 
gases and solid particles is not unique to coal-fired turbines (for example, 
runway dust is ingested into aircraft engines); the unknown regime of 
materials behavior being addressed in this paper is the possibility of a 
more significant effect of the erosive component due to a different type and 
consistently higher flux of solid particles than encountered in other appli
cations of gas turbines. 

S. M. Wolp {written discussion)—The cylinder exposed to hot corrosion-
erosion showed much greater weight loss than its counterpart subjected to 
oxidation-erosion. Were there differences in erosion behavior (other than 
weight loss) or microstructural features (in the eroded regions) between the 
two specimens? 

R. H. Barkalow, J. A. Goebel, and F. S. Pettit (authors' closure)— 
Surface microstructures of specimens exposed to oxidation-erosion and 
erosion-hot corrosion conditions were significantly different. In the former 
case, surface and metallographic features produced by the oxidation 
process were lacking, but features evidently developed by the impacting 
particles were discernable. In the latter case the reverse was observed; 
microstructural features produced by the hot corrosion process (external 
scale, precipitates of sulfides and diffusion zones within the alloys) were 
present, but, except for the cam-shaped cross sections, there were no fea
tures which could be attributed to impacting particles. 

This difference in features of the surfaces eroded in different environ
ments indicates that erosion is the dominant process in oxidation-erosion 
whereas hot corrosion appears to be the more critical component in material 
removal by erosion-hot corrosion. However, since erosion-hot corrosion 
proceeds at substantially greater rates than hot corrosion alone, the erosion 
component must play a very important role in the combined process. 

Authors' Note Added in Proof 

The laser velocity measurements described in the subsection on charac
terization of the burner rig and particle trajectories were made without the 
test specimens in place, since the specimen holder precluded line-of-sight 

^Department of Energy, Washington, D.C. 
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contact with the particles and use of a quartz window in the nozzle was 
unsuccessful. It was later recognized that insertion of the six specimens 
introduces sufficient blockage of the gas path to effect a significant increase 
in upstream static pressure. The increased pressure increases the density 
of the hot gases, permitting the constant mass flow of the burner rig 
(determined by constant settings of fuel flow and upstream pressure on 
sonic Cox nozzles supplying the compressed air) to be achieved at lower gas 
velocity. Gas velocity (and consequently the velocity of entrained solid 
particles) with the specimens in place was calculated to be 0.73 times the 
values measured in the open duct. The calculation neglected gas leakage 
at a small gap between the nozzle and the specimen holder and at slightly 
oversize holes for insertion of the specimens. 

The diagram of Fig. 3 and the graphs of Figs. 4, 5, and 6 are corrected 
for the decrease in velocity due to blockage. The correction was simply a 
relabeling of particle diameters, since the decreased velocity due to blockage 
makes a given particle less inertia dominated and the trajectory originally 
calculated for it is that for a particle of larger diameter (by a factor of 
1.17). 

The computed angular dependence of relative erosion rate, as listed in 
Table 1 and presented graphically in Fig. 18, is thus for a particle of 2.9 
rather than 2.5 /tm diameter. The line of reasoning illustrated by com
pilation of Table 1 is still considered correct, and the qualitatively good 
agreement of experimental results with Finnie's analysis of the angular 
dependence of erosion rate is not affected by the relatively minor modifica
tion of the particle trajectory calculations. 
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Calculated Tolerance of a Large 
Electric Utility Gas Turbine to 
Erosion Damage by Coal Gas 
Ash Particles 

REFERENCE: Menguturk, M. and Sverdrup, E. F., "Calculated Tolerance of a 
Large Electric Utility Gas Turbine to Erosion Damage by Coal Gas Ash Particles," 
Erosion: Prevention and Useful Applications, ASTM STP 664, W. F. Adler, Ed., 
American Society for Testing and Materials, 1979, pp. 193-224. 

ABSTRACT: Erosion damage was estimated for the first stage of a large electric utility 
gas turbine based on projected particle distributions in the gas leaving the hot gas 
cleaning system of a pressurized fluidized-bed gasifier system. Based on the assumptions 
used in making the estimates, cleaning of the turbine expansion gas to a particulate 
concentration of 0.005 gram per standard cubic metre (0.002 grain per standard cubic 
foot) with particles larger than 6-jim diameter effectively removed should give satisfactory 
blade life from an erosion standpoint. Two stages of high-performance cyclone cleanup 
to 0.1 gram per standard cubic metre (0.5 grain per standard cubic foot) with 0.05 
weight percent of 12-/im diameter particles remaining in the gas would wear stator 
vane trailing edges by 0.25 cm (0.1 in.) thickness (roughly equivalent to full wall thick
ness in upstream stage vanes) in 10000 h of operation. 

The numerical results presented in this paper are based on the estimate that coal ash 
and sulfur sorbent particles will have, when impacting superalloy turbine materials 
under turbine conditions, l/25th of the erosivity of silicon carbide particles impacting a 
nickel alloy at room temperature. The estimates dp not account for the appreciable 
slowing of the 1- to 3-̂ m particles in the blade boundary layers before they reach the 
blading, even though these small particles account for most of the damage. The numerical 
results are in this way conservative. Actual data on the damage which coal gas particu
lates do to blade materials under turbine conditions are needed to establish the erosion 
tolerance of the turbine more accurately. 

KEY WORDS: erosion, coal, ash, particles, gas, turbines, fluidized beds, gasification, 
combustion, trajectories, cleaning, tolerance 
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Pressurized fluidized-bed combustion systems and low-Btu coal gasifica
tion to produce efficient and clean power from coal are being studied. Both 
of these concepts use combined-cycle power generation systems where part 
of the power is generated by directing the combusted coal gas through a 
gas turbine to produce electricity as the end product. The particulate matter 
and the chemical contaminants contained in the hot gas are likely to cause 
turbine erosion, corrosion, and deposition. 

In this paper, damage to the turbine due to the impact of micrometre-
size particles has been estimated. An inviscid gas flow solution was obtained 
for the first stage of a large transonic gas turbine. The equations of particle 
motion were solved in this flow field to determine the particle trajectories 
and the impacts of the particles with the turbine blading. Erosion damage 
was evaluated by using an erosion model combined with experimental erosion 
damage data available in the literature. 

Materials exhibit different erosion properties at different impact angles. 
For example, soft steels experience maximum erosion for particle impacts 
at angles of about 20 deg to the surface. Their erosion resistance increases 
as the particle angle of attack approaches 90 deg. In contrast, ceramic 
materials have been observed to suffer the maximum material loss at angles 
close to 90 deg. The angle at which the erosion resistance of the material 
becomes minimum is called the maximum erosion angle. The maximum 
erosion angle is mainly a function of the ductile-brittle nature of the material. 
However, it may also depend on many other factors such as particle size 
and shape, velocity, and temperature. In general, materials are reported to 
have maximum erosion angles varying from 10 to 90 deg. 

In this paper a parametric analysis is presented which investigates the 
effect of maximum erosion angle on turbine erosion damage, with the 
assumption that the maximum erosion levels are the same for all materials. 
This provides a direct comparison between materials which have different 
maximum erosion angles while all other parameters are kept constant. 
Four specific cases have been treated, corresponding to maximum erosion 
angles of 10, 20, 30, and 90 deg. Results are presented continuously from 
10 to 90 deg by means of curve interpolation. The cumulative damage 
corresponding to several particle distributions projected to leave the gas 
cleaning system is obtained. 

Analysis of Particle Motion 

The numerical calculations pertaining to the gas flows, the particle 
trajectories, and the erosion assessments were performed for the first stage 
of an electric utility turbine rated to drive a 65-MW generator. The gas 
velocities in the stator and rotor channels were calculated by using the 
Katsanis [/]' computer program that assumes inviscid flow conditions. The 

•'The italic numbers in brackets refer to the list of references appended to this paper. 
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inviscid flow solution is sufficiently accurate except in the small region 
near the trailing edge, and thus should be quite appropriate for the particle 
trajectory calculations. 

It must be pointed out that the exclusion of viscous effects, especially 
the boundary layer formation around the blades, will decrease the accuracy 
of trajectory calculations for very fine particles. Due to their ability to 
follow the streamlines closely, the small particles usually approach the 
blade surface at grazing angles and thus spend considerable time within 
the decelerating viscous layer. This causes a braking action on the particle 
motion. As a result, the particle impacts occur at smaller velocities, sug
gesting a decrease in erosion damage but an increased probability of deposi
tion. In this paper, the particle trajectory and erosion calculations are 
presented, neglecting boundary layer flows and deposition. 

Particle Dynamics 

Equations of Particle Motion—Lapple and Shepherd [2] indicate that 
the only appreciable forces acting on a small solid particle suspended in 
a low-density, high-velocity fluid flow are the viscous drag force and the 
particle's own inertia. If the particle is a sphere and the Reynolds number 
is very small, the drag force is given by Stokes's law 

Fo - STTMA (^i - Vp) (1) 

where 

FD = drag force, 
Hg = gas viscosity, 
dp — particle diameter, 
Vg = absolute gas velocity vector, and 
Vp = absolute particle velocity vector. 

Equation 1 is modified for large Reynolds number by introducing a 
correction factor,/(/?e) 

FD = 3^/t,dp (Vg - Vp)f(Re) (2) 

where/(Re) = CoRe/lA. Co is the drag coefficient for a spherical particle 
and is equal to 24//?e for the Stokes flow. The following series of correla
tions for the drag coefficient were obtained by Morsi and Alexander [3] 

CD = 24/Re {0 <Re <: 0.1) 
CD = 22.73/jRe + 0.0903/(/?e)2 + 3.69 (0.1 < /?e < 1) 
CD = 38.80/Re - l2.65/{Rey + 0.36 (l< Re < 10) 
CD = 46.5Q/Re - 116.667/(/?e)2 + 0.61667 (10 < Re < 100) ^ ' 
CD = 98.33//?e - 2778/iRey + 0.3644 (100 < Re <, 1000) 
CD = 148.62/Re ~ 47500/(/?e)2 + 0.35713 (1000 < /?e < 5000) 
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where Reynolds number is based on the velocity difference by the following 
relation 

Re = M P I ^ ^ ~ ^"I (4) 

Here Pg is the gas density. 
The equations of motion for a spherical particle can be obtained by 

equating the particle inertia to the drag force. This is done by using the 
fixed reference frame XYZ of Fig. 1, where only the upper left quadrant of 
the turbine cross section is shown 

Xp — G(Xg -

% = G{Yg -

Zp = G(Zg -

-Xp) 

-Yp) 

-Zp) 

(5) 

where 

dp^Pp 
fiRe) (6) 

In these equations, the subscripts g and p refer to the gas and the par
ticle, respectively. The dot denotes the time derivative; for example, Xg is 
the axial component of the gas velocity and Xp is the axial particle accel
eration. 

It is convenient to write Eq 5 with respect to a coordinate system rotating 
with the blades. This rotating frame, xrd, is shown in Fig. 1: x is the axial 
distance and equal to X of the fixed reference frame; r is the radial dis
tance from the origin, O; and the angular displacement, Q, is measured 
from the leading edge of the blade. The direction of rotation is assumed to 
be positive. The following relations exist between the fixed and rotating 
frames of reference 

X = x 

Y = r sin(e + wO (7) 

Z = r cos(e + oit) 

The gas velocity components are related as follows 

Xg = W. 

Yg^{W, + oir) cos(e + o}t) + W. sin(e + o}t) (8) 

Zg = (We + cor) sin(0 + ut) + W^ cos(e + ut) 
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p{x,r,e) 5P(X,Y,Z) 

FIG. 1—Coordinate system for the particle motion in an axial turbomachine. 

where W^, Wr, and We are the gas velocity components in the rotating 
reference frame. Substitution of Eqs 7 and 8 in Eq 5 yields 

x = G(W,-x) 

e = —{We 
r 

re)-—{d + w) 
r 

(9) 

f^G{Wr-f) + r(.e + a))2 

Similar equations were presented by Hussein [4] for two-dimensional gas 
flows and by Ulke [5] for three-dimensional gas flows. 

Equation 9 with the variable coefficient G given by Eq 6 can be solved 
numerically for each particle entering the cascade. The gas velocity com
ponents are known from the inviscid flow solution. This solution is not 
continuous but given at certain points of a finite-difference mesh. For each 
step of integration, the gas properties and velocities must be interpolated. 
In this way, the integration can be performed until the particle collides 
with the blade surface. 

The computer model must tell particles which impacted the blade with 
what velocity and at what angle to leave the blade surface. The velocity of 
the particle after the collision depends upon the momentum interchange 
between the particle and the blade surface. In most cases, these velocities 
must be determined experimentally due to the complexity of the momen
tum exchange mechanism. 
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No data are available for the types of particles (coal ash, coal char, and 
particles introduced by the gas cleaning process), their structure (condi
tioned by the fuel processing and combustion system used) and size range 
(smaller than about 10 nm), or for blade and vane surface conditions that 
are appropriate. Tabakoff and his co-workers have published data on the 
rebound characteristics of a few specific particles large enough to have 
their velocities measured by high-speed photographic techniques. The work 
done by Hussein [4] on crushable particles—corn cups and poppy seeds— 
was used for illustration in this work. Grant and Tabakoff [10] published 
rebound data for "hard" 2(X)-/im silica sand bombarding annealed 2024 
aluminum alloy targets where the statistical variation of rebound charac
teristics was partially explored, but these data are hardly typical of the 
rebounding of coal gas contaminants from turbine surfaces under operat
ing conditions. To measure the rebound characteristics of the relevant par
ticle sizes will require the use of a technique such as laser anemometry. 
Figure 2 shows the system being tested in the authors' laboratories for the 
purpose of gathering the data. 

•ysnw-

FIG. 2—The laser Doppler velocimeter and high-speed data collection systems for measur
ing particle rebound characteristics. 
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Data collected by Hussein [4] for poppy seeds and corn cups bouncing 
off of stainless steel blades are shown in Fig. 3. The data are approximated 
by the following equations 

Vpi^v^ ;i + cot̂  02 
Vp, Vp„, ^ 1 + cot^ ^1 

^ . J _ , , t - . ( ^ ^ c o t ^ . 

Vpa ^ 
Vpn 

Vp„2 

0.95 + 0.00055 i3, 

'pnl 

= 1.0 - 0.02108 jSi + 0.0001417 

(10) 

(11) 

(12) 

(13) 

where Vp is the particle velocity and ;8 the acute angle between the velocity 
vector and the tangent to the surface. Subscripts t and n denote the tan
gential and normal components with respect to the surface. Subscripts 

20 40 60 80 

p., degrees 

FIG. 3—Particle rebound data by Hussein [4]. 
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1 and 2 correspond to the pre-impact and post-impact conditions, respec
tively. 

The solution of Eq 9 can be continued after the particle rebounds from 
the blade surface with the new initial conditions deduced from Eqs 10-13. 

Particle trajectories were calculated for two particle densities (1.5 and 
2.5 g/c') and five size categories (1, 3, 6, 9, and 12/im). The particle 
density of 2.5 g/c^ corresponds to dolomite particles in the expansion gas. 
The average density of the lighter ash particles is assumed to be 1.5 g/c^. 
It was assumed that the concentration of particles above l2-ftm size is 
reduced by the gas cleaning system to such a low level that their contri
bution to erosion damage can be neglected. 

The results are presented for a uniform particle distribution at the 
turbine stator inlet. Special attention is directed to the particle conditions 
at the rotor inlet. The position of a particle leaving the stator passage is 
not exactly known with respect to the rotating blades. In fact, the particle 
may occupy any circumferential position relative to the rotor blade, de
pending on the exact locations of the stator and the rotor rows at the time 
the particle reaches the rotor inlet. It is assumed that any circumferential 
position has equal probability, provided that sufficiently long time is 
allowed. This is another way of saying that the circumferential distribution 
of particles at the rotor inlet is uniform. 

The trajectories corresponding to 1- and 12-/im-diameter particles are 
shown in Figs. 4 and 5. In these figures, the top portion shows the tra
jectories in the flow channel. The bottom portion is the top view of the 
axisymmetric blade-to-blade stream surface. In both cases the particle 
is injected in front of the stator vane leading edge and at the midspan 
radius. The particle trajectory is calculated throughout the stator passage 
until the particle enters the rotor passage. At the rotor inlet, the velocity 
is transformed onto the relative reference frame and nine equally spaced 
circumferential positions are assigned to the particle. The solution is 
continued as if nine particles were entering the rotor instead of just one. 
The particle conditions at the rotor inlet are dependent on the conditions 
assumed at the stator inlet. Therefore, the same procedure must be fol
lowed for every particle entering the stator. If 10 trajectories are con
sidered in the stator passage, then this corresponds to 90 trajectories in 
the rotor passage. Statistical analysis of these calculations provides excel
lent impact and erosion data. 

It is noted in Fig. 4 that most of the l-/im ash particles avoid collision 
with the rotor blades. Less than 10 percent are captured by the blade sur
face. On the other hand, all of the 12-nm dolomite particles entering the 
rotor are involved in impacts (Fig. 5). In fact, due to their high inertia, 
they are turned so little that none of the initial impacts occur on the blade 
trailing edge. The top portions of Figs. 4 and 5 indicate the radial motions 
of the particles. Due to their very low inertia, the l-fim particles display 
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FIG. ^—Trajectories of l-jitn ash particles through the stator and rotor passages (1 in. 
2.54 cm). 

very little centrifuging. The larger particles are thrown toward the casing 
wall because of the tangential velocity component. Indeed, the 12-/im 
dolomite particles shown in Fig. 5 undergo a considerable radial deflection. 
This centrifuging action is maximum at the stator exit plane, where the 
tangential velocities reach a maximum. 
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FIG. 5—Trajectories of 12-fi.m dolomite particles through the stator and rotor passages 
(1 in. = 2.54 cm). 

Figures 6 and 7 give the capture efficiencies in the stator and the rotor, 
respectively. Since greater turning is involved, more particles are captured 
by the rotor blades than by the stator vanes. Particles of 1 and 3 fim have 
relatively small capture efficiencies (less than 15 percent in the stator and 
less than 30 percent in the rotor). For larger particles, the impact per
centages increase rapidly. All of the dolomite particles having diameters 
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larger than 6 /itn and all of the ash particles having diameters larger than 
9 ^m collide with the rotor blade's pressure surface. Some of these large 
particles may hit both surfaces of the blade. Otherwise, the suction sur
face is essentially impact-free. 

Particle velocities corresponding to the first impacts follow trends 
similar to the pressure surface gas velocities. The deviation increases 
as the particle size increases. In general, particles hit the blade nose at 
velocities close to the gas velocity relative to the blade. Very near the 
leading edge there is a deceleration owing to the stagnation of the gas 
flow. Following the stagnation region, the impact velocities increase due 
to the gas acceleration. The particle velocities corresponding to the first 
impacts in the rotor passage are shown in Fig. 8 as a function of the axial 
distance from the blade leading edge. The corresponding curves in the 
stator are similar except that the impact velocities at the vane leading edge 
are lower [-150 m/s (-500 ft/s)] and the trailing-edge impact velocities 
are higher [ -540 m/s (-1800 ft/s)]. 

The angle at which particles hit the surface affects the erosion damage. 
The angles corresponding to the first impacts are shown in Fig. 9 for the 
rotor pressure surface. It is noted that a small portion of the blade nose 
is subject to impacts at angles close to 90 deg. As one moves away from the 
leading edge, the angles corresponding to the first impacts drop sharply, 
and then they reach a fairly constant value. Figure 10 shows the effect 
of particle size and density on the trailing-edge angles of impact. The 
smaller particles (1 and 3 fj.m size) impact the blade trailing edge at small 
angles (1 to 4 deg). The larger particles approach the surface at sufficiently 
large angles so that the effect of boundary layers can be neglected for the 
first impacts. For instances, the angles corresponding to the first impacts 
of the 12-^m dolomite particles are everywhere above 30 deg. The repeated 
impacts following the first one, however, may cause the particles to spend 
considerable time under the viscous layer and may render them ineffective 
for erosion after several impacts. 

The impact angles in the stator are smaller because the gas is turned 
through a smaller angle in the stator passage. The trailing-edge impact 
angles are shown in Fig. 11 as a function of particle size. 

Erosion Damage Calculation 

Erosion Model 

Our analytical model is based on the fact that perfectly ductile mate
rials undergo weight loss by a process of plastic deformation. This type of 
wear exists if particles strike a body at an acute angle, scratching out some 
material from the surface. On the other hand, perfectly brittle materials 
fracture immediately after elastic deformation, and thus they suffer mate-
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FIG. 8—Panicle impact velocities in rotor as a function of axial position (1 ft/s = 0.3048 
m/s; 1 in. = 2.54 cm). 

rial loss through cracking and spalling of surface material at normal im
pacts. All materials to a certain extent exhibit a combination of ductile and 
brittle behavior. Nominally brittle materials such as glass and ceramics 
have a maximum erosion angle which is close to 90 deg. The maximum 
erosion angles for most other materials, however, range from very small 
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FIG. '^—Particle impact angles in rotor as a function of axial position {] in. —2.54 cm). 

angles to 90 deg, depending on the ductile-brittle nature of the material 
structure. 

According to Bitter [6], erosion damage can be expressed by 

»r 1 ^A (V^ coŝ g - V.̂ ) > 1 ,^ (Vsing-Ve,y 
W — -M 1- - M 

2 <̂  2 e 

(14) 

where 

W = volume of material lost due to erosion, 
M = total mass of impinging particles, 
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Va = velocity of a single particle corresponding to elastic deformation, 
e = energy needed to remove a unit volume of material from the sur

face by brittle erosion, 
V = particle impact velocity, 
</) = energy needed to scratch a unit volume of material from the sur

face by ductile erosion, 
/3 = angle of impingement, and 
V, = residual horizontal component of velocity after impact. 

The first term represents the ductile mode of erosion. The second term is 
the brittle mode of erosion. Generalizing the velocity exponents as m i and 
1712 and introducing coefficients Ki and K2 to define the amplitude of 
ductile and brittle modes, respectively, we obtain the following expression 

E^Ki [(Vcos/S)""' - v,".] + K2 (Vsin^ - Vei)" (15) 

where E = W/M, volume removed per unit mass of particles (specific 
erosion rate). Equation 15 can be rewritten as 

/CaV cos/3)" 1 -
V( 

V cosi3, 
+ K2{Vsm0 - V,,)"' (16) 

In this expression, the term v,/V cos;8 is immediately recognized as the 
tangential restitution ratio. This ratio is very difficult to determine due to 
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the multitude of variables involved. The fact that the particles actually 
strike a surface which has been roughened by other particles suggests that 
a wide variety of "true" angles will result even for the particles impacting 
at the same apparent angle with respect to the previously smooth surface. 
Therefore, determination of the restitution ratio is a statistical process. 
For a given erosion system, it is reasonable to assume that the tangential 
restitution ratio is by and large a function of impact velocity, impact angle, 
and various material properties. Lumping the material properties into the 
coefficient Ki and the velocity into the exponent mi, the expression in the 
brackets can be made a function of the impact angle only. Thus 

E = K, {Vcos0)'"'fW) + K2 {Vsin& - V,,)" (17) 

f{0) should be chosen in such a way that the resulting curve of erosion rate 
as a function of angle fits the experimental results. For ductile materials, 
this curve is zero at /? = 0 and reaches a maximum at an angle /Smai dictated 
by the specific erosion conditions. At 90 deg, the only contribution is made 
by the brittle mode of erosion (deformation wear). A function of angle/ {B) 
that satisfies these conditions can be written as follows 
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m) 
sinn/3 for 0 < l3o 

1 for )3 > /Jo 
(18) 

where /3o is the reference angle which is a function of /ffmai, Kt, K2; and 
Vei; n is equal to ir/20o-

The energy thresholds for particles smaller than 20 iitn were reported by 
Smeltzer et al [7]. These thresholds are very small compared with the 
velocities encountered in the gas turbine. Therefore V̂d can be neglected. 
Substituting Eq 18 into Eq 17, setting Vei equal to zero, and assuming the 
same velocity exponent for both ductile and brittle modes (mi = W2 = m), 
the following is obtained 

E = Ki (y cos/S)"- siting + Ki (VsimS)" for /3 < |3o (19) 

E = K,{V cos/S)" + K2 (V sin^)-" for /3 > /3o 

A typical erosion curve corresponding to Eq 19 is illustrated in Figure 
12. The coefficients Ki and K2, the velocity exponent m, and the maxi
mum erosion angle /3max must be determined experimentally. First the 

30 40 50 60 
Impact Angle, degrees 

FIG. 12—Erosion model for ductile materials. 
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velocity exponent and the maximum erosion angle are determined. Erosion 
data at 90 deg are then used to calculate Ki. The remaining parameters 
K\, n, and |3o are all interdependent and can be obtained by a numerical 
iteration process. For K\ > K2 (typical for ductile materials), jSmax < /3o. 

The computer model allows the angle of maximum erosion damage to be 
a parameter so that the sensitivity of erosion damage to the "ductile-
brittle" response of the blade and vane materials can be seen. No data on 
relevant materials, with surface conditions relevant to various stages in the 
life of the blade, were available at the time the paper was written. Recent 
work by Dr. Frederick Pettit of United Technology for the Electric Power 
Research Institute and by Drs. A. Levy (Lawrence Berkeley Laboratory) 
and L Wright (Battelle Columbus Laboratories) indicates that the deposit, 
oxide scale, superalloy structure that the ash particles bombard displays 
erosion characteristics different from either a ductile metal or a smooth 
ceramic surface as one might expect. To emphasize this point, Fig. 13 
compares the damage done by a distribution of dolomite sulfur-sorbent 
particles smaller than ~ 5 fxm in aerodynamic diameter impacting, at 
183 m/s (600 ft/s), a 304 stainless steel target and a turbine blade alloy. 
The blade target was cut from a Udimet 710 blade removed from a turbine 
after 9000 h of turbine operation. The difference in the mechanism and 
amount of damage is apparent. 

The experimental data for the numerical erosion predictions of this 
paper are taken from Finnic et al [9]. A velocity exponent of 2.5 was as
sumed so that the velocity effects will be the same. Table 1 lists the erosion 
coefficients K\, Ki, and the reference angle /3o calculated from the ex
perimental data given for silicon carbide particles eroding a nickel cobalt 
alloy with 99 percent (Ni + Co). In Table 1 the erosion level corresponding 
to the maximum erosion angle is kept constant. For the three ductile cases, 
the brittle mode of erosion (second term on the right-band side of Eq 19) 
is assumed to be identical. The ductile mode of erosion (first term in Eq 19) 
is assumed to disappear for the case of /3n,ax = 90 deg. 

Comparison of data for silicon carbide erosion in Ref 9 with data for 
coal ash erosion in Ref 8 shows that silicon carbide particles are approxi
mately 25 times as erosive as ash particles. This ratio was used to extend 
the predictions to coal ash erosion. 

The assumption that coal ash is l/25th as erosive when bombarding 
turbine components as silicon carbide bombarding nickel is simplistic. An 
accurate assessment of the tolerance of a large turbine to particles resulting 
from a particular coal processing system requires the determination of the 
erosion damage response of blade materials having the oxide and deposit 
coatings that are typical of their running condition. These blade materials 
must be bombarded by particles which have seen temperature-time and 
chemical concentrations that are typical of the fuel processing and combus
tion system being considered. The needed data can best be obtained from 
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FIG. 13—Comparison of damage to stainless steel and oxidized turbine alloys caused by 
impaction by a distribution of dolomite particles smaller than 5 fim in diameter. 

controlled laboratory cascade tests of sufficient length to accurately estab
lish rates of attack. Because the concentrations of "glue forming" chemical 
contaminants are important to the character of the scale and deposits 
formed on the blading and because the chemical reactions forming the 
"glues" are pressure dependent, these tests must be carried out at pressure 
or with appropriate adjustment of the concentrations of the important 
chemical reactants (sodium chloride, potassium chloride, sulfur ozide, and 
hydrogen chloride primarily). These tests are difficult and will be expen-
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TABLE 1—Erosion coefficients for four values of maximum erosion angle. ° 

Erosion Coefficient, 
mm^/g 

(ft/s)" 
P max, 

deg 

10 
20 
30 
90 

|3o, 
deg 

10.3 
22.7 
45.3 
90 

^ 1 

7.44 X 10~* 
8.35 X 10"* 
1.12 X 10- ' ' 

0 

Ki 

2.4 X 10 ~* 
2.4 X 10"* 
2.4 X 10"* 
7.18 X 10"* 

" Velocity exponent (m) of 2.5 was assumed. 

sive. They should be supplemented by incisive laboratory scale experiments 
to elucidate the importance and mechanisms of deposit formation, particle 
properties, and surface properties on the damage that will be experienced. 

Erosion Damage Results 

The erosion predictions in the stator and rotor have been obtained by 
incorporating the erosion model into the computer program that calculates 
the particle trajectories. It has been assumed that the dolomite and ash 
particles have the same erosivity. The results are presented both for silicon 
carbide particles and coal gas particles. Erosion caused by silicon carbide 
particles is given in terms of the volume removed from the blade per gram 
of the particles entering the passage. The results modified for coal gas 
particles are reported in term of metal recession rates based on an inlet 
particle concentration of 0.00023 g/m^ (standard) [0.0001 grain/ft^ (stan
dard)] of expansion gas. 

In both the stator and the rotor, the erosion damage is predominantly 
confined to the pressure surfaces because the suction surfaces are free of 
impacts except around the leading edges. 

The authors would caution that the simplified two-dimensional model 
presented in this paper for blade erosion midway between the root and the 
tip of the first-stage blading is not accounting for the particle concen
trating effects of the secondary flows. Work to develop the model to calcu
late these effects has been reported by Dr. A. Ulke of our laboratories. The 
extension of this work to quantitative particle concentrations is important 
to establish an accurate particulate tolerance of a turbine. 

Stator Erosion 

The stator erosion caused by the 1.5 g/c^ ash particles, /3mai — 20 deg, 
is shown in Fig. 14 as a function of the axial distance from the leading 
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FIG. 14—Erosion rate in stator as a function of axial position [1.5-g/c particles: 1 in. 
2.54 cm; 1 grain/ft^ (standard) = 2.29 g/m^ (standard)]. 

edge of the stator vane. Damage caused by the silicon carbide particles 
is given on the left axis. This damage is expressed as the metal volume 
(mm^) removed per inch of vane surface length per gram of particles entering 
one stator passage. Therefore, each curve integrated over the vane length gives 
the total material loss per vane (mm^/g). These results can be readily con
verted to metal recession rates from the assumed particle concentration of 
0.00023 g/m^ (standard) [0.0001 grain/ft^ (standard)] and the known geom
etry of the passage. The axis on the right indicates the amount of metal reces
sion after 10000 h of coal gas operation. It is noted that the erosion magni
tudes are strongly dependent on particle size. However, the trends are very 
much the same. There is very little erosion around the leading edge [less 
than 0.0025 cm (0.001 in.) of metal recession]. Erosion rates remain low 
for most of the vane surface, but they sharply increase to critical levels 
very near the trailing edge. The small amount of damage on the vane nose 
is not surprising; although the impact angles are large, the velocities are 
relatively low [~150 m/s (~500 ft/s)] in this region. As one moves away 
from the leading edge, the impact velocities first decrease and then in
crease gradually, whereas the impact angles rapidly decrease. The com
bined result is a net decrease in erosion at first. Farther on near the trail
ing edge, however, the impact velocities attain very high values [420 to 
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540 m/s (~ 1400 to 1800 ft/s), depending on size and density], and consid
erable damage is done. The effect of the maximum erosion angle of the 
surface material on the trailing edge erosion is shown in Fig. 15 for the 
ash particles. 

Rotor Erosion 

The erosion curves of the rotor blades for ash particles are given in 
Fig. 16 for |3mai = 20 deg. There is considerable damage on the blade nose 
due to high impact velocities [ ~ 300 m/s (~ 1000 ft/s)] and large impact 
angles (near 90 deg). Following the leading edge, the erosion level drops 
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FIG. 15—Trailing-edge erosion rate in the stator as a function of maximum erosion angle 
(ash particles) [1 in. = 2.54 cm; 1 grain/ft^ (standard) = 2.29 g/m-' {standard)]. 
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FIG. 16—Erosion rate in rotor as a function of axial position (1.5 g/c'^ particles) [1 in. 
2.54 cm; 1 grain/ft^ (standard) = 2.29g/m^ (standard)]. 

primarily because of a decrease in the number of impacts. For 1- and 3-/im 
particles (and for 6/tm particles to an extent), this drop is more pro
nounced because the impact angles associated with these particles fall 
below 10 deg; in addition, there is a considerable decrease in the impact 
velocities. Farther away from the leading edge, erosion rates start in
creasing again. This increase is due to increasing velocity and frequency of 
impacts. It is interesting to see that the location of maximum erosion is 
rather sensitive to the size and the density of particles. Damage associated 
with 1- and 3-/im particles peaks slightly ahead of the trailing-edge point 
because most of these particles, owing to their low inertia, miss the edge of 
the blade. As the particle size (and thus its inertia) gets larger, the maxi
mum erosion moves right up to the blade edge (9-^m ash particles). Fur
ther increases in size or density or both shift the maximum back toward 
the leading edge. Figure 7 provides an explanation for this behavior. All 
the ash particles larger than 9 urn hit the blade surface. Therefore addi-
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tional increase in particle size does not increase the number of impacts but 
merely pulls the location of the first impact closer to the leading edge. 

The rotor erosion primarily occurs at the leading and trailing edges of 
the blades. The dependence of the leading-edge erosion on the maximum 
erosion angle and the particle size is illustrated in Fig. 17 for the ash par
ticles. For a given particle size, the erosion rate increases as the maximum 
erosion angle because the particles hit the blade leading edge at large 
angles. 

In Figure 17, the erosion rates given on the left axis in terms of mm^ per 
gram-inch do not provide a direct comparison between the stator and rotor 
erosion. These erosion rates are obtained per gram of silicon carbide par
ticles entering the passage. Since there are approximately twice as many 
rotor blades as there are stator vanes, about twice as many particles will 
be present in each stator passage as in each rotor passage. This must be 
kept in mind when comparison is made between the stator and rotor blades. 
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FIG. 17—Leading-edge erosion rate in the rotor as a function of maximum erosion angle 
(ash particles) [I in. = 2.54 cm; 1 grain/ft^ (standard) = 2.29 g/m^ (standard)]. 
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FIG. 18—Trailing-edge erosion in the rotor as a function of maximum erosion angle 
(dolomite particles) [I in. = 2.54 cm; 1 grain/{ft^ standard) — 2.29 g/m^ (standard)]. 

The metal recession rates indicated on the right axis resolve this problem 
because they take into account the particle concentration. 

The rotor blade trailing-edge damage is illustrated in Fig. 18 for 2.5-
g/c^ dolomite particles. These curves are similar to the stator trailing-edge 
erosion. Since the impact angles are larger, however, the erosion rate 
corresponding to /Smai = 90 deg is higher in the rotor. For the dolomite 
particles larger than 9 fim, materials with (8max <30 deg suffer less erosion 
than materials with /8max = 30 deg because the impact angles for these par
ticles are larger than 30 deg. 

Turbine Tolerance to Expected Particle Distributions 

In the preceeding pages, erosion predictions have been presented for 
discrete particle size and particle densities. However, the expansion gas 
in the actual turbine will contain a continuous spectrum of particles. The 
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damage corresponding to this spectrum can be found by integrating the 
erosion curves presented eariier, using the particle size and density distri
bution expected in the expansion gas. 

Figure 19 shows the particulate concentrations that are expected to 
result from various types of particulate cleanup systems based on the 
assumption that the particle loading at the entrance to the gasifier cyclone 
would contain 22.9 g/m' (standard) [10 grains/ft^ (standard)]. 

Figure 20 shows the concentrations as a function of particle size that 
could be expected from various degrees of gas cleaning following the 
addition in the combustor of the air required to achieve a nominal turbine 
inlet temperature of llOO^C (2000''F). 

Figure 21 presents the calculated metal recession in 10000 h of operation 
of the trailing edge of the first-stage stator vanes for these particle size 
distributions. No data are available to define the angle of maximum 
erosion damage for superalloys. Metallurgical opinion is that, because of 
the low ductility of these alloys, this angle might be betweeen 40 and 
50 deg. If the assumption is correct, trailing-edge wear from expanding 
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0 7 grain/set 

10 grains/scf 

Sulfur. 
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Two Stage 
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FIG. 19—Particulate concentrations with various degrees of gas cleaning. (1 grain/ft^ 
(standard) = 2.29g/m^ (standard)]. 
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FIG. 20—Particle size distributions at the gas turbine inlet corresponding to various 
particle cleanup systems. (1 grain/ft^ {standard) = 2.29 g/m^ (standard)]. 

the gas cleaned only by the gasifier cyclone would exceed 2.5 cm (1 in.) in 
10000 h of turbine operation. [Trailing-edge wall thicknesses in a turbine 
built to expand clean gas are about 0.25 cm (~0.1 in.) thick.] The first 
stage of cleanup would reduce wear to 0.5 cm (-0.2 in.) in 10000 h, while 
two stages of cyclone cleanup would result in 0.25 cm (~0.1 in.) wear in 
10000 h. The use of a one-stage cyclone followed by a granular-bed filter 
would cut trailing-edge wear to about 0.013 cm (0.005 in.) per 10000 h, 
slightly in excess of the metal losses that occur by oxidation on the first-
stage vanes. 

The sensitivity of the first-stage rotor nose and the first-stage rotor blade 
trailing edge to erosion damage is compared with that of the first-stage 
stator trailing edge in Fig. 22 for a particulate level of 0.0046 g/m^ (stan
dard) [0.002 grain/ft' (standard)]. It appears that cleanup to this level of 
particulates—0.0046 g/m^ standard [0.002 grain/ft^ (standard)] in the 
turbine expansion gas—is needed for long life. 

Conclusion 

On the basis of our numerical results, we have shown that, from an 
erosion standpoint, satisfactory blade life can be obtained by cleaning the 
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FIG. 21—First-stage stator vane trailing-edge erosion. (1 mil = 2.54 X 10~^ cm) 

particulate concentration to 0.0046 g per standard cubic metre (0.002 grain 
per standard cubic foot), with particles larger than 6-jtfm diameter effec
tively removed. 

The basic assumption made in the calculations was that coal ash and 
sulfur-sorbent particles will have, when impacting superalloy turbine ma
terials under turbine conditions, l/25th of the erosivity of silicon car
bide particles impacting a nickel alloy at room temperature. The estimates 
do not account for the appreciable slowing of the 1- to 3-^m particles in 
the blade boundary layers before they reach the blading, even though these 
small particles account for most of the damage. The numerical results 
are in this way conservative. 

Some indication of the sensitivity of turbine components to rebound 
data can be obtained from Fig. 23, which illustrates the damage done as 
a function of the number of impacts. For particles larger than about 5-/im 
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FIG. 22—Sensitivity of gas turbine first-stage erosion to angle of maximum erosion damage 
[1 in. = 2.54 cm; 1 grain/ft^ (standard) = 2.29g/m^ (standard)]. 

diameter the total number of impacts on the blading is small and erosion 
damage varies by only a factor of two. The smaller particles effectively roll 
over the trailing-edge surfaces. These are particles for which this simple 
model is overpredicting velocity at impact due to boundary layer slowing. 

The effect of boundary layer slowing of the small particles and the effect 
of the erosivity of coal ash relative to silicon carbide have been studied 
parametrically by Mr. Robert Wolfe of our laboratories for the particle 
size distributions that could be expected from various granular-bed and 
fabric filter gas cleaning systems. Figure 24 shows some of the results. 
Since the boundary layer varies in our turbines from 0 to about 1.27 mm 
(0.05 in.), it appears that blade life projections neglecting boundary layer 
slowing may result in erosion rates that are high by a factor of two to ten 
for particles smaller than 3-/xm diameter. 

For an accurate assessment of the erosion tolerance of a turbine, of 
course, actual data on the damage which coal gas particulates do to blade 
materials are needed. 
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of the complex calculations of gas flows, particle trajectories, and reaction 
between the particles and surfaces needed to be able to calculate erosion 
effects. 

The contribution of this paper is in applying these methods to modern 
gas turbines for the purpose of clarifying the kinds of gas cleaning required 
for reliable operation of combined-cycle power plants and clarifying the 
type of experimental data required to calibrate these models so that the 
predictions are accurate. 
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Analysis of Brittle Target Fracture 
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ABSTRACT: The erosive damage of an infrared transparent material by a subsonic 
water drop impact has been numerically simulated. The important early-time pressure 
loading characteristics from a water drop impact are discussed, and the predicted 
target damage (in terms of fracture patterns) is presented for variations in material 
flaw size, material gain size, and impact velocity. 

KEY WORDS: fracture, microphysical failure model, subsonic erosion, water drop 
impact, numerical simulation, erosion 

There is a need for substantially improving the resistance of infrared (IR) 
transparent windows to optical damage resulting from subsonic impacts 
[V0 ^ 366 m/s (1200 ft/s)] of rain drops. Such damage is usually referred 
to as subsonic erosion, although it differs from more conventional erosion 
in that significant optical damage occurs before there is any mass loss from 
the surface. The apparent reason for the optical damage is internal cracking, 
which causes loss of transmittance as well as degradation of optical quality. 

Erosive damage of optically transparent materials by water drop impacts 
has been experimentally studied [1-3]2 and data have been obtained re
garding the optical transmission loss through specific materials subjected 
to specific erosive environments. However, it is difficult to generalize from 
the data because of the complex nature of the phenomena involved. 

This paper reviews an investigation3 which had the following specific 
objectives: 

1. To identify the mechanisms responsible for internal crack formation 
and propagation in IR windows subjected to subsonic rain erosion. 

1 Senior technical staff, California Research & Technology, Inc., Woodland Hills, Calif. 91367. 
2 The italic numbers in brackets refer to the list of references appended to this paper. 
3 The current work has been sponsored by the Air Force Materials Laboratory, Wright-

Patterson AFB, Ohio, and the Office of Naval Research, Washington, D.C. 
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2. To determine the sensitivity of these mechanisms to basic parameters. 
The initial phase of the program was reported in Ref 4. Tensile crack 

initiation and propagation were treated in that study, and the final pre
dicted crack patterns were used as a measure of target damage. Target 
damage sensitivity to elastic and tensile failure properties, impact velocity, 
density, target toughness, and variations in numerical cell size was studied 
for 21 cases. 

In the current study [5,6], the primary focus was on identifying the rela
tionship between target damage and microscopic material parameters such 
as grain and flaw size. 

The approach is based on developing an analytical loading model of 
water drop impact and subsequent numerical code solutions of target re
sponse using the WAVE-L code with a microphysical crack propagation 
model. (WAVE-L is a 2-D, Lagrangian, finite-difference code based on 
the HEMP scheme [7].) Figure 1 schematically indicates the general ap
proach. 

An analytical pressure loading model for simulating particle impacts 
has been developed and is discussed in detail in Ref 5. This impact model 
specifies the loading pressure on the target surface as a function of radius 
from the impact point and time, P(r,t). Note that this analytical loading 
model is based on detailed 2-D WAVE-L numerical calculations of spherical 
water drops on rigid surfaces. The rigid surface approximation is valid 
when the target surface deflection is negligible compared with the drop 
radius. For brittle materials, this condition will be satisfied if the target 
material impedance (density X dilatational wave speed) is much greater 
than the water impedance. The zinc selenide targets described in this re
port have an impedance which is 14 times greater than water. 

The impact loading pressures are used as the loading boundary condition 
for the axisymmetric numerical solutions in the target. These solutions 
provide the dynamic stress, strain, and velocity fields, including the effects 
of crack propagation. 

The target material damage is governed by a microphysical crack prop
agation model involving the flaw size and grain size as material parameters 
(see Ref 5). Note that the crack propagation characteristics are an impor
tant feature in determining the dynamic stress field. Thus, the stress, strain, 
and velocity fields are intimately connected to the specific microphysical 
failure model assumed for the target material. 

The important early-time surface pressure loading from a water drop 
impact is discussed in the following section. Later, the predicted target 
damage (in terms of fracture pattern), is discussed for variations in 

1. material flaw size, 
2. material grain size, and 
3. impact velocity. 
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FIG. 1—Steps involved in analytical approach. 

Water Drop Impact Loading at Early Times 

Detailed numerical calculations of 206- and 335-m/s (675 and 1100 ft/s) 
water drop impact on rigid targets were reported in Ref 4. These calcula
tions predict the nature of the water drop deformation as well as the pres
sure loading on the target front surface, Pir.t). For example, Fig. 2 shows 
the computational grid and velocity field at 0.24 /iS for the 335-m/s (1100 
ft/s) impact case with a 1-mm-diameter water drop. Figure 3 shows the 
velocity fields at about 0.5 and 1.2 ^s. Figure 4 shows pressure-radius 
loading profiles on the target surface at various times for the 206-m/s (675 
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FIG. 2—Grid configuration and velocity field for 335-m/s (1100 ft/s) impact of a 1-mm 
water drop on a rigid surface at 0.24 pis. 
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FIG. 3—Velocity field for 335-m/s (1100 ft/s) impact of 1-mm water drop on rigid surface 
at 0.47and 1.16 us. 
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FIG. 4—Radial pressure profiles on rigid surface for 1-mm water drop impact at 206 m/s 
(675ft/s) U kbar = 100 MPa). 

ft/s) impact case. (Note that times and distances can be scaled linearly 
for other droplet diameters at a given impact velocity.) 

Due to the spherical geometry of the projectile, an off-axis peak loading 
pressure occurs at early times which is about twice the plane strain 1-D 
Hugoniot pressure for the 335-m/s (1100 ft/s) impact velocity case. The 
details of the pressure peak formation are important because of its direct 
relationship to peak tensile stress formation in brittle targets. The nature 
of this early-time pressure peak was analyzed using a finely zoned com
putational grid. 
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Figure 5 shows the initial computational grid used for describing the 
1-mm-diameter water drop impact event. The impact velocity (Vo) is 335-
m/s (1100 ft/s). Figure 6 shows the velocity field (using the scale bar shown 
on the figure) for material in the vicinity of the impact site at 0.02 us after 
the impact. The contact radius (r, defined in Fig. 6) is about 0.008 cm 
(= 80 ixm) at this time. Notice the tendency of the velocity vectors in the 
interaction region to focus toward the contact radius. 

Figure 7 shows the velocity field at 0.03 ns. At this time the contact 
radius is moving outward at a velocity slightly greater than the sound speed 
(Co) in undisturbed water. The numerical simulation predicts that the pres
sure peak occurs near the contact radius and continues to increase in mag
nitude as long as the contact velocity is greater than about Co. 

Figures 8 and 9 show the velocity fields at 0.05 and 0.09 /xs. The con
vergence of the velocity vectors is still qualitatively apparent; however, the 
pressure on the impact plane has been reduced by relief waves from the 
droplet-free surface (near the contact radius). 

The predicted pressure versus time profiles at several radii on the impact 
surface are shown in Fig. 10. The peak pressure occurs at a radius of about 

riM. zoKO ant ifrnci 
„ cicu 0. 

5 
UJ 

0 .005 

RfiOIUS CM 

.015 .020 

0.000 MSEC 

FIG. 5—Initial computational grid for 1-mm water drop impacting a rigid surface at (335-m/s) 
llOOfps. 
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FIG. 6—Velocity field at 0.02 iis showing the interaction region between the 1-mm water 
drop and rigid surface for 335-m/s (1100 ft/s) impact. 

0.01 cm or 20 percent of the droplet radius for the 335-m/s (1100 ft/s) 
water drop impact on a rigid surface. (Note that this 20 percent value is 
velocity dependent as discussed in the following.) Beyond this radius, the 
peak pressure on the surface begins to fall off as indicated in Fig. 11. 

The maximum loading pressure on the rigid surface is predicted to be 
about twice the 1-D shock Hugoniot value for water or 2.7 times the water-
hammer pressure of pjCoVo. This result is in good agreement with the 
purely analytical plane-strain solution of Heymann [8]. 

Figure 12 summarizes the relationships between contact radius speed (F), 
water sound speed (Co), and the timing of the maximum pressure predicted 
in the numerical simulation. The rate of increase of the contact radius (F) 
as a function of time (t) can be obtained by assuming that the spherical 
droplet (radius Ro) remains undeformed where it is not in contact with the 
rigid boundary during the impact (at velocity Vo). The geometry is indicated 
in Fig. 12 such that 

F2 + (Ro - Voty = Ro' (1) 
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FIG. 7—Velocity field at 0.03 fisfor 335-m/s {1100 ft/s) impact of l-mm water drop on 
rigid surface. 

r = 
VJ) 

(2) 

The F versus time curve for the calculated case is plotted in Fig. 12 as a 
solid line. Also shown is the speed of sound in undisturbed water (Co = 0.15 
cm//iS or about 5000 ft/s). The dashed curve shows the peak pressure 
versus time (use right scale) for this solution. The peak pressure attains 
its maximum at a time of about 0.033 /ts, which corresponds to the time 
when the speed of the contact radius is about Co. At times greater than 
0.033 fis, the peak pressure decreases. 

Thus the 335-m/s (1100 ft/s) numerical simulation predicts that the 
peak pressure increases near the contact radius as long as the velocity of 
the contact radius exceeds the sound speed (Co) in undisturbed water. We 
suggest that for subsonic raindrops the assumption of F -Co can be used 
(in Eqs 1 and 2) as a working estimate for the critical contact radius asso
ciated with the maximum pressure. Thus, the predicted critical contact 
radius (,7c) occurs at 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ROSENBLATT ET AL ON SUBSONIC WATER DROP IMPACT 235 

re 
RoVo Ro{Vo/Co) 

^/C7+v7 VI + (Vo/CoV 
(3) 

However, we do not feel this result can be generalized to much higher 
impact velocities since the parameter Co is not critical to the interaction 
dynamics for hypersonic impact. 

The importance of the critical radius, 7^, is demonstrated in the next 
section by directly relating this contact radius to the onset of tensile failure 
in brittle targets. 

Dynamic Target Response 

Figure 13 shows the grid used for the target response predictions of 
2-mm-diameter water drop impacts at 222-and-341 m/s (730 and 1120 ft/s). 
An analytical loading model [5] was used to specify the loading pressure 
on the target surface. 

1000 fps 

0 ,005 
RROIUS CH 

,025 

FIG. i—Velocity field at 0.05 /is for 335-m/s U100 ft/s) impact of 1-mm water drop on 
rigid surface. 
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1000 fps 

0 ,005 
RRDIUS CH 

FIG. 9—Velocity field at 0.09 fts for 335-m/s (1100 ft/s) impact of 1-mm water drop on 
rigid surface. 

Elastic Analyses 

Figure 14 indicates the elastic response of a zinc selenide (ZnSe) window 
in terms of the particle velocity field and principal in-plane {r,z) tensile stress 
field at 0.1 |is. The velocity vectors show the magnitude and direction of 
the velocity of the particle mass located at the tail of the vector. A 15-m/s 
(50 ft/s) scale bar is shown in the upper right corner of the figure. The 
principal tensile stresses are indicated by lines which show their magnitude 
and direction in the r-z plane. (Hoop tensile stresses are not indicated 
on these plots.) A tension crack will tend to develop in a direction perpen
dicular to the plotted principal tensile stress direction. A 1-kbar (14 500 psi) 
scale bar is shown in the upper left corner of these plots. Thus, at 0.1 /̂ s 
after the impact, the peak velocities are roughly 15-m/s (50 ft/s) in the 
target and the peak tensile stresses are about 2 kbar (~ 30 000 psi). 

The region of high tensile stresses occurs in an annular volume near the 
surface outside the contact area. The material directly under the contact 
area is in pure compression. Figure 15 shows the corresponding velocity 
and in-plane tensile stress fields at 0.2 /iS. The qualitative features are 
similar to the 0.1-/iS plots; however, the peak velocities and peak tensile 
stresses have already decayed below the 0.1-/iS values. 
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FIG. 13—Initial computational grid in target window using 80 cells per 2-mm drop diameter. 

Figure 16 is a more quantitative description of the peak tensile stress 
behavior in the target near the impact point. This figure shows the behavior 
of the peak tensile stress versus scaled radius near the target front surface. 
Note that the location of the off-axis peak loading pressure (Fc on Fig. 16) 
correlates very well with the radial onset of the tensile response. The location 
of the maximum tensile stress is dominated by the impact loading pressure 
gradients, that is, dP/dt and dP/dR. 

Figure 17 shows the peak tensile stress versus scaled depth {Z/2Ro) 
profiles for both the 222-and-341 m/s (730 and 1120 ft/s) impact of 2-mm 
droplets on ZnSe. Note the very steep stress gradient near the impact surface, 
Z/2Ro — 0. In fact, an analytical solution by Blowers [9] predicts an infinite 
peak tensile stress at the impact surface for purely elastic targets. 

Figure 17 also indicates the peak tensile stress versus depth variation 
with impact velocity. The peak tensile stress increases substantially with 
a 50 percent increase in velocity. In fact, when comparing these curves 
more closely, we see that the maximum tensile stress versus scaled depth 
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drop at 0.2 fis. 
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depends on Vô . This is illustrated in Fig. 18, which shows the peak tensile 
stress divided by impact velocity squared (and target density) versus scaled 
depth for the two impact velocities treated in this study. Thus, velocity-
squared scaling works reasonably well for subsonic impact velocities. 

Erosion (Tensile Failure) Predictions 

Using a microphysical model [5] involving flaw and grain size, predictions 
of crack configuration (that is, crack orientation, depth, and extent) can 
be made with the WAVE-L code. This model is based on the interaction 
between a crack (flaw) and a slip or twin band [10] and is consistent with 
experimental observations [3,11] on ZnSe. Figure 19 shows an example 
(nominal case) of the predicted crack configuration for an impact of a 
2-mm water drop on ZnSe at 222-m/s (730 ft/s). Since the microphysical 
model propagates [12] cracks through a cell, the crack configuration plots 
indicate whether the cell has fractured completely, whether the crack has 
grown to greater than 50 percent of the cell size, or to greater than 10 
percent but less than 50 percent of the cell size. If the cell is completely 
fractured, the orientation of the crack is indicated. 

Figure 19 predicts that the surface should be damaged between radii 
of roughly 0.02 and 0.05 cm. This agrees very well with experimentally 
observed data given in Ref J and noted in Fig. 19. Also in Ref J, the obser
vation is made that for the 222-m/s (730 ft/s) impacts, the cracks appear 
to extend to a depth of about 1 grain. This is in good agreement with the 
prediction of Fig. 19. 

Figure 20 shows the predicted effect on the final crack configuration of 
halving the flaw size from the nominal case. The effects are large in terms 
of both reduction in radial extent of the damage region and in the depth 
of the damage region. 

Figure 21 shows the predicted effect of halving the grain size as compared 
with the nominal case. There is an improvement in both the radial extent 
of the damage region and the depth; however, the improvement is not as 
dramatic as in the flaw size reduction case. 

Figure 22 shows the crack configuration for a 341-m/s (1120 ft/s) impact 
of a 2-mm water drop impact on ZnSe. The experimental observation of 
the surface damage region is in good agreement with the predictions. We 
do not know of any corresponding measurements of the depth and spatial 
distribution of cracks below the target surface. 

Note that Fig. 19 and 22 show the critical contact radius, r ,̂ for the peak 
off-axis impact pressure described in the previous section. The experimental 
results and numerical simulations of surface damage show a good correla
tion between the inner radius of damage and r .̂ The impact loading pressure 
gradients, in time and radius, cause large tensile stresses to develop near 
r^ on the target surface. The elastic properties of the target will certainly 
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FIG. 19—Crack configuration for 222-m/s (730ft/s) impact of 2-mm water drop on ZnSe 
using nominal microscopic frac'ure criterion [nominal case with 120-iim (—0.012 crri) grain size 
and 40-nm initial flaw length associated with each computational cel[\. 

influence the exact radius of the peak tensile stress on the target surface; 
however, the results of this study indicate that the dominant mechanism 
is the large off-axis loading pressure which peaks near Fc. 

Limited experimental comparisons with predicted numerical results for 
ZnSe surface fracture characteristics appear good; however, additional 
experimental data are needed for the crack spatial distribution predictions, 
that is, for depth, orientation, and number. Note that the target fracture 
predictions for ZnSe are based on the microphysical model described in 
Ref 5. One potentially important aspect of the model is the assumed flaw 
distribution in the target. In this initial study, a uniform flaw distribution 
(one flaw associated with each computational cell) has been assumed. 
This leads to flaw growth over a relatively large volume in the target; for 
example. Fig. 22 shows complete cell fracture from flaw growth in many 
cells below the target surface. If the flaw distribution or size or both decreased 
with depth, then the crack configuration below the surface would obviously 
be more discrete since individual cracks would have to propagate into a 
target region with fewer or smaller preexisting flaws or both. Currently, 
the microphysical model and various target flaw distributions are being 
investigated for use in additional numerical simulations. 
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FIG. 20—Effect of flaw size on crack configuration for 222-m/s (730ft/s) impact of 2-mm 
water drop on ZnSe. 

Conclasions and Recommendations 

Based on the numerical simulations and experimental comparisons 
conducted during the present study, the following brittle target damage 
mechanisms (from a single water drop impact) have been identified: 

1. Tensile crack propagation is the primary damage mechanism. Tensile 
failure occurs behind the shear and Rayleigh waves which are generated 
in the target by the dynamic impact pressure load, P{r,t). For ZnSe 
impacted at 222 m/s (730 ft/s) by a 2-mm-diameter water drop, the cracks 
propagate for ~0.2/iS. 
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FIG. 2\—Effect of grain size on crack configuration for 222-m/s (730ft/s) impact of 2-mm 
water drop on ZnSe. 

2. The tensile stress response near the target surface is directly related 
to the peak off-axis loading pressure which occurs near the critical radius 7c 
due to the spherical geometry of the drop. This is illustrated in Figs. 16, 19, 
and 22. For the 335-m/s (1100 ft/s) impact case, this peak surface loading 
pressure is twice the 1-D shock Hugoniot value and occurs at about 20 
percent of the drop radius. As a working estimate for the critical radius 
(Fc) corresponding to the peak off-axis surface pressure, we recommend 
using Eq 3 given herein for subsonic impacts on brittle targets. 

3. The water drop has time to interact directly with the tensile cracks 
generated during the early stages of the drop-target impact. Water may 
penetrate into a developing crack and enhance damage. 
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FIG. 11—Crack configuration for 335-m/s (H20 ft/s) impact of 2-mm water drop on 
ZnSe using nominal microscopic fracture criterion. 

Limited experimental comparisons with predicted target surface damage 
appear good; however, additional experimental data are needed to evaluate 
the below-surface target damage predictions. In particular, the microphysi-
cal model and assumed target flaw distributions can be improved when 
additional experimental data become available. Once reliable microphysi-
cal models are developed (for prescribed classes of materials), numerical 
simulations can be performed to optimize the design of material com
ponents subjected to dynamic loads. 
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DISCUSSION 

D. G. Richer by ̂  (written discussion)—Does your treatment predict con
tact areas which are in agreement with those observed experimentally? 
Also, what insight does it give into a physical understanding of the gener
ation of high edge pressures? 

M. Rosenblatt, Y. M. Ito, and G. E. Eggum (authors' closure)—We 
are not aware of any experimentally determined cont̂ ict areas. However, 
the critical contact radius (7c) is related to the experimentally determined 
inner radius of tensile failure in ZnSe targets as discussed in the paper 
under "Dynamic Target Response." Also, see Ref S. 

The physical insights concerning high edge pressures are discussed in 
the "Water Drop Impact..." section of the paper. 

N. H. Macmillan^ (written discussion)—If I understand you correctly, 
you have first calculated (as a function of time and position) the forces' 
resulting from impact of a water drop against a rigid solid, and then as
sumed that these same forces act during impact with a deformable solid. 
This is obviously not the case, and I therefore wonder if you can give me 
any idea of the magnitude of the error likely to result from your assumption. 

M. Rosenblatt, Y. M. Ito, and G. E. Eggum (authors' closure)—A de
tailed calculation considering a deformable ZnSe target is described in 
Ref4. The results are very similar to the rigid target case at subsonic [Vo s 
366-m/s (1200 ft/s)] impact velocities on brittle elastic targets because 
the target surface deflections are very small compared to the water drop 
deformations. 

For a target material whose acoustic impedance is nearly the same as 
that of water, the assumption of essentially rigid target behavior is certainly 
not applicable. 

'Pennsylvania State University, State College, Pa. 16801. 
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-ŝ  a. 

Q 
' S 
o 

l - p •t,^ 
S'c 
1 S 
r ^ fc r* 

^ o 
^ ^ i , 
l - a 

l r * 3 
i-^ 
^s 

II 
?>^ 

i.r 
C 3 

S 0 
o "a 
s-s 
^ ^ 
^ =0 
?^ 
tS e 
4, 0 

^ 0, 
g 2̂  
a-^ 
— !h 

^ ^ 
3 S 

l l 

^1 
li. g. 

.1 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



252 EROSION: PREVENTION AND USEFUL APPLICATIONS 

B 

g ° 
• 

3" 
O 

d 

CJ 
o 
d 

o 

s 
d 

g 
d 

SI 
<N 
h. 

-a, 
3. 

tN 
C5 

** a 
^ 
W » 
•-̂  c 
- • S 
c t-

^1 i, " 
§ S 
la 
| 4 
•g & .e 2 
5 S 
<u C 

•Q -a 

gS 
•2 "2S 
•a 5! 
g e k. •--
" 5 |i 
o SD 

II 
g a 
5 5 .̂  ^ ^ s 
§ 1 

IS 
^ c 
2 S 

I 

H3 Z 

e 

o 
c <s 
1 

O 
uu 

« 
1 
5 
fc r̂  

"s> 
1 
•g 

<• 
>t; 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DISCUSSION ON SUBSONIC WATER DROP IMPACT 253 

%t 

-• 
4 r>j 

f-'rj 

fii"" 
' - • t i . 

2 
^. 
j i 

,̂  
U 

<!; 

" " " " • " * " * 

-̂  . 
: : : : ~ : : : : i i : _ i ^ : : i i i : i : _ _ i _ i : i : : ^ > , __ 
: : : : : : _ : _ - : : - v - - : _ : : 

, : : : : : : : _ _ : : i v _ : _ : : : : _ : 

\ \ 
\ ^ V 
\ ^ _ — - ,.- _w 

\ - - ' " " o " ' " 
\ •^ \ » -

\ 2 : : : : : : : - _ : : i _ __ \ _ ^-_ ^^_ 1̂  
\-C ', e . _ 

• _ ; ^._ 
ZZ'yZc' --------^- - - i " : - . . ; : • - • - ' / / / : _ _ „ „ _ „ . 2 _ 

i^:^.-y \-" z* " 
*-V^-* • ' • ' \ o 

P • I - ' . - ' - ' l * ' » U 
IJ t; - i - -" .-• -' ^ 

U tJ ' 1 U 

\a\o • j • " •• ' ~ " - . . . . . . , . . 

"pp " 1} 1 { 1 [j- • 
f l i t 

. . . 

' " / ' • " 
• • • • • 1 > • > 1 ' 1 1 1 1 , 1 -^ ' 

. . . . . . t i i t i i i - i -

/ " ^ ' 

. . . • r , . , • , 1 t 1 1 , , , j, , , X, . 
. . , , , , 1 , , . , t 1 , , , , .j, . . ^_ . 

1 • f » * ^ f r f f ^ * f f r r t r t ! r r * f t f r t U) 

/ / / ^ ^ y ^ ^ . - y ^ ^ ^ / / , • / • / - / / • , / > , , , , ^ 

/ \ ^ \ t f ^ , r ^ / ^ ^ f f f t * f * f '/r ^ f * , r . a. -

/ * / / / y ^ ^ ^ / / / / - / ^ ^ ^ * - , y , , , _ , , , l J . 
/ l / / / / x / * ' / / ^ / y * , . , - y . ^ . , . , . , ^ . 

/ | / / / / ^ / ^ / - . / ' ' ' ^ • 

•̂  1 ' / / / ^ / ' / > ^ . , ^ U J T 
1 I / / , - , . ^ : ^ 
i M » * ^^ 

\ X V X V . ^ ^ - - . 

L^\^^-^- - • • ' 
I \ \ \ v \ v * I ~ - - - - - - - I 1- -

B 

s 

5 -I 

• « « , 

• a .s 

if 

wa 

r 
r 
\ \ 

II 
P 
I 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



254 EROSION: PREVENTION AND USEFUL APPLICATIONS 

N. H. Macmillan^ {written discussion)—Could you explain the signifi
cance of the many "fractured cells" shown in Figs. 19-22? Do these repre
sent the formation of multiple concentric Hertzian-type cone cracks, re
peated bifurcation of one such crack, or some other mode of fracture? 

M. Rosenblatt, Y. M. Ito, and G. E. Eggum {authors' closure)—The 
target response to water drop impact is not a Hertzian response. The dy
namic tensile stresses which develop in the target vary both in space and 
time and are affected by the developing tensile cracks. The tensile response 
in the target is so great that there is sufficient time for many separate flaws 
to grow and form the crack patterns seen in Figs. 19-22. We have also 
included some earlier plots (Figs. 23-25) indicating the nature of the crack 
initiation and propagation processes.̂  (Note that these figures indicate all 
crack growth whereas Figs. 19-22 give only cracks with at least 10 percent 
growth.) 

^Pennsylvania State University, Materials Research Laboratory, University Park, Pa. 16802. 
^SeeRef5. 
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Response of Infrared Transmitting 
Materials to High-Velocity Impact 
by Water Drops 

REFERENCE: Hackworth, J. V., Kocher, L. H., and Snell, I. C , "Response of 
Infrared Transmitting Materials to High-Velocity Impact by Water Drops," Erosion: 
Prevention and Useful Applications, ASTM STP 664, W. F. Adler, Ed., American 
Society for Testing and Materials, 1979, pp. 255-278. 

ABSTRACT: An experimental and analytical program was performed to investigate 
the response of zinc selenide, zinc sulfide, and gallium arsenide to water drop 
impact. The experiments consisted of single-drop impact (0.7, 2.0, and 2.5-mm-
diameter drops and impact velocities of 222 and 341 m/s); overlapping drop impacts 
(2.0-mm drops at 222 m/s); and exposure at 222 m/s to the standard rainfield 
(1.8-mm drops, 2.54-cm/h rainfall rate). An analytical model was used to compute 
stresses induced in the materials by a single water drop impact. 

Within the conditions tested, each single-drop impact produced a ring fracture 
pattern characteristic of the material. Resistance to damage increased in the order 
zinc selenide, gallium arsenide, and zinc sulfide. The superior performance of zinc 
sulfide with respect to zinc selenide is attributed to the order-of-magnitude smaller 
grain size of zinc sulfide. Comparison with experimental results showed the analytical 
model to be a reasonable representation of the drop impact process. 

The rainfield test of zinc sulfide showed that transmittance loss at short wavelengths 
(0.5 to 2.1 iim) was linear with exposure time, indicating a dependence on the 
extent of subsurface damage. At wavelengths above 2.5 pm, there was an incubation 
period before loss of transmittance. The end of the incubation period and the start 
of transmittance loss were associated with the nucleation of surface pits. 

KEY WORDS: rain erosion, infrared window materials, single-drop impact, stress 
waves, erosion mechanisms, multiple-drop impact, erosion 

Materials being developed for infrared windows, for example, zinc 
selenide, zinc sulfide, and gallium arsenide, are all essentially brittle 
materials which will suffer serious degradation of transmittance when 
exposed to rainfields at moderate to high subsonic velocities. Knowledge 
of the mechanisms by which erosion is initiated and the relationship 

'Principal scientist, chief, Structural Analysis, and principal scientist, respectively, Bell 
Aerospace Textron, P. O. Box 1, Buffalo, N. Y. 14240. 
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256 EROSION: PREVENTION AND USEFUL APPLICATIONS 

between the loss of infrared transmission and the progress of erosion is 
necessary for the development of window materials with improved erosion 
resistance and for the development of techniques to protect the more 
susceptible materials. Up to now, only limited work has been done to 
characterize the response of these materials to raindrop impact. 

A complete understanding of the erosion process requires definition of 
the loads imparted to a surface by water drop impact, determination of 
the dynamic stresses generated in the material, and establishment of the 
response of the material to the dynamic stresses. These complex require
ments dictate a combined experimental/analytical approach such as was 
used in the investigation described in this paper. 

The experimental part of the investigation consisted of impacting the 
selected infrared window materials with single and overlapping water 
drops over a range of drop diameters and impact velocities to define 
erosion damage mechanisms. The materials were then exposed to multiple-
drop rainfields to determine the interaction between erosion damage and 
infrared transmittance. For the analytical part of the investigation, a 
computer program developed by Blowers [7]^ was used to calculate the 
transient stresses induced in the selected infrared window materials by 
impact with a single raindrop as a function of drop size and impact 
velocity. The calculated stress patterns were then compared with the 
results from the microscopic analyses of the single-drop impact sites to 
verify the validity of the analytical model. 

Procedures 

Materials 

The infrared window materials evaluated were zinc selenide, zinc sulfide, 
and gallium arsenide. The behavior of zinc selenide was investigated 
extensively to establish a data base to which the behavior of the other 
two materials could be compared at selected conditions of drop diameter 
and impact velocity. Polymethylmethacrylate (PMMA), Type G, was also 
included as a standard target material to characterize the various water 
drop environments. 

Zinc selenide and zinc sulfide, produced by the chemical vapor deposition 
(CVD) process, were procured as 0.95-cm-thick plates from the Raytheon 
Co. Specimens 2.22-cm square by 0.95-cm thick were cut from these 
plates and optically polished on both sides. Bilayered specimens were also 
prepared by bonding outer layers of 0.32-cm-thick CVD zinc sulfide, also 
from Raytheon, to some of the previously polished zinc selenide specimens. 
Lens cement was used for the bonds so the layers could be separated in a 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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decementing solution after the drop experiments. After bonding, the zinc 
sulfide layers were ground and polished to give three sets of specimens 
with zinc sulfide layer thicknesses of 0.25, 0.50, and 1.0 mm, respectively. 
Texas Instruments supplied the gallium arsenide specimens, 3.80 by 2.22 
by 0.95-cm thick, from material produced by horizontal gradient freeze 
from the melt. 

Specimens of each material were etched to reveal the microstructure. 
Zinc selenide and zinc sulfide were etched in a boiling solution of one 
part hydrochloric acid (concentrated) and one part water by volume. 
Gallium arsenide was etched in a room-temperature solution of three parts 
nitric acid (concentrated), one part hydrofluoric acid (48 percent), and 
four parts water by volume. The zinc selenide had a relatively large grain 
size with grain diameters as large as 0.10 mm; the grain size of the zinc 
sulfide was an order of magnitude less. The one specimen of gallium 
arsenide that was etched was composed of five grains, two of which were 
quite large. Knoop microhardness (50-g load) of the zinc selenide, zinc 
sulfide, and gallium arsenide was measured to be 100, 290, and 635, 
respectively. The elastic properties used for the analytical modeling are 
presented in Table 1. 

Impact Experiments 

The experiments as listed in Table 2 were performed in the Air Force 
Materials Laboratory (AFML)-Bell erosion facility which has been previously 
described [2]. A liquid drop generator was installed in the main chamber 
of the facility to permit the experimental investigation of the effects of 
single water drop impact on the target materials. With this single-drop 
generator, drops having preselected diameters in the range of 0.7 to 
2.5 mm could be produced in a controlled and reproducible manner. The 
standard rainfield used for part of the investigation was produced by spray 
nozzles and consisted of drops with a mean diameter of 1.8-mm falling 
at a rainfall rate of 2.54-cm per hour. The specimen to be tested was 
mounted on the end of a blade and rotated at the desired velocity through 
the selected environment. 

TABLE 1—Material properties. 

Density, kg/m-' 
Young's modulus, MPa 
Poisson's ratio 
Diltational wave speed, Ci, 
Shear wave speed Ci, m/s 
Ultimate flexural strength, 

m/s 

MPa 

Zinc 
Selenide 

5270 
67.2 X 10^ 

0.3 
4150 
2220 

58 

Zinc 
Sulfide 

4080 
74.5 X 10^ 

0.3 
4960 
2650 

110 

Gallium 
Arsenide 

5310 
84.8 X 10^ 

0.31 
4710 
2470 

140 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



258 EROSION: PREVENTION AND USEFUL APPLICATIONS 

TABLE 2—Experiments performed. 

Material 

ZnSe 
ZnSe 
ZnSe 
ZnSe 
ZnS 
ZnS 
GaAs 
ZnS layer on ZnSe 

0.25 mm ZnS 
0.50 mm ZnS 
1.00 mm ZnS 

Impact 
Velocity, 

m/s 

222 
222 
222 
341 
222 
341 
222 

222 
222 
222 

Single Drop 
Impact; 

Drop Dia
meter, mm 

0.7 
2.0 
2.5 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 

Overlapping 
Impact by 

Single Drop; 
Drop Dia
meter, mm 

0.7 
2.0 
2.5 

2.0 

2.0 

2.0 
2.0 
2.0 

Multiple-
Drop Impact 

m 
Rainfield" 

>̂  

(̂  

1^ 

"l.S-mm mean drop diameter at 2.54-cm/h rainfall rate. 

Analytical Modeling 

An analytical method developed by Blowers [/] was used to compute 
the stresses induced in the infrared window materials by impacts with 
single water drops. This analysis, completely described in Refs 3 and 4, 
provides the transient stress distributions within an elastic half-space 
subjected to a uniform pressure loading distributed over an expanding 
circular region. The model assumes a perfectly compressible liquid drop 
colliding with a rigid surface to compute the radius of the loaded region 
as a function of time. The uniform pressures applied to the expanding 
loaded regions were computed from a one-dimensional shock-wave rela
tionship for a water drop impacting a deformable solid and are listed in 
Table 3. 

The numerical calculations provide the stresses in cylindrical coordinates 
at all points within the elastic half-space except in the vicinity of the 
Rayleigh surface wave, where a nonremovable singularity in the equations 

TABLE 3—Water drop impact pressures predicted from 
one-dimensional shock-wave relationship. 

Substrate 
Material 

ZnSe 

ZnS 

GaAs 

Drop 
Velocity, 

m/s 

222 
341 
222 
341 
222 
341 

Pressure, 
MPa 

429 
749 
425 
742 
735 
761 
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prevails, and at the surface, where numerical instabilities result during 
evaluation of transformation integrals. It was found that the stresses 
were reasonably well behaved at a depth of 5.1 nm or greater below the 
surface. 

Results 

Single-Drop Experiments 

For all the conditions investigated, the impact of each individual water 
drop produced a ring fracture pattern on the infrared window materials 
and an annular indentation on the more readily deformed PMMA. Ex
amples of the sites of impact of 2.0-mm water drops at 222 m/s are shown 
in Fig. 1 for each material. The ranking of the materials in order of 
increasing resistance to visible impact damage was zinc selenide, gallium 
arsenide, and zinc sulfide. 

A summary of the effects of drop size and impact velocity on the dimen
sions of the damaged areas on the three materials is presented in Fig. 2. 
This figure is based on the average of the measurements of several impact 
sites for each impact condition. The 2.5-mm drops produced damaged 
areas almost identical in size and appearance to those produced by 2.0-mm 
drops. The damaged areas produced by the 0.7-mm drops, although 
similar in appearance, were considerably smaller than those produced 
by 2.0-mm drops. The increase in impact velocity from 222 to 341 m/s had 
a much greater effect on the dimensions of the damaged areas on PMMA 
than on zinc selenide. Except for their size, the impact sites on zinc selenide 
were surprisingly similar for both velocities. 

Specimens of each material were etched subsequent to single-drop 
impact to reveal interactions between the ring fractures and the microstruc-
ture. The etchants were described in the "Procedures" section. The 
fractures on zinc selenide were primarily transgranular as shown in Fig. 3, 
with some intergranular fractures and dislocation etch pits near the inner 
radius of the damaged area as shown in Fig. 4. This pattern of trans-
granular cracks at the outer radius of the damaged area with intergranular 
cracks and dislocation etch pits at the inner radius was typical of all single-
drop impact sites formed on zinc selenide at 222 m/s regardless of the 
drop size. The transgranular fractures were not associated with the twins, 
which were quite common in this material. 

The transgranular nature of the fractures on zinc sulfide are illustrated 
in Fig. 5; no evidence of intergranular cracks or etch pits was found even 
with electron microscopic examination of several sites. Examination of the 
etched gallium arsenide specimen revealed no interaction of the fractures 
with grain boundaries or twin boundaries; however, preexisting surface 
scratches served as nucleation sites for damage as illustrated in Fig. 6. 
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la) POLYMETHYMETHACRYLATE 

ib) ZINCSELENIDE 
(c) GALLfUM ARSENIDE 

W ZINC SULFIDE 

FIG. 1—Damage produced by impact with 2.0-mm-diameter water drop at 222 m/s. 

Etching also revealed that many of the cracks were associated with particles 
of a second phase as shown in Fig. 7. 

Transmitted light disclosed that considerably more subsurface damage 
was produced in zinc selenide than in zinc sulfide as shown in Fig. 8. The 
surface cracks on zinc selenide were found to propagate into the material 
at an angle of approximately 45 deg to a maximum depth of approximately 
0.14 mm as shown in Fig. 9. This depth is somewhat greater than the 
diameter of the largest grains in the zinc selenide. Etching the cross-
sectioned impact site in Fig. 9 showed that the cracks were not restricted 
to the largest grains; they typically traversed three average-sized grains. 
Attempts to polish and examine the cross section of an impact site on zinc 
sulfide were unsuccessful; however, an estimate of the depth of the cracks 
can be made from their projection at the higher magnification in Fig. 8c. 
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(al LOCATION OF INDENTED ANNULUS 

lb) MAJORITY OF CRACKS WERE WITHIN SOLID OUTLINE 
ALTHOUGH SOME CRACKS OCCURRED OUT TO RADIUS 
SHOWN BY PASHEP OUTLINE. 

FIG. 2—Size of damaged area produced by impact with single water drop. 

If it is assumed that the cracks penetrate at a 45-deg angle, their maximum 
depth would be 0.007 mm. This is somewhat less than the diameter of the 
largest grains and about one-twentieth the depth of crack penetration on 
zinc selenide. 

Tests were also performed with zinc selenide specimens to determine 
how material damaged by a drop impact would respond to subsequent 
drop impacts which overlapped the original ring fracture site. An example 
of overlapping ring fractures formed by three 2.0-mm drops at 222 m/s is 
shown in Fig. 10. There was surprisingly little enhancement of damage 
in the region of overlapping ring fractures in this early stage of erosion; 
that is, a subsequent drop impact did not appear to significantly increase 
the extent of subsurface damage caused by the first drop. As revealed 
visually with transmitted light, subsurface damage at regions of overlap 
did not appear to be much greater than would be expected from the 
addition of the damage caused by each drop separately. 

Ring fractures formed on the zinc sulfide layers of the bilayered speci
mens by impact with 2.0-mm drops at 222 m/s are shown in Fig. 11. 
The ring fractures on the 0.25-mm layer were somewhat more extensive 
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TSian 

FIG. 3—Transgranular ring fractures formed on zinc selenide by impact with 2.5-mm drop 
at 222 m/s. 

than those previously observed on homogeneous zinc sulfide specimens 
(Fig. 1), while the ring fractures on the 0.50-mm layer were comparable to 
those on the homogeneous specimens. The ring fractures on the 1.00-mm 
layer were similar to those on the 0.50-mm layer and therefore are not 
included in Fig. 11. 

There was no evidence that the drop impacts had affected the bond 
between the layers on any of the bilayered specimens. Examination of the 
back face of the 0.25-mm zinc sulfide layer after it was removed in the 
decementing solution showed that the ring fractures had not penetrated 
through the layer. This observation agrees with the maximum crack depth 
of approximately 0.007 mm on the homogeneous zinc sulfide specimens. 

Rainfield Experiments 

The effects of exposure to the standard rainfield upon infrared trans-
mittance at selected wavelengths are listed in Table 4 for zinc selenide, 
gallium arsenide, and zinc sulfide. These data were taken from, and are 
representative of, the continuous scans between 0.5 and 2.1 /xm and 2.5 
and 25 /im which were made for each specimen after each increment 
of exposure. 
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t^^m 
FIG. 4—Intergranular cracks and etch pits at inner radius of ring fracture zone formed on 

zinc selenide by impact with 2.0-mm drop at 222 m/s. 

It is obvious from the data in Table 4 that zinc sulfide is the most 
erosion resistant of the three materials. In the near infrared range of 
0.7 to 2.1 jum, the transmittance of all three materials was significantly 
reduced in the initial stage of erosion. This reduction was almost linear 
with exposure time. For zinc sulfide, on the other hand, there appeared 
to be an incubation period before significant loss of transmittance occurred 
in the longer wavelength band above 2.5 /̂ m. The erosion of zinc selenide 
and gallium arsenide was too rapid to establish the presence of an incuba
tion period for loss of transmittance at the longer wavelengths. It is thought 
that these two materials would also exhibit an incubation period if exposed 
to a less severe rainfield. 

The progress of surface damage with exposure time at a selected site 
on the zinc sulfide specimen is shown in Fig. 12. Nucleation of pits was 
apparent after 160 s and some of the pits had grown quite large by 240 
s. This time range (160 to 240 s) also encompasses the end of the incuba
tion period prior to transmittance loss for the longer wavelengths. Similar 
large pits were present on the zinc selenide specimen after 20 s and on the 
gallium arsenide specimen after 40 s, at which times transmittance for 
the longer wavelengths had decreased significantly. 
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FIG. 5—Transgranular ring fractures formed on zinc sulfide by impact with 2.0-mm drop 
at 222 m/s. 
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Scratch 

i 0,15 mm 
FIG. 6—Enhancement of damage by scratches on surface of gallium arsenide. 
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h H 10 um 

FIG. 7—Second-phase particles associated with ring fracture cracks on gallium arsenide. 

Analytical Modeling 
The radial stress, generally compressive under the loaded region, was 

found to have significant tensile values outside of the loaded region. It is 
this stress which causes the ring fracture damage in the impacted material. 
The remaining stresses were primarily compressive at all points except for 
small tensile values which occurred just outside the loaded boundary and 
which are not thought to contribute to failure. Values of the highest radial 
tensile stress predicted for each impact case are listed in Table 5. As can 
be seen, the mathematical model predicted stresses which greatly exceeded 
the ultimate strength of the materials for all conditions. 

Selected examples of the plots of computed radial stress, a„, are pre
sented in Fig. 13. The magnitudes of the stresses have been normalized 
and the actual stresses can be found by multiplying the normalized values 
by the appropriate impact pressures, Po, in Table 3. The radial distance, 
r, in the stress plots is measured from the center of impact. 

Examination of Figs, \3a-d reveals that both the radial location at 
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0.15 mm ' • i-
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M * ^ ^ 

(a) ZINCSELENiDE 

(b) ZINC SULFIDE 

fc} ZINC SULFIDE 

FIG. 8—Subsurface damage at impact sites formed by impact with 2.0-mm drops at 
222 m/s as revealed by transmitted light. 
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H 
0.15 mm 

FIG. 9—Cross section of site on zinc selenide where 2.5-mm drop impacted at 222 m/s. 

REFLECTED LIGHT 

0.50 mm 

TRANSMITTED LIGHT 

FIG. 10—Overlapping triplet ring fractures on zinc selenide impacted by 2.0-mm drops at 
222 m/s. 
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0.25 mm ZnS LAYER 0J50 mm ZnS LAYER 

0£Omm 

FIG. 11—Damage produced on zinc sulfide/zinc selenide bilayered specimens by impact 
with 2-mm drop at 222 m/s. 

which the tensile stress peaks and the magnitude of the peak stress in
crease with drop size and impact velocity for a given material (zinc selenide). 
Comparison of the stress curves (Fig. 13) with the locations of ring fracture 
(Fig. 2) shows that the radial locations where the computed tensile stresses 
peaked correspond closely with the experimentally determined locations at 
which ring fractures formed. The only exception appears to be gallium 
arsenide where the first fractures occurred at a radial distance of 0.35 mm, 
which was larger than the radial distance of 0.20 mm where the tensile 
stress reached its maximum peak value. The predicted wave forms at a 
distance of 0.20 mm were triangular spikes for all three materials. The 
fact that gallium arsenide was the only material which did not fracture at 
this location, even though the maximum stress was greatest, suggests the 
possibility that the fracture of gallium arsenide is more sensitive than that 
of zinc selenide or zinc sulfide to stress rate or to the duration of the 
applied tensile stress. 

Figure 14 shows the maximum value of the computed radial tensile 
stress as a function of depth below the surface for a 2.0-mm drop impact
ing zinc selenide at 222 m/s. For each depth, the stress at several radial 
locations was computed and the maximum value selected for this curve. 
The radial stress falls off rapidly below a depth of 25 fira and by 100 pim is 
less than the reported fracture strength. For zinc sulfide, which has a 
stress-versus-depth curve similar to Fig. 14, the radial tensile stress would 
be less than the reported fracture strength below a depth of 50 ^m. 

Discassion 

Single-Drop Experiments 

The superior erosion resistance of zinc sulfide as compared to zinc 
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TABLE 5—Predicted peak radial tensile stresses for 222- and 341-m/s water drop impacts. 

Material 

ZnSe 

ZnS 

GaAs 

Drop 
Diameter, 

mm 

0.7 
2.0 
2.5 
0.7 
2.0 
2.5 
0.7 
2.0 
2.5 

Stress, MPa, 

v„ 

atz = 

= 222 m/s Vo 

103 
214 
240 

79 
196 
230 

200 

= n.i nm' Stress, MPa, 

= 341 m/s Vo 

240 
524 
614 
207 
475 

456 

at z 

= 222 m/s Vo 

188 
369 
442 

285 

374 

= 5.1 ^m" 

= 341 m/s 

464 
973 

757 

"z is the depth below the impacted surface of the material. 

selenide was evidenced by the shallower depth of the ring fractures on zinc 
sulfide. This shallow depth is undoubtedly related to the smaller grain 
size of the zinc sulfide, an order of magnitude less than that of the zinc 
selenide. The small grains would limit the depth of penetration of the 
fractures, which must cross grain boundaries and undergo directional 
changes in neighboring grains with different crystallographic orientations. 
It is probable that a decrease in the grain size of zinc selenide would 
increase its resistance to damage from water drop impact. 

Gallium arsenide was less resistant than zinc sulfide to water drop 
impact damage even though it had greater hardness and was somewhat 
higher in strength. Unlike zinc selenide and zinc sulfide, gallium arsenide 
appeared to exhibit an interaction between the ring fractures and material 
defects which were resolvable with optical and electron microscopy. The 
extent of the cracking was enhanced by the presence of scratches on the 
surface and second-phase particles within the grains, both of which would 
intensity the stresses generated by water drop impact. It is probable that 
a water drop impact would have produced ring fractures even without 
the presence of scratches and second-phase particles; however, these 
microstructural defects certainly contributed to the low erosion resistance 
of gallium arsenide by increasing the extent of ring fractures formed by a 
water drop impact. 

The lack of significantly enhanced damage at sites of overlapping drop 
impact on zinc selenide was somewhat unexpected based on the results of 
an investigation by Adler [5] on the erosion of glass specimens impacted 
with glass beads. Adler observed that pits were nucleated at triplet impact 
sites by the ejection of material which was undermined by the juncture 
of the conical ring fractures formed by the three impacts. He used this 
observation as the basis for establishing the pit nucleation criterion for a 
pit nucleation and growth model of erosion of brittle materials by rain-
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FIG. \2—Distribution of radial stress at depth of 5.1 /xm below the surface. 
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FIG. 14—Variation of peak radial stress (at t = 0.1 its) with depth for a 2.0-mm water 
drop impacting zinc selenide at 222 m/s. 

drops and by solid particles. The experimental results from this program 
indicate that triplet water drop impacts do not nucleate a pit on the surface 
of zinc selenide. Although no triplet water drop impact sites were obtained 
on zinc sulfide or gallium arsenide, the examination of doublet impact 
sites makes it appear unlikely that the impact of a third drop would 
nucleate a pit on these materials. The performance of zinc sulfide in the 
rainfield experiments also demonstrated that a large number of overlapping 
impacts is required before significant material removal occurs. 

The single-drop experiments with the bilayered specimens demonstrated 
the promise of using a relatively thin layer of erosion-resistant material to 
protect a less erosion-resistant substrate. The basic nature of the water 
drop impact damage on thin zinc sulfide protective layers with a thickness 
of 0.50 mm and greater was comparable to that on a thick, homogeneous 
zinc sulfide specimen. The presence of the interface and the different 
mechanical and physical properties of the zinc selenide substrate did not 
significantly affect the response to water drop impact of zinc sulfide layers 
having a thickness of 0.50 mm and greater. These experimental results 
substantiated the analytical model, which showed that the stresses generated 
by drop impact decay rapidly with depth below the surface (Fig. 14). In 
practice, the thickness of the zinc sulfide protective layer will be controlled 
by the progress of erosion in a rainfield. The surface pits which produced 
loss of transmittance for bulk zinc sulfide were found to increase in depth 
as they grew laterally upon continued exposure to the rainfield. The rate at 
which these pits deepen will dictate the required thickness of the protective 
layer. 

Rainfield Experiments 

The series of experiments in the rainfield provided information on the 
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operative erosion mechanisms for the three materials and the correlation 
between erosion and loss of transmittance. For zinc sulfide, transmittance 
of the shorter wavelengths (0.5 to 2.1 /xm) began to decrease with the 
subsurface damage caused by the initial drop impacts and continued to 
decrease almost linearly with exposure time as the amount of subsurface 
damage increased with additional drop impacts. On the other hand, there 
was an incubation period before loss of transmittance occurred for the 
longer wavelengths above 2.5 /̂ m. Actually, the transmittance for the 
longer wavelengths increased during the incubation period (Table 4). The 
incubation period lasted for somewhere between 160 and 240 s, which also 
corresponded to the time for nucleation of relatively large surface pits as 
illustrated in Fig. 12. 

The loss of transmittance for the two wavelength ranges appears to be 
caused by different types of damage. The formation and subsurface 
extension of the ring fractures which occur prior to nucleation and growth 
of large surface pits appear to be the major contributors to transmittance 
loss at wavelengths between 0.5 and 2.1 /xm. The transmittance loss at 
this shorter wavelength range may be controlled by the area of the ring 
fractures projected perpendicular to the beam. This would account for 
the observed linear decrease in transmittance with increase in time of 
exposure to the rainfield, that is, with the number of drop impacts per 
unit area. 

Surface pits, rather than surface or subsurface cracking, appear to be 
the primary cause of transmittance loss at the longer wavelengths above 
2.5 ;̂ m. Transmittance of longer wavelengths does not decrease during the 
initial incubation stage, while the extent of subsurface cracking increases. 
Once surface pits have nucleated and started to grow in lateral area, 
transmittance of longer wavelengths starts to decrease and is inversely 
proportional to the percentage of total pitted area. 

Zinc selenide and gallium arsenide eroded too rapidly in the rainfield 
to provide a sufficient number of exposures for a complete analysis of the 
relationship between transmittance and erosion damage. Large pits had 
formed and started to grow laterally on zinc selenide in 20 s and on gallium 
arsenide in 40 s. These times corresponded to the times at which trans
mittance of wavelengths above 2.5 fxm began to decrease significantly. 
It is likely that the relationship between transmittance and erosion for 
these two materials is similar to that proposed in the foregoing for zinc 
sulfide, although fewer overlapping impacts would be required to nucleate 
a surface pit and terminate the incubation period. 

Analytical Modeling 

The predictive capability of the analytical model appears reasonable 
when the computed stresses are compared with the results obtained from 
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the single-drop impact experiments. For the materials considered and for 
the ranges of drop sizes and velocities investigated, the mathematical 
model predicted that stresses would exceed the published ultimate flexural 
strengths of the materials. The materials, in fact, did fracture upon 
single-drop impact for all conditions tested. 

Zinc sulfide (Fig. 13e) provides an interesting case since the radial 
locations where stresses were computed bracketed the region of ring 
fractures observed in the experiments. At radial distances of 0.10 and 0.50 
mm, predicted peak stresses were 196 and 225 MPa, respectively, and 
fracture did not occur. Fracture occurred at in-between radial locations 
where the predicted peak stress ranged from 243 to 285 MPa. These 
values are 2.2 to 2.6 times higher than the published fracture strength of 
110 MPa. For the case of zinc selenide impacting 0.7-mm-diameter drops 
at 222 m/s (Fig. 13fl), fracture did not occur at a predicted stress of 99 
MPa (r = 0.05 mm) but did occur at a predicted stress of 145 MPa 
(r = 0.25 mm). This latter value is 2.5 times higher than the published 
fracture strength of 58 MPa, 

It is not surprising that the predicted stresses where ring fractures 
occurred were considerably higher than the published fracture strengths 
of the materials. The fracture strength of brittle materials is controlled 
by the tail of the size distribution curve at large flaw sizes. In the normal 
flexural test, the stress is distributed within a large volume of material so 
the largest flaws will inherently limit the strength. The stress generated by 
a water drop impact samples a relatively small volume of material where 
the defects are primarily at the microstructural level, resulting in a higher 
fracture strength. 

Caution must be used, however, in correlating the predicted stresses 
with measured fracture strengths—for two reasons. First, the assumptions 
inherent in the model probably introduce errors into the values of the 
computed stresses. For example, no provision is made for pressure decay 
as the contact area expands, so the predicted stresses are probably some
what high at the larger radial locations. Secondly, the use of the quasi-
static ultimate strength of the material as the failure criterion for the 
dynamic case of water drop impact is undoubtedly an oversimplification, 
but at this time no better criterion is felt to exist. 

The analytical model also showed that ring fracture from single-drop 
impact is a surface phenomenon (Fig. 14). The computed depth of 100 /xm 
at which the radial stress generated in zinc selenide, by impact at 222 m/s 
with a 2.0-mm drop, fell below the ultimate strength correlated well with 
the 140-^m depth of the actual fractures shown in Fig. 9. Figure 9 is the 
site of impact by a 2.5-mm drop; however, the site of impact by a 2.0-mm 
drop is quite similar. Again, this correlation between the predicted stress 
pattern and the experimentally determined fracture pattern verifies the 
validity of the analytical model. 
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Conclusions 

Impacting specimens with single water drops proved to be an excellent 
method to study the behavior of zinc selenide, zinc sulfide, and gallium 
arsenide in the early incubation stage of erosion before significant material 
removal. The rainfield experiments, in turn, proved the importance of the 
incubation stage in the overall erosion process. 

Lengthening the incubation period appears to be the most promising 
method to improve the overall performance of the infrared window materi
als. The length of the incubation period is controlled by the response to 
drop impact of a relatively shallow surface layer. Thus, techniques to form 
compressive layerŝ  on the outer surfaces of infrared window materials 
should be a fruitful area for investigation. 

The analytical model provided valuable insight into the transient stress 
patterns produced by drop impact. Comparisons between the predicted 
stress patterns and the experimentally induced ring fractures verified the 
basic validity of the approach used in the formulation of the model. For 
future applications, the model can be made even more representative of 
the actual impact event by incorporation of a timewise decay of the impact 
pressure and allowance for compressibility of the liquid drop. 
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ABSTRACT: The influence of materials and construction variables on the rain erosion 
behavior of layered infrared window materials has been investigated at 210 m/s in the 
simulated rain environment (1.8 mm drop diameter, 2.5 cm/h rainfall rate) of the Air 
Force Materials Laboratory rotating-arm apparatus. 

Outer-layer materials included chemical vapor deposited (CVD) zinc sulfide, hot-
pressed zinc sulfide, and CVD gallium arsenide. These materials were either deposited 
directly onto CVD zinc selenide substrates or adhesively bonded to the zinc selenide. 

In general, damage mechanisms and relative rates of degradation were predictable 
from studies of the erosion behavior of homogeneous specimens. The effect of layer 
thickness on erosion behavior was determined for outer layers of CVD zinc sulfide. For 
outer layers thicker than approximately 1.0 mm, damage in the layered specimens was 
comparable to that in homogeneous CVD zinc sulfide specimens. The amount of 
multiple impact damage in layers thinner than 1.0 mm compared with that in thicker 
layers depended upon the technique of fabrication. Damage was more severe for 
thinner layers bonded to zinc selenide but was somewhat reduced for thinner layers 
deposited directly on zinc selenide. 

The effect of grain size on erosion resistance was demonstrated by comparison of the 
behavior of layers of CVD gallium arsenide bonded to zinc selenide with that of 
gradient-freeze grown gallium arsenide. The CVD material was more resistant to 
impact damage because of its much smaller grain size. 

Thin films deposited on zinc sulfide and gallium arsenide as antireflection coatings 
were susceptible to removal by drop impacts and the subsequent radial outward flow 
of water away from the impact site. However, more durable antireflection coatings on 
zinc sulfide have been developed. 

KEY WORDS: rain erosion, infrared window materials, zinc sulfide, drop impact, 
erosion mechanisms, gallium arsenide, erosion 

Materials which are transparent to infrared radiation are susceptible to 
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rain erosion damage after relatively short exposures to rain at moderate to 
high subsonic velocities. Since lattice absorption generally shifts to shorter 
wavelengths as physical properties improve [1],^ the few materials which 
transmit radiation between 8 and 12 iim are generally more susceptible to 
erosion damage than other transparent materials. Of the materials which 
transmit in this region, the leading candidates for high-velocity infrared 
window applications are zinc sulfide, zinc selenide, and gallium arsenide. 

The rain erosion behavior of these materials has been investigated at the 
Air Force Materials Laboratory (AFML), as well as at other laboratories 
[2,3]. Exposure of these brittle materials to multiple water drop impacts at 
subsonic velocities produces mechanical and optical degradation. Fracture 
initiates at or near the window surface in the vicinity of a drop impact due 
to the large transient tensile stresses which occur there. Once a crack is 
nucleated by a drop impact, it is propagated during subsequent loading 
cycles. The network of internal fracture surfaces which is produced by this 
crack nucleation and propagation process causes the infrared transmission 
through these materials to be greatly reduced before significant removal of 
material from the window surface occurs. 

Of the three materials listed in the foregoing, zinc selenide is the most 
desirable window material because of its excellent optical properties over 
all required wavelengths from 0.5 to 12 /xm. However, its rain erosion 
resistance is much less than that of gallium arsenide or zinc sulfide. Zinc 
sulfide is the most erosion resistant of the materials, but its usefulness is 
limited by scatter at visible wavelengths and intrinsic absorption beyond 
10.5 fitn. Therefore, in order to produce an infrared window with the 
optimum optical properties and rain erosion resistance currently possible, 
layered or composite window constructions are being developed. A zinc 
selenide substrate with a thin outer layer of zinc sulfide is one of the more 
promising structures of this type because it combines the erosion resistance 
of zinc sulfide with the optical properties of zinc selenide. 

Single or multilayer thin films applied as antireflection coatings on 
infrared windows are a special case of layered materials. In infrared ap
plications, these coatings are required because of the large transmission 
losses which occur due to reflection at the surfaces of zinc selenide, zinc 
sulfide, and gallium arsenide. Because removal of these coatings sig
nificantly degrades the effectiveness of the infrared system, their durability 
in a rain environment is critical. 

Procedure 

The material specimens investigated in this program were all obtained 
from Air Force research and development contracts. Two techniques for 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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fabricating layered window materials were evaluated. The first technique 
was chemical vapor deposition of zinc sulfide directly onto a polished 
substrate of chemical vapor deposited (CVD) zinc selenide. This technique 
is described in Ref 4. The second technique involved adhesively bonding 
the outer layer material to the CVD zinc selenide substrate. Outer-layer 
materials used in the second technique included CVD and hot-pressed zinc 
sulfide and CVD gallium arsenide. Zinc sulfide has been bonded to zinc 
selenide with no degradation in optical properties, using a chalcogenide 
glass from the arsenic-sulfur-selenium (As-S-Se) system as the adhesive. 
Fabrication of windows using this technique is described in Ref 5. Other 
specimens for evaluation of rain erosion behavior only were fabricated 
using an optical cement, such as Loctite 307, as the adhesive. Additional 
information characterizing the materials as required to properly interpret 
the results is provided in later discussions. 

The erosion experiments were performed in the AFML rotating-arm 
facility, which has been previously described [6]. Specimens 3.8 by 1.3 by 
0.5 cm thick, with top and bottom surfaces optically polished, were 
mounted at the end of a blade and rotated at a velocity of 210 m/s through 
the rain environment. The rain environment was produced from hypo
dermic needles located above the arm. The environment consisted of water 
drops with a mean drop diameter of 1.8 mm falling to produce a rainfall 
rate of 2.54 cm/h. The drops impacted the specimens at an angle of 90 deg 
with respect to the surface, except in a few cases where the impingement 
angle was 78 deg. 

Results 

Zinc Sulfide Bonded to Zinc Selenide 

Composite windows of zinc sulfide and zinc selenide were formed by 
first inserting a thin slide of As-S-Se glass between the optically polished 
mating surfaces of the two window components. The assemblage was then 
heated and compressed between hot platens so that the glass wetted the 
materials to be joined and flowed to form a thin layer. The glass layer was 
uniform and typically 10 /̂ m thick. Final polishing of the outer faces was 
performed after the joining process. 

Damage mechanisms due to rain drop impacts in the CVD zinc sulfide 
layers were the same as those previously observed in homogeneous zinc, 
sulfide specimens; that is, cracks forming broken concentric rings initiated 
at the surface and propagated into the specimen. Although complete ring 
cracks were generally not formed by a single drop impact on zinc sulfide at 
210 m/s, several complete rings were observed after multiple impacts had 
occurred in the area. These cracks were initiated possibly by impacts of 
somewhat larger drops which might occasionally be present in the rainfield. 
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Figure 1 illustrates the type of damage observed in CVD zinc sulfide 
after 20 min exposure to 2.54-cm/h rainfall at 210 m/s. The reflected light 
micrograph in Fig. la and the transmitted light micrograph in Fig. 16 
reveal the extent of surface damage and subsurface damage, respectively. 
Notice that most of the damage which results in the transmittance loss is 
subsurface, and that only a small amount of surface pitting has occurred 
at cracks. Cracks have propagated to a maximum depth of about 1.0 mm. 

Although a network of transgranular cracks has been formed by the 
many drop impacts which have occurred, the original ring crack for
mations are still indicated. This is not surprising since examinations of 
overlapping single impacts indicate a tendency for the central undamaged 
region at the first impact site to resist damage from subsequent impacts. 

CVD zinc sulfide layers of various thicknesses from 0.38 to 2.1 mm 
bonded to zinc selenide were investigated to determine the influence of 
thickness on the rate of multiple impact damage. Figure 2 shows erosion 
damage after 20 min at 210 m/s in specimens with 0.38- and 1.5-mm-
thick layers of CVD zinc sulfide bonded to zinc selenide. 

The damage in the 1.5-mm layer of CVD zinc sulfide was very similar to 
that in homogeneous zinc sulfide. Damage was confined to the zinc sulfide 
layer, and no delamination occurred at the bond line. Average crack 
depths were on the order of 0.3 mm with some crack depths as large as 1.0 
mm. Considering these results, one would expect cracks to propagate 
through the 0.38-mm layer of zinc sulfide and into the zinc selenide. 
This was indeed the case, and extensive cracking in the zinc selenide 
results in large dark areas as shown in Fig. 2c. The total depth of these 
cracks was significantly greater than 1.0 mm because crack propagation 
occurs at lower stress in the zinc selenide than in the zinc sulfide layer. 

In general for these exposure conditions, the erosion resistance of the 
layered specimens was as good as that of homogeneous CVD zinc sulfide if 
the thickness of the outer layer was greater than 1.0 mm. Similar results 
were obtained for specimens exposed for 3 min at 257 m/s. Although the 
effect of velocity on optimum layer thickness should be further investi
gated, it appears that for practical purposes the thickness should be some
what greater than the maximum depth of cracks which could be tolerated 
by the infrared imaging system. 

In addition to CVD zinc sulfide, hot-pressed zinc sulfide was also briefly 
investigated as an outer-layer material which could be bonded to zinc 
selenide. Although the hot-pressed and CVD material have similar me
chanical properties, their erosion behavior was significantly different. Hot-
pressed zinc sulfide was more susceptible to damage by multiple water 
drop impacts than was CVD zinc sulfide. The difference in behavior 
is shown by the transmitted light micrographs in Fig. 3. Both specimens 
were exposed for 30 min at a velocity of 210 m/s and an impingement angle 
of 78 deg. CVD zinc sulfide showed essentially no surface pitting while 
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FIG. 1—Micrographs of multiple water impact damage in CVD zinc sulfide using (a) 
reflected light and (b) transmitted light (scale marks indicate 200 nm). 
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FIG. i—Comparison of rain erosion behavior of (a) hot-pressed zinc sulfide and (b) CVD 
zinc sulfide (scale marks indicate 100 fim). 
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there was extensive surface pitting in the hot-pressed zinc sulfide outer 
layer. The ring cracks penetrated to approximately the same depth in both 
materials but to a significantly lesser depth than those shown in Fig. 1 for 
zinc sulfide impacted at a 90-deg angle. 

The microstructure and mechanisms of erosion of hot-pressed zinc 
sulfide were examined. The microstructure was equiaxed with pronounced 
twinning and a mean grain size of 5 fim. The erosion pits, as illustrated by 
Fig. 4, were formed by intergranular fracture which resulted in the removal 
of whole grains. There was virtually no evidence of the transgranular 
fracture which occurred in CVD zinc sulfide, indicating relatively poor 
bonding between the zinc sulfide grains. Because of its lack of erosion 
resistance, hot-pressed zinc sulfide was not investigated further as an 
outer-layer material for composite windows. 

Zinc Sulfide Deposited on Zinc Selenide 

Composite zinc sulfide-zinc selenide windows may also be prepared by 
depositing zinc sulfide directly onto polished zinc selenide substrates. 
Specimens prepared using this technique were investigated to again de-

FIG. 4—Erosion pitting in hot-pressed zinc sulfide by intergranular fi-acture. 
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termine the effect of thickness of the zinc sulfide layer on erosion behavior. 
Outer-layer thicknesses from 0.5 to 3.0 mm were obtained by varying the 
depth of grinding and polishing on the top and bottom surfaces of these 
composite specimens. 

The mechanisms of erosion damage in these layers were once again similar 
to those in homogeneous zinc sulfide. Figure 5 shows the microstructure 
and cracking in a 0.5-mm zinc sulfide layer which had been etched after a 
20-min exposure to the rainfield. The transgranular nature of the cracks 
which initiated at the surface is characteristic of CVD zinc sulfide. The 
fine, equiaxed microstructure with a mean grain size of 6 /nm is also typical 
of homogeneous zinc sulfide specimens. 

As was the case for the adhesively bonded composites, the damage in 
zinc sulfide layers thicker than 1.0 mm was the same as that in homoge
neous zinc sulfide. However, for all specimens with outer layers of 0.5 and 
0.65 mm, the amount of damage after 20 min at 210 m/s did not increase, 
but was noticeably less than that in homogeneous zinc sulfide. The amount 
of damage in a specimen with an outer layer of 0.5 mm shown in Fig. 2d 
may be compared with the damage in a homogeneous zinc sulfide speci
men in Fig. 2a. The density of transgranular cracks on the surfaces of the 

FIG. 5—Microstructure and transgranular cracking of CVD zinc sulfide layers; reflected 
light (scale mark indicates 20 fim). 
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two specimens was approximately equal, but the cracks propagated much 
shorter distances into the thin zinc sulfide layer. Average crack depths in 
the layer were only 0.05 mm, and the maximum depth to which cracks 
propagated was not more than 0.15 mm. This contrasts with a maximum 
depth of 1.0 mm in homogeneous zinc sulfide. Besides the depth of crack 
propagation, there was nothing to distinguish the damage in thin zinc 
sulfide layers deposited on zinc selenide from that in thicker layers or in 
homogeneous zinc sulfide. 

CVD Gallium Arsenide Bonded to Zinc Selenide 

The erosion resistance of gallium arsenide produced by a horizontal 
gradient-freeze technique is greater than that of CVD zinc selenide but less 
than that of CVD zinc sulfide. One reason for the low resistance of gallium 
arsenide grown from the melt is its large grain size. With the CVD process, 
gallium arsenide with a much finer microstructure may be produced. The 
rain erosion behavior of two specimens, one with a 0.5-mm outer layer of 
CVD gallium arsenide and the other with a 1.0-mm outer layer bonded to 
zinc selenide, was investigated. 

Figure 6 compares the erosion damage in the 1.0-mm CVD gallium 
arsenide layer with that in a homogeneous gradient-freeze gallium arsenide 
specimen. Both specimens were exposed for 10 min at 210 m/s. 

The gradient-freeze specimen contained a few large grains several milli
metres in size. Fracture occurred along preferred cleavage planes with 
relatively long straight cracks visible on the surface. After these cracks 
initiated, they propagated into the specimen, forming internal fracture 
surfaces which have been observed using an infrared microscope. This 
internal damage and the surface pitting which occurred at intersecting 
cracks were responsible for a significant loss in transmission. 

The relatively small grain size of 40 nm of the CVD gallium arsenide 
shown in Fig. 6a tended to limit the transgranular crack length. The 
propagation of cracks, which had to cross grain boundaries and undergo 
directional changes in neighboring grains of different orientation was 
reduced. Short straight cracks, approximately equal in length to the grain 
size, were observed on the surface. These cracks formed broken concentric 
rings similar to those observed in zinc selenide and zinc sulfide. 

The optimum thickness for the gallium arsenide layer was not deter
mined. The damage after 5 min exposure in the 0.5-mm layer was approxi
mately equal to that in the 1.0-mm layer after 10 min exposure. The 
damage in layers greater than 1.0 mm was not determined. 

Thin-Film Antireflection Coatings 

The importance of a durable antireflection coating for infrared windows 
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FIG. d—Comparison of erosion damage on (a) a CVD gallium arsenide layer and on 
(b) gradient-freeze grown gallium arsenide (scale marks indicate 200 nm). 
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with high indexes of refraction has been pointed out. Many coating ma
terials and combinations only micrometres thick have been investigated. 
Results for two coatings on zinc sulfide and one on gallium arsenide are 
presented to characterize the erosion behavior of these thin films. 

The coating shown in Fig. la was typical of antireflection coatings on 
zinc sulfide before rain erosion resistance was emphasized as an important 
property. This five-layer coating, consisting of alternating zinc selenide and 
thorium fluoride layers with an outer layer of cerium fluoride, was exposed 
for 10 min at 210 m/s and a 78-deg impact angle. Removal initiated at 
ring cracks in the coating, occurred in layers, and became significant after 
10 min. Flow of water over the surface was responsible for lifting and 
tearing away of the coating at imperfections such as cracks or at exposed 
edges of the coating. The coating did not affect the erosion behavior of the 
zinc sulfide substrate. 

The durability of the coating shown in Fig. lb is typical of that which 
has been obtained for antireflection coatings on zinc sulfide by adjusting 
deposition parameters for optimum erosion resistance. This two-layer 
coating, consisting of a neodymium fluoride layer over a zinc selenide 
layer, was exposed for 30 min at 210 m/s and a 78-deg impact angle. 
High substrate temperature during deposition and post-deposition anneal
ing increased the erosion resistance of this coating. Good adhesion was 
obtained between the neodymium fluoride and the zinc selenide films, as 
well as between the zinc selenide film and the zinc sulfide substrate. 
Although small areas of removal initiated at pinholes in the coating and at 
ring cracks, the coating was quite resistant to large-scale removal. 

This same neodymium fluoride-zinc selenide coating was also deposited 
on gallium arsenide and is shown in Fig. 8. This coating was exposed for 
5 min at 210 m/s and a 78-deg impact angle. Its durability was typical for 
antireflection coatings on gallium arsenide. Coating removal again oc
curred at cracks in the coating and also occurred at scratches on the 
surface of the gallium arsenide. 

Notice that the nature of damage in the coating depended upon the 
damage in the substrate, that is, ring cracks in the coating on zinc sulfide 
and long straight cracks in the coating on gallium arsenide. We therefore 
conclude that for these thin films crack initiation primarily occurred on the 
substrate surface and was followed by crack propagation into the coating. 
Cracking in the substrate was always accompanied by cracking in the 
coating above. 

Discussion 

Because these transparent materials are used as infrared windows, the 
effect of exposure to multiple raindrop impacts on their infrared trans-
mittance must be evaluated. The loss in transmittance expressed as a 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PETERSON ON WATER DROP IMPACT DAMAGE 291 

• ^/*^; l-^^"""'"^ of antireflection coatings on zinc sulfide by multiple-drop impacts. Coat-
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FIG. 8—Removal of antireflection coating on gallium arsenide by multiple-drop impacts 
(scale mark indicates 200 nm). 

percentage of the initial transmittance is compared in Table 1 for various 
materials at wavelengths of 2.5 and 10 /xm. All specimens were exposed to 
2.54 cm/h rainfall at 210 m/s and a 90-deg impact angle for 20 min. 
Notice that in addition to being a function of exposure conditions, trans
mittance loss is also a function of wavelength with the loss increasing for 
shorter wavelengths. 

The superior rain erosion resistance of CVD zinc sulfide compared with 
that of CVD zinc selenide is readily apparent from the table. The data 
also show that the resistance of the 1.5-mm layer of CVD zinc sulfide 
bonded to zinc selenide was approximately the same as that of homoge
neous CVD zinc sulfide. The similarity in transmittance loss for both of these 
specimens is consistent with the similarity in erosion damage shown in 
Fig. 2. The transmittance loss in the specimen with a 0.38-mm layer of 
zinc sulfide bonded to zinc selenide was greater than that in zinc sulfide. 
However, the transmission loss was less in the specimen with a 0.5-mm 
layer of zinc sulfide deposited directly on zinc selenide. 

The rain erosion behavior of the specimens of zinc sulfide bonded to zinc 
selenide is reconcilable with the behavior of homogeneous zinc sulfide 
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TABLE 1—Comparative transmittance loss for various specimens exposed to 2.54 cm/h 
rainfall at 210 m/s and 90-deg impact angle for 20 min. 

Specimen 

Loss in Transmittance 

at 2.5 nm 

Ti - Tf 
X 100 

Ti 

at 10 ^m 

CVD ZnSe 
CVD ZnS 
ZnS (0.38 mm)/glass/ZnSe 
ZnS (1.5 mm)/glass/ZnSe 
ZnS (0.51 mm)/ZnSe 

96 
9 

20 
11 
6 

85 
2 
5 
2 
2 

specimens. The radial tensile stress in zinc sulfide due to a drop impact 
falls off rapidly below the surface. For a 2.0-mm drop impacting zinc sulfide 
at 222 m/s, the radial tensile stress below a depth of 0.05 mm has been 
calculated to be less than the reported fracture strength [3]. Layers on the 
order of a millimetre thick and homogeneous zinc sulfide would therefore 
be expected to respond similarly to a drop impact. Because these cracks 
continue to propagate for multiple impacts, the response of zinc sulfide 
layers to extended rain exposure was investigated experimentally. 

It was shown that erosion damage in layers thicker than 1.0 mm was 
comparable to that in homogeneous zinc sulfide. This was undoubtedly 
related to the fact that cracks propagated no more than 1.0 mm into zinc 
sulfide exposed to the same multiple impact conditions. Similarly, the 
increase in damage for layers thinner than 1.0 mm was not unexpected. 

The depth of crack propagation, and thus the required thickness of 
the outer layer, will depend upon the drop size, impact angle, impact 
velocity, and number of impacts, as well as upon the properties of the 
material. The effect of these impact conditions on optimum layer thickness 
should be investigated further. However, it appears that for practical 
purposes the thickness of the outer layer should be somewhat greater than 
the maximum depth of cracks which could be tolerated by the imaging 
system. 

Based upon the erosion behavior of the bonded composite specimens, 
the similarity in erosion behavior of homogeneous zinc sulfide and 1.0- to 
2.0-mm-thick layers of zinc sulfide deposited on zinc selenide was ex
pected. However, the increase in erosion resistance observed in thinner 
layers was contrary to the decrease which was expected. Each of the three 
possible explanations which have been explored to explain this increase is 
discussed. 

First, numerical code calculations were performed to examine the 
possible effect of stress wave interactions in thin zinc sulfide layers on zinc 
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selenide for 2.0-mm-diaineter drop impacts at 210 m/s [7\. The tension 
buildup was reduced somewhat in a 0.25-mm zinc sulfide layer when the 
reflected dilatational wave was allowed to interact with the impact surface 
as the peak tensions were increasing behind the shear wave front. However, 
since zinc sulfide and zinc selenide behave so similarly in the elastic re
gime, the reduction in peak tensile stress was not significant. Therefore, 
the stress wave interaction argument cannot explain the observed behavior 
unless the material properties at the interface and in the outer layer are 
altered by the deposition process to give a greater impedance mismatch 
than was used in the calculations. 

Second, the microstructure of the zinc sulfide layers was examined. The 
surface microstructure of the zinc sulfide layers was the same as that of 
homogeneous zinc sulfide specimens. However, examination of cross 
sections of layered windows in many cases revealed a very-fine-grained 
zinc sulfide structure adjacent to the interface. The thickness of this 
region was approximately 0.05 mm. Beyond this region, the grain struc
ture became elongated with an aspect ratio of approximately 6 to 1 and 
an equivalent equiaxed mean grain size of 6 to 8 ^m. This elongated 
grain structure was also typical of cross sections of homogeneous zinc 
sulfide specimens. Although the thickness of the fine-grained structure at 
the interface was only about one tenth of the thickness of the 0.5-mm zinc 
sulfide layer, the existence of these fine grains could affect crack propaga
tion in this thin layer. 

The third and most likely explanation is that of a residual compressive 
stress in the zinc sulfide layer. A compressive stress in this layer near the 
interface would increase the resistance of the zinc sulfide to crack propaga
tion for thin outer layers. Zinc selenide has a larger coefficient of thermal 
expansion than zinc sulfide, and the coefficients for both materials increase 
slightly with temperature. A compressive stress is therefore predicted in the 
zinc sulfide layer when it cools to room temperature after deposition at 
about 650 °C. The magnitude of this stress can be estimated using the 
following equation adapted from Ref 8 

a = {I — 3t + 6t^) (azns — aznSe)£'znsAr 

where 

a = stress, 
t = thickness of ZnS/thickness of ZnSe, 
a — thermal expansion coefficient, 
E = Young's modulus, and 

AT = temperature change. 

From Ref 9, az„s = 7.85 X 10-V°C and aznse = 8.53 X 10-V°C over the 
range from room temperature to 500 °C, and JE'zns = 74.5 X 10' N/m^. 
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Therefore, a compressive stress of approximately 23 MN/m^ is predicted in 
the zinc sulfide layer. This stress is small compared with the peak tensile 
stresses predicted at the surface for drop impacts at 206 m/s. However, 
these tensile stresses diminish rapidly at short distances from the surface, 
and this residual compressive stress could effectively limit crack propaga
tion in these zinc sulfide layers. 

The greater erosion resistance of CVD gallium arsenide compared with 
that of gallium arsenide grown by the gradient-freeze process demonstrated 
the importance of grain size. Damage in the CVD gallium arsenide was 
greater than that in zinc sulfide, but the grain size was still an order of 
magnitude larger than that in zinc sulfide. Transmission loss in the CVD 
gallium arsenide layers could not be measured because of absorption in the 
cement used to prepare the composite specimen. 

Progress has been made in the development of durable, thin anti-
reflection coatings on zinc sulfide. Erosion-resistant coatings remain on the 
surface even though significant cracking has occurred in the coating and 
the zinc sulfide substrate. High substrate temperatures during deposition 
and post-deposition annealing have been shown to be beneficial to in
creased coating durability in a rain environment. It is also obviously im
portant to choose materials which adhere well to each other for adjacent 
layers in a multilayer coating. Removal of the coating is also strongly 
affected by the amount of erosion damage in the substrate and the surface 
finish of the substrate. 

Conclusions 

When resistance to rain erosion must be maximized without sacrificing 
broadband transmittance capability, a composite window is a logical and 
technically feasible approach. CVD zinc sulfide-zinc selenide windows can 
be readily fabricated by adhesive bonding or direct deposition. Composite 
windows have excellent optical properties and are as erosion resistant as 
zinc sulfide. 

As long as the zinc sulfide cladding which is bonded to zinc selenide is 
thick enough, fracture can be confined to the cladding when it does occur. 
This suggests that a damaged cladding could be replaced periodically, 
allowing the window to be maintained at a relatively low cost. Although the 
required thickness is probably somewhat greater than 1 mm for practical 
applications, optimum thicknesses for various impact conditions need to be 
more accurately determined. 

The erosion behavior of thin layers of zinc sulfide deposited directly on 
zinc selenide needs to be investigated further. This technique offers the 
possibility of improving the overall performance of infrared windows. 
Further improvements in erosion resistance should be obtainable by in
creasing the residual compressive stress in the outer layer. This could be 
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accomplished by using a material with a lower coefficient of expansion 
than zinc sulfide. Deposition of thin layers of gallium phosphide and 
gallium arsenide directly on zinc selenide should therefore be pursued. 

Durable thin films on infrared windows can be developed by selecting 
optimum materials and deposition parameters. Antireflection coatings have 
been developed which resist removal by multiple raindrop impacts even 
though significant damage has occurred in the substrate. 
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DISCUSSION 

/. Zahavi^ {written discussion)—Besides the mechanical damage observed 
in infrared materials exposed to rain erosion conditions, one would expect 
to find evidence for corrosion processes taking place at the damage area 
resulting in additional corrosion damage. I wonder whether the authors 
looked into the aspect of corrosion attack? I would think that one should 
look into this problem by means of electrochemical methods, electron 
microscopy, and electron probe microanalysis techniques. 

T. L. Peterson {author's closure)—T\\e aspect of corrosion attack in 
infrared transparent materials exposed to raindrop impacts has not been 
specifically investigated. However, the damage which results from multiple 

'University of Illinois at Urbana-Champaign, Urbana, 111. 61801. 
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drop impacts is believed to be entirely mechanical. No evidence of cor
rosion damage has been observed in electron microscopy studies of impact-
damaged materials. 

The presence of water at tips of cracks may, however, influence the 
fracture characteristics of these materials. For example, fracture mechanics 
studies have shown that CVD zinc selenide does exhibit moisture-dependent 
slow crack growth, suggesting a stress corrosion mechanism.̂  

^Evans, A. G. and Johnson, H., Journal of the American Ceramic Society, Vol. 58, 1975, 
pp. 244-249. 
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ABSTRACT: Two methods are described for producing high-velocity liquid impacts. 
The first involves projecting a jet of liquid at a stationary target while in the second 
specimens are fired at suspended drops. An objective of the study was to place the jet 
method on a quantitative basis. Detailed studies of jets, using high-speed photography, 
allowed the conditions for producing stable and reproducible jets to be obtained for a 
range of jet velocities (up to ~ 1000 m s _ 1) and jet diameters (0.4 to 3.2 mm). The rela
tion between jet impact and drop impact damage was achieved after experiments in 
which high-speed photography, pressure measuring techniques, and damage studies 
played important roles. The quantitative establishment of the jet method has practical 
implications since it has advantages in its ease of operation, its ability to simulate large 
drops, and in having the target stationary. Finally, a hydrostatic test apparatus for 
measuring the residual strength of brittle specimens following impact and examples of 
measurements on glasses and silicon nitride are described. Factors affecting the shape of 
residual strength curves are discussed. 

KEY WORDS: erosion, liquid impact, rain erosion, jet method, high-speed 
photography, fracture, mechanical properties, residual strengths, pressure 
measurements, glasses, polymers, silicon nitride 

It is well known that the impact of a liquid and a solid has important con
sequences in the rain erosion of aircraft, the erosion of steam turbines, and in 
cavitation phenomena. The work described in this paper was primarily con
cerned with the damage produced by the impact of large water drops. This 
kind of work is important since it is known that a large mass of liquid in a 
single drop can cause much more damage than the same mass divided into 
smaller drops. Thus although a rain field may contain only a relatively few 
large drops, it can be these which determine the catastrophic failure of a 
component, for example a glass radome. It is worth emphasizing that it is 

1 Physics and Chemistry of Solids, Cavendish Laboratory, Madingley Road, Cambridge, U.K. 
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the radius of curvature of the drop in the impact region that is important 
rather than the average drop radius. Thus an oblate drop can behave effec
tively as a drop of much larger radius. 

We used two methods for simulating the collision with large water drops. 
The first was the technique first devised by Bowden and Brunton [1,2P for 
projecting a jet of liquid at a stationary target. The second was a gas gun 
which can fire 25.4-mm-diameter specimens at stationary drops. Both of 
these methods have their advantages. The first method has the drawback of 
shooting a jet of liquid but has distinct advantages in its ease of operation, 
low construction cost, and the velocity range that can be covered. The second 
is nearer the practical situation, since a spherical drop is struck, but has 
disadvantages as regards the size of specimen which can be projected and the 
deceleration (without further damage) of the specimen after impact. The 
suspension of spherical water drops of diameter greater than 2 mm is also a 
problem. 

One of the objectives of the present project was to see if the jet method 
could be put on a sounder quantitative basis. This has involved extensive 
studies of jet production and impact (aided greatly by high-speed 
photography at microsecond framing rates) and the measurement of 
pressures produced by liquid impact. We have also attempted to put damage 
assessment on a more quantitative basis. This has involved measuring the 
residual strengths of specimens following impact. Strength was measured 
using a hydraulic testing technique. As is shown later, curves of residual 
strength versus impact velocity (for a constant jet size) show a sharp fall of 
strength when a critical velocity region is reached. This loss of strength comes 
at velocities below those which give visual (as viewed by eye) impact damage. 
Clearly this is a point of practical interest. The factors controlling the shape 
of these curves are now reasonably well understood. 

As will become clear later, one of the conclusions from the research is that 
reproducible, stable jets can be produced which can simulate drop impact. 
For this reason the paper includes experimental details and references so that 
any of our apparatus can be readily reproduced. For example, there will be 
details of (1) the jet production method, (2) the gas gun, (3) the hydraulic 
strength tester, and (4) pressure measuring techniques. All of the foregoing 
are relatively low-cost items which any laboratory with a well-equipped 
workshop and electronics section could construct. We have also used high
speed cameras extensively and these are expensive items. However, although 
high-speed framing photography giving several sequential pictures was 
essential for our work, in which we had to establish conditions of jet stability, 
etc., it was not so necessary for future work using the jet method. A brief sec
tion is included therefore to describe how spark photography and photocell 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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methods could be used to observe jet shapes and velocities in a simple and in
expensive manner. 

Experimental and Results 

Jet Production 

The basic method for jet production was worked out by Bowden and Brun-
ton [1,2]. A projectile is fired into a stainless steel chamber containing a 
small quantity of water sealed in by a neoprene disk. The projectile and 
neoprene drive forward as a piston and extrude the water through a narrow 
orifice. The ratio of waterjet velocity to projectile velocity is typically 3 to 5 
times. Figure la shows schematically the design of the stainless steel 
chambers which we found most suitable. A range of jet diameters is obtained 
by varying the dimension d. The back surface of the disk should be flush with 
the rear surface of the chamber. A convenient way to load the chamber is 
through the nozzle using a hypodermic syringe. Care has to be taken to en
sure that the chamber liquid does not contain particles or air bubbles and 
that the liquid/air interface is convex outward. The chamber is not opti
mized for producing high jet velocity to projectile velocity ratios, since our 
jets adequately cover the range required in rain erosion applications. If the 
application had been to produce high-velocity liquid jets for mining or rock 
cutting, more suitable chamber design could give jet velocity to projectile 
velocity ratios of 10 to 12 times (see, for example, Ref J). 

In the original apparatus a commercial spring-operated air gun was used 
to fire the lead projectile. This basic arrangement has now been modified and 
the lead slugs are propelled by compressed gas. The compressed gas is 
typically nitrogen but helium is useful for high-velocity work. The gas bottle 
is used to load a chamber with gas, and the gun is then fired by triggering a 

_aa_ 

127 

Chamber 

Neoprene 

-57- dimensions in mm 
d : 04 - •3 .2 mm 

(h) 

FIG. 1—Liquid jet apparatus: (a) Dimensions of the steel extrusion chamber, filled with 
water to Positions E or F; (b) momentum exchanger piston for low jet velocities. 
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fast-acting solenoid valve. A problem which we had at the start of this par
ticular project was obtaining jet velocities below a few hundred m s ~'. (There 
were no problems in obtaining higher values up to a few thousand m s~'.) 
This was eventually overcome by using the arrangement illustrated in Fig. lb; 
the added piston effectively acts as a momentum exchanger. 

Chamber Characteristics 

Chambers with jet orifice diameter, d, in the range 0.4 to 3.2 mm have 
been fully tested. Calibration curves have also been obtained of jet velocity 
versus gas gun pressure for all the various values of d. The variation in the 
conversion ratio, that is, the value of Vj/Vs (V, = jet velocity, Vj = slug 
velocity), is given in Fig. 2 for three chamber sizes (all loaded to Position F 
with convex-outward liquid/air interfaces). The ratio is not constant 
throughout this velocity range for the smaller diameters, but in the larger 
ones it is approximately constant. When the chambers were loaded to Posi
tion E, the velocity ratios were increased by about 7.5 percent for the 0.8-mm 
nozzle and about 5 percent for the 1.6- and 2.4-mm nozzles. The peaking of 

Vs 

Vs / i 

FIG. 2—Velocity conversion ratio for three exit orifice diameters. Vj = yef velocity; Vj 
slug velocity. Nozzle sizes are 0.8, 1.6, and 2.4 mm. 
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the Vj/Vs curves for the 0.8- and 1.6-mm nozzles indicates that there are 
mechanisms for reducing the conversion efficiency which become more effec
tive both for high velocities and for low velocities. The low-velocity limit of 
Vj/Vs, that is, the ratio of chamber area to nozzle area, is 36 for the 
0.8-mm, 9 for the 1.6-mm, and 4 for the 2.4-mm nozzles. Hydrodynamic 
effects reduce the efficiency of the nozzles below these ideal figures, but less 
so the larger the nozzle diameter. 

The detailed shape of the curves is quite complex. The main point, 
however, from a practical outlook is that for given conditions the jets have 
reproducible velocity and form. 

High-Speed Photography of Jet Behavior 

Early photographic work on impact in our laboratory was with a Cranz-
Schardin system [2], a Beckman and Whitley (Model 189) rotating mirror 
camera [2,4-6], and a Beckman and Whitley 501 single-frame image con
verter camera [7], All these systems have drawbacks which limit their 
usefulness for the present application. Our Cranz-Schardin system provides 
very high resolution over a limited area, but it is difficult to set up and suc
cessive frames suffer from parallax. The Beckman and Whitley 189 rotating 
mirror camera also has good resolution and a high framing rate. However, li
quid jet production is difficult to trigger on a microsecond scale unless ex
pensive means are used, and so with a rotating mirror camera of limited ac
cess (film over only part of the cycle) the success rate is low. The Beckman 
and Whitley image converter is a single-frame camera, and to obtain a se
quence involves several cameras, with the inherent problems of light loss or 
parallax errors. The camera recently adopted for our work, the Imacon^ 
framing image converter, overcomes these disadvantages at the expense of a 
slightly inferior resolution capacity. It has three basic advantages over the 
other high-speed photographic systems available: (1) it is synchronizable 
from the event, (2) it is sensitive enough to record scattered light from 
opaque objects, using conventional light sources, and (3) the use of Polaroid 
film facilitates large numbers of sequences being taken, thus improving 
calibration data and allowing reproducibility of the waterjets to be in
vestigated. 

The camera was triggered by detecting, with a photomultiplier, reflected 
laser light from the waterjet. The signal from the photomultiplier was fed 
through suitable delay units to the xenon flash light source and the camera. 
Single flash pictures were taken with the same synchronization arrangement, 
and were illuminated by a 150-ns spark source. 

An Imacon sequence, using shadowgraph photography, of a 750 m s ~' jet 
impacting a polymethylmethacrylate block is shown in Fig. 3. Such pictures 

^J. Hadland P. I. Ltd., Bovingdon, Herts, U. K. 
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FIG. 3—Shadowgraph sequence of the impact of a 750-m s~^ waterjet onto a PMMA block, 
1 lis per frame: (a) stress front induced by detached air shock; (r) reflected air shock; (c) main 
compressive stress pulse of width w; (h) head wave; (s) shear front {poorly defined because of the 
nature of the optical system); (d) subsurface 'shear'failure; (o) main ring crack. 

can give information about the jet velocity and head profile, associated air 
shocks, the sideways flow of liquid after impact, the various stress waves in 
the target block, and the growth of damage. 

Figure 4 illustrates the kind of data which can be obtained about jet 
stability (only two frames from each sequence are given). The figure gives in
formation for three chamber sizes, and in each case for both empty and full 
loading of the exit portion of the chamber (Positions E and F of Fig. la). In 
all examples a central 'core' of liquid is surrounded by a 'bag' of spray; this 
spray has a negligible effect on the damage. For liquid impact erosion studies 
the jets of Fig. 4a, c, d, and/would be suitable provided the specimens were 
within 10 mm of the nozzle. The jet in Fig. 4b emerges with a hydrodynamic 
instability and this is rapidly magnified by the air drag. It is important to 
realize that, even if a jet is initially stable, aerodynamic forces can exceed the 
restoring forces provided by the liquid's surface tension. So-called Taylor in
stability arises when the disruptive forces cause surface waves to develop. For 
jets of a few hundred m s ' ' , Taylor instability takes place a few centimetres 
from the nozzle plane. A full discussion of the way high-velocity liquid jets 
behave can be found in Ref 8. 

In Fig. 4e a precursor jet has formed; with an empty end section (Position 
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FIG. 4—Frames selected from Imacon sequences of various jet sizes, all at 10 ^is per frame. 
Slug velocity 175 ms~ 'for each sequence, (a), (c) and (e) are jets produced with the exit portion 
of the chamber left empty {Position E); (b), (d) and (f) are with it full (Position F); (a) 0.8-mm 
nozzle, exit empty, 980 m s"'; (h) 0.8-mm nozzle, exitfull, 910 m s~^\ (c) 1.6-mm nozzle, exit 
empty, 735 m i ~ ' ; (d) /. 6-mm nozzle, exit full, 700 m s ; (e) 2.4-mm nozzle, exit empty, 
main jet 550 m s~^, 'Munroe'jet 800 m s"^; (t) 2.4-mm nozzle, exitfull, 525ms~', 

E in Fig. 1) of the larger orifice chambers, this took place whether the li
quid/air interface was convex or concave. With a full chamber a precursor or 
Munroe jet developed only when the liquid/air interface was concave inward 
(Fig. 5). The production of the precursor jet can be explained in terms 
similar to that of a jet from a shaped charge (see, for example, Ref. 9). 

The use of single-shot photography is illustrated in Fig. 6. In Fig. 6a abla
tion from the head of the jet forms the 'bag' of spray; note that it is possible 
to make out the central high-density core of liquid. Figure db shows a later 
stage with another jet which has developed Taylor instability. 

In cases where hydrodynamic or aerodynamic instability modes develop, 
the jets are not suitable for erosion studies. However, we now understand 
reasonably well the conditions which produce these instabilities. Jets which 
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FIG. 5—'Munroe'jet, M. 1.6-mm-diameter nozzle with the liquid/air interface concave in
ward. 10 us per frame. Main jet velocity 740 m s~^. 

FIG. 6—Single flash pictures of 450-m s ' waterjets. 2.4-mm nozzle. Flash duration 150 ns. 
Distances of jet from chamber: (a) 10 mm, (b) 110 mm. 

would be suitable for erosion studies would be those illustrated in Fig. 4a, c, 
d, and / at a standoff distance of about 10 mm. The bag of spray which 
develops has been shown to be made up of micrometre-sized drops and these 
do not contribute to the damage [8]. The jets have a rounded nose; this can 
be counted as an advantage since it makes simulation of impact with a rain 
drop more realistic. The following table summarizes the loading conditions 
required for reproducible, stable jets of various diameters. 

Nozzle diam
eter/mm 

0.4 
0.8 
1.6 
2.4 

Liquid Interface 
Position E (see Fig. 1) 
Position E 
Position E or position F, convex outward 
Position F, convex outward 
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Recording with Photocells; Spark Photography 

We have used high-speed framing photography extensively. The question 
arises as to how important such camera equipment is for anyone constructing 
our jet apparatus and wanting to make erosion studies. The answer is that 
although a camera like the Imacon would be beneficial, it is not essential. 
The slug (projectile) velocity can be measured very easily in a number of 
ways, of which probably the simplest is to interrupt light beams falling on 
photocells spaced at measured distances apart. Once projectile velocities are 
known and the gun is calibrated in terms of firing pressure, stable jets of 
various sizes and velocities can be obtained. The ratios of Vj/Vs discussed 
earlier could then be used to calculate the jet velocities. However, with very 
little further expenditure it would be possible to measure the jet velocity 
directly, again using photocells or 'spark' photography. For a full discussion 
of commercial light sources and spark photography, see the book by Friingel 
[10]. 

Comparison of Jet and Drop Impact 

This comparison involves answering two questions. First, Can impact with 
jets give similar damage patterns to those produced by spherical drops? 
Then, if the answer to that is yes, What jet size gives damage comparable to a 
particular-sized drop impacting at the same velocity? The reasons that the 
answers are not easy to settle are varied. In the first place, the impact of a 
perfect cylinder gives a water-hammer pressure over a small central area 
which depends on drop radius and impact pressure [5]. Secondly, there is the 
fact that perfect cylinders with radius equal to the orifice diameter are not 
easy to produce. The reasons for this are <Jiscussed in detail in the following. 
It means that the jets we recommend using have, at the 'standoff distance of 
10 mm, a head diameter which is larger than the orifice diameter. This head 
diameter depends on the chamber loading and jet velocity. Data are given 
later for four jet sizes. 

Our approach was a multiple one: (1) We made detailed studies of the 
damage produced by both jet and drop impact on aluminium, Polymethyl
methacrylate (PMMA), and glass targets^; (2) we photographed the impact 
of jets and drops, and in the particular cases of transparent targets and 2-D 
drops, we observed stress wave propagation in them; and (3) we took pressure 
records. 

Impact with Drops 

Specimens of PMMA and aluminium were mounted in projectiles and 

''The work is now being extended to a wider range of materials. The results support the view 
that jet impact can simulate drop impact with reasonable accuracy. 
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fired at suspended drops using a gas gun of 25.4-mm barrel diameter. * The 
impact process was recorded with the Imacon so that it was possible to 
measure impact velocity in each case within ± 3 percent. High-magnification 
photographs were taken of the drop immediately prior to firing the gun. The 
photographic records allowed accurate values (±2 percent) of drop size and 
curvature to be taken. This was important since drops evaporate quite rap
idly after suspension, and misleading answers can be produced if firing is 
delayed. 

Water drops of greater than 2 to 3 mm in diameter are difficult to suspend. 
The range of drop sizes was extended up to 6 mm by using a mixture of 
gelatine and water. The amount of gelatine used was kept as low as possible 
consistent with obtaining spherical drops of the required size. Impact 'crater' 
dimensions were measured by taking profilometer traces and by microscopic 
observation. A typical set of results of impact mark dimensions versus veloc
ity for PMMA is shown in Fig. 7. This material forms an annular crater; the 
insert shows the quantities a, b, and c which were measured. The results 
have been plotted nondimensionally by dividing by the drop diameter d'. 
Note that if the line for c/d' is extrapolated back, it passes through the 
origin. Figure 8 gives a plot of c versus drop diameter for an impact velocity 

0-8-

« 0 7 
c 
o 
i 0-6 *-"V U 
Q 0-5 

S 0-4-

^ 0-3-

0-2-

0-1-

0 100 200 300 400 500 
Impact Velocity / ms"' 

FIG, 7—Liquid drop impact on PMMA, showing crater dimensions (plotted nondimen
sionally in terms of drop diameter, d ' ) versus impact velocity. The various crater dimensions are 
given in the insert. 

^The gun was based on a gun built in the authors' laboratory for solid-particle erosion studies 
and described in Ref 11. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



308 EROSION: PREVENTION AND USEFUL APPLICATIONS 

:i • water 
X gelatine • water 

4 0 5 0 
d'/mm 

FIG. 8—A plot of c versus drop diameter, d'. Impact velocity of 304 m s~^. Note that c in
creases approximately linearly with d ' and that both the water and gelatine/water drops fall on 
the same line. 

of 304 m s " ' . Note that the water and the gelatine/water drops all fall near 
the same straight line of slope -0 .2 , and within the statistical spread of 
results. This is reasonable since the changes to the viscous and surface ten
sion forces caused by adding the gelatine are small compared with the impact 
forces. The simple expedient of adding a small quantity of gelatine to the 
water has thus doubled the range of drop diameter which can be conveniently 
studied, without introducing significant errors into the results. 

Liquid Jet Impact 

The damage parameters a, b, and c (see insert on Fig. 7) were also 
measured for waterjet impact. Results were obtained for 0.4, 0.8, 1.6, and 
2.4-mm nozzles at the standoff distance of 10 mm. Nozzles 0.4 and 0.8 were 
loaded to Position E (see Fig. la) and the larger two to Position F. Figure 9 
shows how c varies with velocity for damage marks on PMMA for all four 
nozzles; the results are plotted in dimensionless form (that is, crater dimen
sion over nozzle diameter, d). If the waterjets had maintained the nozzle 
dimensions up to the 10 mm standoff, then there should have been no change 
in c with velocity. However, as our photographic work has shown, when a 
chamber is loaded to Position F (Fig. la), the jet has a 'mushroom' head (see 
insert Fig. 12). This 'head' is a consequence of two effects: (1) the liquid in 
the final section of the chamber (that is, the liquid between Positions E and 
F) which is pushed aside by the faster-moving liquid which has been forced 
through the tapering section of the chamber, and (2) air drag, which would 
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FIG. 9—The variation ofc/A with jet velocity for four nozzles, in nondimensional form. In
sert: cross section through typical jet, showing 'mushroom' head which is larger than the nozzle 
diameter. 

be expected to be some function of jet velocity. The measurements can be 
used to give equations for c for each nozzle [12]. The results plotted in Figs. 7 
and 9 can be replotted to give the equivalent drop size in millimetres that the 
four chambers produce (Fig. 10). 

One of the objects of the work was to simulate impact with large water 
drops; this has clearly been achieved. The two large nozzles cover impacts 
with large masses of water, equivalent to drop sizes in the range 10 to 30 mm. 
The 0.4-mm nozzle is particularly useful for simulating impact with 2-mm 
diameter drops since the ratio of drop diameter to orifice diameter is almost 
exactly constant (that is, close to 5) for velocities in the range 300 to 600 m s ~'. 
The 0.8-mm nozzle simulates drops of diameter -4.5 mm for a similar 
range. If 3-mm drops had to be simulated, a nozzle with an orifice diameter 
of 0.6 mm would suffice. As mentioned earlier, if a drop is distorted so that it 
impacts with a high radius of curvature, it will act effectively as a larger drop. 
The jet method is therefore particularly advantageous in being able to 
simulate very large drops. 

Crater Shape 

Craters have been measured by taking profilometer traces and by 
microscopic observation [12-15\. It appears from present results that our jets 
do produce damage patterns similar to equivalent-sized drops. The reason 
for this is basically that the initial water-hammer pressure in both cases con
trols the amount of damage. Damage extension during the later stages of 
flow (when the liquid is behaving incompressibly) is relatively small and not 
significantly different for drop and jet impact in the velocity range we have 
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FIG. 10—Equivalent drop size produced by the four chambers versus velocity. The 0.4-mm 
chamber, for example, simulates 2-mm drop impact for a wide velocity range. Very large drops 
can readily be simulated. 

Studied. This conclusion has support from pressure transducer measure
ments [12,13] taken with the system illustrated in Fig. 11. The initial 
water-hammer pressure is followed by a tail a factor 10 to 20 times lower in 
magnitude. 

Residual Strength After Impact 

Assessment of impact damage in brittle materials is most realistically car
ried out by measuring the residual strength after impact. This is particularly 
important in the low-velocity range, where significant strength losses can oc
cur before the induced damage reaches visible dimensions [12]. Residual 
strength testing is only entirely satisfactory for brittle targets if the specimen 
is stationary when impacted. If the specimen is the moving body, the 
deceleration forces after impact could cause further crack growth. Our 
residual strength tests are therefore based on jet impact experiments. The 
data shown in Figs. 9 and 10 can be used to obtain equivalent drop sizes. 
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length: lOmm 

250Mm 

• to CRO* 

Pressure Transducer 

FIG. 11—Schematic diagram of the pressure transducer mounting, (a) 0.25-mm-diameter, 
0.1-mm-thick transducer; (c) backing rod; (b) and (e) electrodes to cathode ray oscilloscope 
{CROy, (f) adhesive; (d) holder. 

In our work the residual strength of specimens following a single liquid im
pact has been determined using a uniform hydrostatic loading system to pro
duce a biaxial stress distribution on the surface of the specimens. The 
specimens are disks of diameter 51 mm and nominal thicknesses 3 and 6 
mm. These are centrally impacted, and then tested to failure in the pressure 
tester (Fig. 12), the damaged surface being in tension. Advantages are that 
edge failures can be minimized and the test region extends almost to the edge 
of the specimen, in contrast to the ring-on-ring test where only a small area 
within the inner ring is suitable. A full description of the apparatus has been 
published [16]. 

support ring 
sket 

FIG. 12—Section of pressure test apparatus for 51-mm glass disks. Overall diameter 133 mm: 
thickness 55 mm. Constructed from mild steel. 
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Results of residual strength curves are given in Figs. 13-17. It is important 
to realize the statistical nature of these results. A wide variation in observed 
strength values is found for measurements made under similar conditions. 
For this reason, each experimental point ŵ as determined by taking the mean 
of at least six, and usually more, readings. The error bars in the figures are 
+ 2am (that is, 95 percent confidence) where a„ is the standard error in the 
mean. With some materials, the silicon nitride for example, only a limited 
number of specimens were available. A significant point is that when 
strength reduction first occurs, it does so only in some of the specimens. As 
the impact velocities are further increased, there is a greater probability that 
a given specimen will suffer a reduction in strength, so that at higher 
velocities all specimens show some strength degradation. In the intermediate 
region, specimens fall into two groups: those which fail at lowered stresses 
due to impact damage, and those which fail at stresses comparable to the 
original strength of the glass. This does not necessarily indicate that no 
damage has occurred, only that the crack extension due to impact loading is 
within the distribution of initial flaw sizes for the as-received surface. As the 
velocity of impact increases, the proportion of specimens in the reduced-
strength group increases. Results may be presented in several different ways 
in order to demonstrate this more clearly. 

1. Averaging all fracture stresses at a given impact velocity irrespective of 
the group into which they fall (Figs. 13, 14, 16, 17). However, points in the 
transition region are not physically meaningful in the sense that they repre
sent observed fracture stresses; rather they are the combined averages of two 
different statistical distributions. 
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FIG. 13—Residual strength of '3-mm' soda-lime sheet glass following liquid impact with a jet 
from the 0.4- and 0.8-mm nozzles. 
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FIG. 14—Residual strength of '6-mm' soda-lime float glass following liquid impact with a jet 
from the 0.4, 0.8, and 1.6-mm nozzles. 
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FIG. 15—Residual strength of '6-mm' soda-lime float glass after impact with a liquid jet from 
the 1.6-mm nozzle. Results in the transition region are plotted as two separate values in order to 
indicate the bimodal nature of the distribution of strength values. 

2. Plotting the two groups separately with an overlap in the velocity 
region where fracture stresses may fall into either group (Fig. 15). This gives 
a truer indication of failure stresses likely to be realized in practice, but gives 
no idea of their relative probabilities. 

3. A plot of fracture stresses obtained from individual experiments. Two 
types of failure are found: from a noncentral fracture origin corresponding to 
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FIG. 16—Residual strength of calcium aluminate glass of3-mm nominal thickness after im
pact with a liquid jet from the 0.8-mm nozzle. 
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FIG. 17—Residual strength of reaction-bonded silicon nitride of 3-mm nominal thickness 
after impact with a liquid jet from the 0.8-mm nozzle. 
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a negligible strength reduction, and from a central origin indicating strength 
degradation due to impact damage. The proportion of central fracture 
origins increases with increasing impact velocity. 

Results are given in Fig. 16 for 3-mm specimens of polished calcium 
aluminate glass. The 0.8-mm nozzle was used, so that an impact with an ap
proximately 5-mm-diameter drop was modeled. The initial strength of the 
glass was found to be 126 ± 25 MPa compared with 94.5 ± 3.5 MPa for the 
3-mm-thick soda-lime glass. Comparison of the results for calcium 
aluminate with those for soda-lime silicate may be made by reference to Fig. 
13. It is clear that the transition region is displaced to the right and is steeper 
in the case of the calcium aluminate; the effect of the superior polish given to 
the glass has been to reduce the number and severity of surface flaws, 
resulting in an increase in the impact velocity required to cause strength 
degradation. The much smaller spread in values for the soda-lime glass is 
partly a result of the many specimens studied and partly a result of a uniform 
distribution of serious flaws. For velocities in excess of 400 m s~', however, 
the residual strength levels of both types of glass are practically identical. 
The conclusion is that an improved surface finish increases the resistance of 
the glass to the initial onset of damage, but once damage has occurred the 
residual strength levels are comparable with those for unpolished surfaces. 
Under in-service conditions, however, surfaces are unlikely to be preserved in 
their highly polished state for very long, so that polishing treatments have not 
to date proved a solution to the practical problem of rain impact damage. 

Disk specimens of reaction-bonded silicon nitride were subjected to a 
series of liquid impact residual strength tests (Fig. 17). Young's modulus and 
Poisson's ratio for silicon nitride are functions of p, the density of the 
material. This was slightly variable within the batch of specimens used in the 
tests, but typical values of these quantities were£' — 185 GPa and v = 0.243, 
for p = 2550 kg m~ .̂ The mean fracture strength for as-received disks was 
found to be 184 ± 26 MPa using the hydraulic pressure test technique. 
Availability of specimens permitted investigation of velocities up to 500 m s "' 
only. The position of the transition region is roughly the same as that for 
polished calcium aluminate specimens. At impact velocities of 450 and 500 
m s~\ for which all specimens tested were found to undergo strength reduc
tion, the residual strength of the ceramic was found to be of the order oi twice 
that of the glasses at the same impact velocities. 

The shape of the residual strength curves is interesting. Their characteris
tic features are the low-velocity plateau, the drop of strength over a narrow 
transition region, and then the slowly decreasing high-velocity region. There 
is only space to discuss these features briefly. The damage around the loaded 
area in brittle targets is caused by the Rayleigh surface wave interacting with 
defects [5]. The initial plateau continues until the wave causes a defect to ex
tend to a length greater than others in the region. Defect extension takes 
place in this dynamic situation when CT^T exceeds a critical value, where a is 
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the amplitude of the stress pulse and T its duration [15,17]. Once a defect 
begins to grow, it extends rapidly toward its maximum velocity (about 1500 
m s"' for glass); the greater the stress, the more rapid is this acceleration. 
Taking as an example a 0.8-mm-diameter jet impacting glass of strength 
about 100 MPa at around 500 m s "' , calculation shows that T is about 0.2 fis 
and that defects of about 50 nm length are extended to about 350 /̂ m. This 
corresponds to a strength decrease of approximately 2.6 times, which is close 
to what is observed (Fig. 13). 

The foregoing suggests that the important factors in choosing a brittle 
material for rain erosion situations are (1) a high critical stress intensity fac
tor A" k, since this determines the height and extent of the initial plateau, and 
(2) a low maximum fracture velocity, since this controls the transition 'step.' 
Maximum crack velocities are related to stress wave velocities, but tend to be 
a higher fraction of them for solids with well-defined cleavage planes [18]. 
Both Kic and maximum crack velocity depend on the square root of a 
modulus, so this cancels. We are left with the conclusion that we need a solid 
with high fracture surface energy and density. Ignoring the question of com
posite materials, isotropic solids giving conchoidal fractures are likely to be 
better than those failing by cleavage. Of the materials illustrated in Figs. 
13-17, silicon nitride fits these requirements best. 

Conclusions 

This paper shows that it is possible to obtain a reasonably accurate simula
tion of drop impact using waterjets. No claim is made that the simulation is 
perfect since there is always the possibility of small differences in pressure 
distribution or duration. By suitable scaling, however, jets and drops can be 
related so that, at a particular velocity, water-hammer pressures are produced 
over similar-sized areas and for similar durations. 

Advantages of the jet method are ease of operation, the ability to simulate 
large drop sizes, and the fact that the target specimen is stationary. Having a 
stationary target is important with brittle specimens, with specimens of com
plex shape, and when residual strength measurements are required. 

Details are given for producing a gun apparatus for firing jets. If chambers 
are designed and loaded to the specifications given, then reproducible stable 
jets are obtained. These jets can simulate drops from ~ 1 to ~30 mm in the 
velocity range up to -1000 m s~'. It is possible to produce jets of even 
higher velocity by using higher projectile velocities or by making the chamber 
design more efficient (the ratio of jet velocity to projectile velocity can be 
made ~ lOX by careful design; see, for example Ref 5). A gas gun was used 
for firing specimens at suspended drops with velocities up to —400 m s~'. 
This apparatus was simple to construct and has proved versatile and useful 

An image converter camera, the Imacon, was used extensively for jet and 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



FIELD ET AL ON LIQUID JET AND DROP IMPACT 317 

impact studies. Its advantages were that it was synchronizable from the 
event, could be used with conventional light sources, and gave records on 
Polaroid film. However, although such a camera was essential for this pro
ject, less-sophisticated methods could be used for future erosion studies us
ing the jet method. Suggestions were made as to how projectile and jet 
velocities could be recorded using photocells and spark photography. 

When a drop impacts, the size of the damage region depends on both drop 
size and velocity. This is of great importance in explaining why the large 
drops in a rain field are the most damaging (the water-hammer pressures 
cover a larger area and last longer). If a drop is oscillating, the important 
dimension is the radius of curvature at the impact surface. This means that a 
drop can act effectively as a much larger drop. This needs to be remembered 
when assessing the hazard of collisions with large rain drops; it is not the 
mean size of the largest raindrop that is important, but the largest radius of 
curvature that this drop can reach when oscillating. Water drops of diameter 
greater than ~2 mm are difficult to suspend. This problem was overcome by 
using gelatine/water drops for the size range 2 to 6 mm. 

If the jet method had produced perfectly cylindrical jets of diameter equal 
to the orifice dimension, then the specimen area subjected to water-hammer 
pressures would have remained constant for all velocities. In practice, the jets 
produce a mushroom-shaped head and its dimension is a function of velocity 
and orifice size. However, at a standoff distance of 10 mm the jets behave 
reproducibly. Curves are given for the size of damage patterns produced by 
the jets. The fact that the jets produce a mushroom head with a slightly 
curved front face is almost certainly beneficial in allowing the jets to simulate 
the drop impacts accurately. An important point for the range of velocities 
considered is that the water-hammer pressures greatly exceed the stagnation 
pressures produced by incompressible flow. Thus it is always the first instant 
of impact which is of prime importance with both jet and drop impact. 
Pressure traces taken with very small pressure transducers confirm these con
clusions. 

The importance of quantitatively assessing damage is emphasized in this 
paper. A hydraulic test apparatus for measuring residual strengths is 
described and residual strength data for various solids discussed. 

The results also have application to steam turbine erosion where impact 
with large drops can also occur. Very-high-velocity jet impact is also being 
considered for mining applications. A combined theoretical and experi
mental study of high-velocity liquid jet production has recently been pub
lished [<̂ ]. 
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DISCUSSION 

M. M. Vijay' (written discussion)—How far was the target from the nozzle 
in terms of the nozzle diameter? In my own case, using continuous jets, if the 
distance between the nozzle and the target is less than 5 nozzle diameters, no 
erosion was observed. Could you comment on this or could you try this in 
your laboratory? I would like to see pictures of your specimens at very close 
distances. 

J. E. Field, D. A. Gorham, and D. G. Rickerby {authors' closure)—In 
most of our experiments the distance between the nozzle and the target was 
10 mm. For the largest nozzles this is about three diameters, and for the 
0.8-mm nozzle the distance represents over 12 diameters. The 0.4-mm nozzle 
required a standoff distance of less than 5 mm. 

After the jets have left the lateral confining pressure of the nozzles they 
slowly expand, and varying the standoff distance causes the damage site 
dimensions to change. At too great a distance, above about 12 diameters, in
stabilities arising from aerodynamic and inertia forces are causing the jet to 

'National Research Council of Canada, Ottawa, Ont., Canada. 
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fragment. At this stage the core of Hquid loses its coherence, and the damage 
marks become irregular and unrepresentative of liquid drop impacts. In our 
experiments it is necessary to retain a smooth leading surface to the jet in 
order to simulate a drop impact. In the case of a continuous jet the 
mechanisms of material removal are different, and it may well be that the 
break-up and instabilities that are enhanced by using a large standoff 
distance are accelerating material removal. It is difficult to comment further 
about your observations without knowing details of your apparatus and the 
velocity regime of your jets. 
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ABSTRACT: This paper presents results from recent liquid impact studies of a 
variety of glass and carbon fiber reinforced and nonreinforced thermoplastic and 
thermosetting polymers. Basic damage modes from single impacts in the velocity range 
500 to 1000 m s - 1 are described and the mechanisms of failure are analyzed. The 
thermosetting resins studied are essentially brittle, in contrast to the very ductile 
thermoplastics, and these fundamental differences are emphasized when fibrous 
reinforcement is added. The effects of matrix properties, reinforcement geometry, the 
condition of the impacted surface, and impact angle are illustrated and discussed. 
The main conclusion is that, although no ideal solution exists to withstand all impact 
situations, it is possible to establish general rules which assist in the design of composites 
for specific purposes. In particular, reinforced thermoplastic resins are found to have 
considerable advantages over reinforced thermosetting resins for many practical situa
tions, particularly when the postimpact material strength needs to be maximized. 

KEY WORDS: erosion, rain erosion, impingement, impact, liquid impact, composite 
materials, fiber reinforcement, glass fibers, carbon fibers, polymers, thermoplastics, 
thermosets 

The use of nonmetallic materials in situations involving a risk of high-
velocity liquid impingement is of increasing importance. This paper 
presents recent results from a study of the failure processes in reinforced 
and nonreinforced thermoplastic and thermosetting polymers under high-
velocity impact from liquid cylinders. Other work has shown that these 
cylinders can be a good model for the impact of spherical liquid drops. 
The various damage mechanisms are discussed in terms of the properties 

'Physics and Chemistry of Solids, Cavendish Laboratory, Madingley Road, Cambridge, 
England. 
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of the materials, and the effects of composite reinforcement geometry, 
surface condition, and impact angle are illustrated. 

The high-velocity waterjets used in this study were produced by the 
technique of Bowden and Brunton [1].^ In this technique, a lead air-gun 
pellet is fired at a steel chamber which contains a small quantity of water 
sealed in by a neoprene disk. The projectile and neoprene drive forward as 
a piston and extrude a jet of liquid through the narrow orifice. All the 
impacts illustrated in this paper are with jets from a 1.6-mm-diameter 
orifice. In this case, the waterjet velocity is approximately four times the 
slug velocity, and because of jet expansion the head diameter at the point 
of impact (10 mm from the chamber end) is ~3.5 mm. A variable-velocity 
gas gun produces jets over a continuous velocity range of 200 to 1000 m s "' . 
More information about the properties of the jets may be found in Refs 2-4. 

The basic mechanics of liquid-solid impact are well known. On impact 
the liquid is compressed and a very high pressure is developed, of the order 
of pCV where, p is the liquid density, C the appropriate shock velocity, 
and V the impact velocity. This pressure is relieved by release waves 
propagating in from the free surface toward the axis, and then the rest of 
the jet or drop flows stably against the solid surface, developing much 
lower stresses (~ VipV^). For the typical impact conditions in this paper, a 
jet of 3.5 mm diameter impinging at 800 m s~', the initial pressure peak 
is 1.5 GPa and lasts for 1 /is. High-speed photography has confirmed that 
most of the solid damage occurs during this time, and that the rest of the 
jet flows harmlessly on to the surface [2,5]. 

Experiments in which solid specimens are fired at liquid drops have 
shown that there are close similarities between the impact of drops and of 
jets from the Brunton apparatus [6]. The equivalent size of drop which will 
produce the same damage dimensions as a given jet has also been estab
lished over a wide range of conditions [4], showing that the jets can simulate 
the impact of drops ranging in size from 2 to over 30 mm. The materials 
of the present study have been impacted over most of this size range, but 
the illustrations in this paper are from a single nozzle that is equivalent 
above 500 m s~' to a 10-mm drop. This nozzle produces damage modes 
that are similar to those found with both larger and smaller sizes. The 
reinforcement fibers, typically <10 iim diameter, are so much smaller 
than impact site dimensions that they do not produce a dependence of 
damage upon drop size over this range. Therefore, most of the damage 
analysis in the present work is of direct relevance to a wide range of liquid 
impact situations, and has significance in solid impact and explosive loading 
involving similar pressure histories. In the case of rain erosion simulation, 
a concentration upon the effect of drops which are somewhat larger than 
the average size is desirable for two basic reasons: 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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1. The few largest drops in a distribution of sizes will cause over
whelmingly the greatest amount of damage in the high-velocity situations 
where single impacts are important. In particular, a single impact from a 
large drop can cause catastrophic failure of a component that is merely 
suffering gradual erosion by the multiple impact of smaller liquid masses. 

2. In practice, a liquid drop will be distorted by aerodynamic effects, 
such as the oscillation of a falling drop and the flattening of a body of 
liquid as it passes through a shock wave attached to a rapidly moving solid 
object. 

Both these effects lead to a high proportion of drops which have an 
increased radius of curvature of the impacting surface, and which produce 
pressure histories that are characteristic of spherical drops of larger diame
ters. Contact area and duration of pressure are both increased markedly by 
quite small distortions of a spherical drop. 

Thermoplastic Polymers 

The damage pattern in polycarbonate at 860 m s~' is shown in a general 
view in Fig. la, where five principal regions may be distinguished. Region 
1 is a large plastic crater of maximum depth -500 ^m, and it is bounded 
by a relatively sharp transition to an undamaged annulus, Region 2. The 
surface profile of this site (Fig. 2a) illustrates the pileup around the crater, 
where Region 2 is defined by a smooth section of the upper slope. The 
lower slope is roughened to form Region 3, shown in more detail in Fig. 
Ic. Sectioning has provided no evidence of this surface deformation 
penetrating into the material, in contrast to Region 4, which consists of 
circumferentially oriented cracks extending beneath the surface up to 
50 /xm. Many of these cracks have been eroded (Fig. Ic) by the rapid 
outward flow of the jet in the later stages of the impact, which has caused 
material to be plucked out in a relatively brittle manner. Region 5 consists 
of material piled up into ridges or rucks in response to a radial surface 
shear stress. The surface profile shows the generally raised level of this 
area and the detail view in Fig. Id illustrates the regularly spaced ridges 
of plastic deformation. 

These damage modes may be explained as follows. The jet contacts the 
surface over an area extending to roughly the boundary between Regions 
3 and 4. The water is behaving compressibly at this stage and to a first 
approximation the pressure may be considered to be constant over the 
contact area. The magnitude is given by the water-hammer equation 

Z, + Zi 

where V is the impact velocity and Zi and Z2 the shock impedances 
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FIG. 1—Water impact damage on ductile thermoplastic polymers, (a) 860-m j ~ ' water 
cylinder impact upon polycarbonate. Regions marked correspond to those in Fig. 2 a. (b) 
860-m j ~ ' water cylinder impact upon polyethersulphone. Same scale as (a), (c) Detail from 
(a) showing Regions 3 and 4, same scale as (d). (d) Detail from (a) showing Region 5. 

(evaluated at the impact pressure) of the fluid and solid. For water imping
ing upon polycarbonate at 860 m s~', P = 1.3 GPa. The constant pressure 
over the circular contact area would lead to a maximum shear stress of 
400 MPa being developed at a depth of 1.2 mm below the surface, assuming 
a value of Poisson's ratio of 0.4. The compressive flow stress of poly
carbonate under slow loading at room temperature is 85 MPa. At a strain 
rate of about 10̂  s~', typical of the liquid impact situation, the theory 
of Bauwens-Crowet, Bauwens, and Homes [7] estimates a compressive 
yield stress of 250 MPa, equivalent to a shear strength of -170 MPa. 
This will be enhanced slightly by the hydrostatic pressure component 
under the impact site, and, using the data of Raghava, Caddell, and Yeh 
[5], the final value of shear strength is estimated to be -200 MPa. The 
possible shear stresses were shown above to be considerably in excess of 
this figure, and so gross plastic deformation is not surprising. At a velocity 
of 550 m s~', however, at which no shear deformation is found in the 
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FIG. 2—Surface profiles of liquid impact damage of Fig. 1. (a) Polycarbonate, regions 
rrespond to Fig. 1 a; {}a) polyethersulphone. corresp 

center of the impact site, the shear stress is calculated to be 230 MPa, 
but the yield becomes only -190 MPa. Since the threshold velocity for 
which plastic deformation occurs varies with jet size, that is, with impact 
duration, it is probable that a time-dependent yield criterion must be 
introduced. Work on this problem is in progress. 

While the impinging liquid is behaving compressibly and the central 
area is under a roughly uniform pressure, there is a radial tension in the 
surface around the contact periphery. This is analogous to the stress which 
forms the Hertzian ring-crack in ball indentation of brittle materials, and 
in the present case it opens up many circumferential fractures in the 
surface of the polycarbonate (Region 4). The regime of high-pressure 
loading by the compressed liquid is progressively terminated from the 
periphery of the jet by high-velocity lateral jetting. High-speed photographic 
observation of various liquid impact situations [1,9] has demonstrated that 
this lateral jetting is several times the normal impact velocity, and it 
therefore causes a severe shearing of the surface. It forms the surface 
roughening of Region 3, erodes the tensile fractures in Region 4 and 
extends them by stretching the surface, and causes the cumulative pileup 
of material in Region 5. 

The damage site from a similar impact on polyethersulphone (ICI grade 
300?) also shows a large but well-defined area of plastic deformation 
surrounded by an annulus of surface damage (Fig. 1£>). This annulus is 
also divisible into regions, but the differences are not as marked as in the 
case of polycarbonate. The surface profile (Fig. 2b) illustrates the change 
from small-scale irregularities on the inside edge to larger ones toward the 
periphery. 
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Thermosetting Resins 

Impact damage to two nonreinforced thermosetting polymers, polyester 
and epoxy resins, is shown in Fig. 3. At 550 m s ' ' the brittle polyester 
(Crystic 625) develops damage in the form of short circumferential cracks 
which are eroded by the rapid radial jetting. These cracks are similar to 
those found in inorganic glasses under liquid impact and are formed by 
the intense surface stress wave that propagates outwards from the impact 
site [10]. The long straight marks are scratches left by the polishing 
process that have been eroded by the radial jetting; surface discontinuities 
as small as 0.1 /xm can be eroded in this way [//]. At the same velocity 
the tougher example of epoxy resin (MY778), shown in Fig. 3c, has 
damage in the form of an annulus from which material has been plucked 
to leave many small irregular cavities. There are no short circumferential 
cracks, and polishing marks have not been eroded. Although the low 
strain-rate properties of these two materials are not widely differing (the 
epoxy is tougher by a small factor), the unusual loading condition of an 
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FIG. 3—Water impact damage on brittle thermosetting polymers, (a) Polyester, Crystic 
625, 550ms~^; (b)polyester, 860ms~^; (c)epoxy. MY778. 550ms~^(d)epoxy. 860ms~\ 
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extremely high pressure acting for a very short time has caused the fracture 
behaviors to diverge. 

At a higher velocity, 860 m s~', the polyester also develops an annular 
region of brittle material removal that extends under the contact area in 
the form of gross chipping failure (Fig. 3b). The circumferential cracks are 
more numerous and are more heavily eroded. The epoxy resin displays an 
enhanced annulus of material removal at the higher velocity (Fig. 3d) and 
in addition a crack has formed within the central region. In other sites on 
the epoxy resin the circular crack in this position has been observed to vary 
from fully formed to nonexistent. Slight surface rippling in the vicinity of 
this crack and in the damage annulus is the only indication of any plastic 
deformation, and it is much less pronounced than in the previous examples 
of thermoplastics. The polyester shows no visible evidence of surface or 
subsurface flow. 

Reinforced Polyester and Epoxy Resins 

The largely ductile response of the thermoplastics and the almost 
entirely brittle failure in the thermosetting polymers are carried over into 
composites made from these materials. Typical damage sites from 700-m s~' 
liquid jets impinging upon reinforced thermosetting resins are shown in 
Figs. 4 and 6. Figure 4a is a unidirectional carbon reinforcement (Type III) 
in LY 558 epoxy resin. The characteristic features of surface damage on 
such materials at this velocity are penetration of at least one fiber layer 
and comparatively large-scale splitting and delamination. The site in 
Fig. 4a has a central, almost circular region that is relatively undamaged, 
surrounded by a ring of failure. This annulus consists of surface resin 
removal, matrix failure, fiber fracture, and some fiber removal. As the jet 
of water arrives in contact with the surface, the 'Hertzian' ring of tension 
will cause cracks to form along the fiber direction, tangentially to the 
contact area ("L" in Fig. 5); very similar behavior is found in static 
Hertzian indentations of composite specimens. A strip of unbroken fibers 
is then further deformed until the radial tension increases to the level at 
which the fibers will break by transverse cracks (in Region T of Fig. 5). 
These cracks will occur at random positions outside the contact area as 
the distribution of weaknesses and stress concentrators falls within the field 
of tension, and this produces the 'smeared out' zone of fractures. Region 2 
in Fig. 4a. Region 3 in this figure is caused by the rapid radial flow of 
water occurring after the compressible-behavior phase. The fractures and 
deformation as well as the original surface profile form discontinuities 
which are eroded by this radial jetting, removing some of the penetrated 
plies over this area and initiating longitudinal splits and delamination. 
More material is lost from those areas where the radial jetting is perpen
dicular to the fiber direction. Internal damage is visible in the section of 
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FIG. 4—Single 725-m s " ' impact on a 3-mm unidirectional carbon fiber laminate in epoxy 
resin, (a): L, longitudinal direction: T, transverse direction: 1, central region: 2, region of 
transverse cracking: 3, annulus of a subsurface ply exposed by the removal of material, (b): 
Section through x-x o/(a). 

this site (Fig. 4b). The 3-mm plate was thin enough for the bending 
response to dominate the failure pattern, producing a complex region of 
spalling and delamination. The inhomogeneous nature of the material also 
leads to many microscopic failure sites formed by the main compressive 
loading pulse. 

Figure 6a is the impacted surface of a 3-mm-thick laminate of woven 
glass mat in epoxy resin (MY 753). The surface damage consists of resin 
failure and fiber exposure around the edge of a central undamaged region. 
The light ring consists of this surface failure together with an area of sub
surface delamination, debonding, and matrix fragmentation. The sur
rounding diamond shape is the internal delamination, which can be seen 
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FIG. 5—Impact of a cylindrical jet on a unidirectional composite. C, contact area: L, 
longitudinal cracking; T, transverse failure region. After impact, the contact area returns to 
the level of the undisturbed surface, but the longitudinal and transverse failures remain; see 
Fig. 4a. 

more clearly in Fig. 6b, a rear view of the same specimen. This feature 
consists of a circular spall, and a larger delamination with characteristic 
square symmetry situated on a level slightly nearer the front surface. In 
general, both stress waves and the interlaminar failure find their preferred 
propagation direction to be along fiber bundles rather than oblique or 
transverse to them, and this can cause the characteristic diamond shape. 

Figure 6c is the result of five impacts on a 12-mm-thick plate of similar 
material, and Fig. M is a section through this site (along the line XX). 
This section illustrates the region of multiple spalling (Sp), and delamina
tion (D). Region C is under the main compressive loading of the impact, 
and isotropic materials fail because of the large shear components set up. 
However, the inhomogeneous structure of the composite material provides 
mechanisms for tensile failure of the fibers, the matrix, and their interface. 
The dimensions of the fibers in the types of composite under consideration 
are associated with stress wave propagation times which are very much 
smaller than the ~ l-/is duration of the main pressure pulse. Therefore, 
from the point of view of individual fibers, the stress distribution is quasi-
static and the results of conventional stress analysis may be applied. The 
analysis for a cylindrical inclusion in an elastic matrix is well known [12, 
13]. Significant local stress concentrations, both positive and negative, 
occur under an applied uniform stress; the stress concentrations become 
more serious when inclusions are in close proximity [14,15]. This leads to 
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FIG. 6—700 m s~' impacts on glass fiber laminates in epoxy resin, (a), (b) Front and rear 
surfaces of a single impact on a 3-mm plate; (c)five impacts on a 12-mm plate; (d) section along 
X-X of (c) showing: A, water penetration and delamination; C, region of compression failure; 
D, frontal delamination; and Sp, multiple spall fractures. 

an area of local failure sites directly under the impact. These are not 
visible in Fig. bd, but a clear example is presented in Ref 16. 

Similar impacts onto the identical reinforcement in a polyester resin 
(Crystic 625) show the same type of damage features of debonding, de-
laminating, and spalling but to a more marked extent. For example, the 
area of internal delamination in a 3-mm plate of reinforced polyester is 
approximately twice that of the epoxy. This is an indication of the higher 
fracture toughness of the latter. It is in the surface damage on woven 
laminates, however, that aspects of the behavior of nonreinforced matrix 
material modify the erosion mechanisms. Unlike a unidirectional or 
crossply construction, the top surface of a woven cloth is uneven, and to 
produce a composite with a flat surface there must be a matrix layer of 
nonuniform thickness above it. This varies in a typical material from areas 
where the fibers are intersecting the surface to regions where the reinforce
ment is covered by several hundred micrometres of matrix. Figure la 
illustrates part of an impact site on a very coarse weave of glass cloth in 
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brittle polyester resin, where most of the damage has occurred in a region 
where the matrix was > 100 nm thick. 'R' is part of an annulus from which 
resin has been removed by a process similar to that shown in Fig. 3b. 
Although not visible in this picture, fibers have been exposed by this resin 
removal. Outside the annulus are short circumferential cracks, many of 
which are associated with voids that intersect the surface. A typical void 
is shown in Fig. 7b. The cracks have in addition been stressed by the 
radial jetting, leading to material fracture in the downstream direction. 
Figure 7c is an enlargement of a group of these cracks and the direction of 
radial jetting is arrowed. Cracks which have not nucleated at voids show 
similar erosion behaviour. 

Parts of the annulus of Fig. 7a are shown in greater detail in Fig. 8a 
and b, being, respectively, where the radial direction (arrowed) is perpen
dicular or parallel to the local fiber direction. Where it is perpendicular 
(Fig. 8a), the matrix has been chipped away from the fibers, which them
selves may be lifted and broken by the radial jetting. Material removal 
at this stage is limited by the strength of the fibers. The matrix fracture 
surfaces are similar to the nonreinforced case of Fig. 3b. When the radial 
direction is parallel to the fibers (Fig. 8fc), however, much less material 
has been removed, and the fibers themselves remain undamaged. In this 
orientation, the stiffness of the fibers has inhibited the formation of tension 
cracks that lead to chipping. Also, fibers exposed in this situation are 
obviously not severely stressed by the fast radial flow of the jet along their 
length, and thus fewer fibers are fractured. 

A thick layer of a tougher resin will offer good protection to the fibers; 
the chipping of material is obviously an undesirable fracture mode for this 
purpose. The example of Fig. 4 has only a few micrometres of resin 
covering the outermost fiber layer, and quite extensive fiber fracture has 
resulted. In Fig. 6a fibers are fractured at the high points of the weave, 
where they are close to the surface. The "valleys" are filled with resin 
which protects the lower parts of the weave, and so failure points are 
unconnected. A more serious situation develops if these valleys are not 
filled, as can happen if resin is not able to completely wet the fabric 
during the molding process. Figure 7d shows the result of an impact onto 
an area of a few square millimeters in which the outermost layer of glass 
cloth was not covered in resin. Penetration has occurred early in the impact 
and water has been forced in between the top two laminae to cause very 
extensive delamination. Fiber breakage is quite widespread and the residual 
strength of the specimen has been seriously degraded. By comparison. 
Fig. 7e is a similar impact onto a correctly formed part of the same speci
men where the resin surface layer was complete. Penetration, fiber fracture, 
and material removal are all considerably reduced. Similar gross frontal 
delamination of a number of defect-free glass-mat-reinforced thermosetting 
polymers has also been found in this velocity range for multiple impact 
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FIG. 7—700 m s~' impacts onto glass cloth in polyester resin, (a) Nucleation of circum
ferential cracks. R, part of annulus of resin removal. Direction of radial jetting is arrowed. 
(b) Typical void from (a), (c) Erosion of cracks in the "downstream" direction (arrowed). 
(d) Delamination arising from impact upon a defect in the surface resin. See text, (e) Impact 
onto a defect-free part of the same specimen as (d). 

(see Fig. 6) and oblique impact [17], and also under very-high-velocity 
normal impacts (>1000 m s~*). It has not been observed with any uni
directional-ply reinforcements. 

Reinforced Polyethersulphone 

Some examples of 860 m s~* impacts on a reinforced thermoplastic 
matrix are presented in Fig. 9. The annulus of surface damage seen in 
Fig. 9a consists of rippling and tearing of the thin matrix layer, which 
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FIG. 8—700-m s ' impact upon glass cloth laminated in polyester resin, (a) Radial direc
tion (arrowed) is perpendicular to the fibers; (b) radial direction is parallel to the fibers. 
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FIG. 9—860-m s~^ impacts upon unidirectional layers of Type II carbon fibers in poly-
ethersulphone. (a) Noncoated specimen. C, cross-stitching in fiber plies; P. region of fiber 
and matrix removal, (b) Specimen with 400-ixm surface coating of matrix material. 

varies between < 10 and -50 nm thick. The surface deformation is severe, 
but the underlying fiber arrangement is largely undisturbed. There are 
regions where a section of fibers is plucked out, such as Area 'P' marked in 
Fig. 9a, and some small-scale fiber breakage is present. Also, distortion of 
the linear fiber arrangement occurs because of the flow of the matrix, but 
in general this type of deformation is inhibited by the high stiffness of the 
reinforcement. Distortion and fracture of the fibers seems to be maximized 
when the direction of radial jetting is ~60 deg to the fiber axis, in contrast 
to the area of maximum damage with thermosetting matrices, which occurs 
when these directions are perpendicular. Compared to this latter example, 
the effect of high-velocity liquid impact on reinforced thermoplastics is 
much less serious in terms of material removal and in particular with 
regard to the residual strength of the specimen. Internal damage is less 
severe, both delamination and spalling being considerably reduced. The 
most serious damage mode with thin plates of reinforced thermoplastic is 
longitudinal splitting, which can easily lead to complete penetration with 
one impact. 

The annulus of surface damage in the foregoing examples is quite similar 
to that observed with nonreinforced thermoplastic material. Less material 
has been plucked out, but the plastic deformation is enhanced. The large 
plastic crater that dominates the deformation of the latter case is, however, 
almost entirely suppressed by the stiff support given by the fibers. The 
crater depth in Fig. 9a is 16 ^m, compared with >150 ixm for the non-
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reinforced matrix. If an additional thick surface layer of matrix is provided, 
plastic deformation occurs within this layer. Figure 9b shows this situation 
where deformation to a depth of 100 fim has occurred in a surface layer of 
depth -400 ixtn. The coating has been delaminated by the impact, this 
failure being more extensive in the longitudinal fiber direction. At much 
lower velocities, the delamination consists of two separate areas situated 
underneath opposite sides of the annulus at the ends of a diameter that is 
parallel to the fibers. This suggests that the delamination is a shear 
failure resulting from the lateral displacements in the coating caused by 
the plastic deformation. The modulus mismatch between coating and 
substrate is greater in the longitudinal than in the transverse direction. A 
dynamic illustration of this mechanism, using high-speed photography, 
is given in Ref 18. 

Variation of Impact Conditions 

As the jet size or velocity is increased, the damage to composite materi
als from a single impact is rapidly accelerated. This variation has been 
quantified by measuring damage areas in two materials: a woven glass 
cloth in epoxy resin and a chopped glass reinforcement in a polysulphone 
matrix. Detailed results, to be published, have been obtained over a range 
of jet sizes from 0.4 to 6.5 mm, and of velocities from 250 to > 1000 m s~'. 

Figure 10 illustrates the variation of subsurface delamination in the 
glass/epoxy material with angle of impact for three impact velocities. 0 deg 
represents normal impact. It is a commonly found rule in liquid impact 
that normal impingement is the most damaging. However, this example 
shows a situation in which the rule does not apply. At each velocity, maxi
mum delamination occurs at a moderately oblique angle. It is seen that the 
damage area becomes smaller as the angle deviates slightly from 0 deg, 
and then peaks again as obliquity is further increased. This behavior was 
first observed in a different glass-cloth/epoxy system by Gorham and Field 
[7 7] where illustrations of the change in damage pattern are given. In that 
case the peak corresponded to delamination of the type illustrated in 
Fig. Id, where water penetrates the surface and then is forced between 
layers of reinforcement. In the present results, however although this is 
influencing the damage variation at the highest velocity, at the lowest one 
there is no surface penetration, and the anomalous behavior is a conse
quence of the differing stress distribution and history of oblique solid-
liquid impact. 

Discussion 

The examples presented in this paper represent only a small sample 
of the component material types, reinforcement arrangements, and impact 
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FIG. 10—Damage variation for single oblique impacts: 9-mm plate of glass cloth in MY720 
epoxy resin. Area of subsurface delamination measured for three impact velocities as a 
function of impact angle. 

conditions that we have studied. A few more examples of various rein
forcements in polyester and epoxy resins are presented in Ref 16. However, 
a number of general points which have arisen in the work are illustrated 
by these present examples. Composite materials have a very wide variation 
of mechanical properties, depending critically on the nature of the compo
nents and their mutual adhesion, and the conditions which determine the 
extent of a particular damage mode are complex. Great variability can be 
found between impacts at different positions on a single composite plate, 
due to the inherent inhomogeneity of construction and properties. Macro
scopic properties, such as fiber volume fraction, are not necessarily signifi
cant for predicting the effects of impacts, which are sampling the local 
variation of these parameters. The stress created by an 800-m s~' water 
impact are much higher than the strengths of the matrix, the interfaces, 
and often also of the fibers. Therefore, exact measurements of these prop
erties, particularly the average values for a composite specimen, are of 
secondary importance. Some damage to a composite plate is inevitable; 
the extent of damage is dependent upon such factors as strength and 
toughness. However, a qualitative analysis of damage modes and mecha
nisms has a general relevance to many types of composite material. The 
main characteristics of liquid impact under the present conditions are the 
high pressures (typically 1.5 GPa at 800 m s~') applied for a short time 
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(~1 us). Therefore, the analysis of damage applies not only to a wide 
range of liquid impact situations, but also to the similar effects of high-
velocity small solid particles and to explosive loading. 

The impact energy of this type of loading must be dissipated by some 
means, and the stresses are high enough so that if one failure mode is 
inhibited, then another will probably be enhanced. The best practical 
solution is to attenuate the stresses quickly by a nondestructive method, 
such as an elastomeric coating in which the impact energy is absorbed as 
elastic deformation energy and as heat. However, this cannot always be 
achieved successfully because of practical considerations. Also, in the event 
of coating failure the composite is unprotected. Therefore, a study of the 
failure modes and mechanisms in composite materials is relevant. 

The Presence of Reinforcement 

The very nature of a composite material renders it liable to severe dam
age from high-velocity liquid impact. The inhomogeneity of structure 
arising from the presence of a second mechanically dissimilar component 
produces complex local stress states from simple compressive loading, and 
there are many possible points of failure initiation distributed throughout 
the material. In practice a composite material is designed and used in 
order to withstand a particular working stress state most efficiently. This 
usually means that the strength properties are nonisotropic, and the re
sulting weak planes or directions between layers or within the reinforce
ment fail easily under the triaxial stress state of an impact and form spall 
fractures, delamination, and splits. 

In this way the impact damage to the tough but essentially brittle epoxy 
resins that have been illustrated here is worsened by the presence of rein
forcement. At the velocities studied, significant internal damage of de-
bonding and matrix failure is found within the composite, whereas very 
little damage is found with pure matrix material. The fractures of splitting, 
delaminating, and spalling that are a result of the structural inhomogeneity 
can be quite widespread. However, at velocities which are low enough for 
the reinforcement not to break, the very brittle polyester resin is protected 
by the reinforcement. Fibers limit the brittle chipping away of the nonrein-
forced matrix. This agrees with the results of subsonic erosion tests re
ported by Schmitt [19], where material removal was caused by multiple 
impact. Material loss from a very brittle resin is reduced by the presence of 
reinforcement, although residual strength may not be maintained. A non-
reinforced plate of this brittle resin, a few millimetres thick, will shatter 
under a single impact of sufficiently high velocity, as the propagation of 
stress waves causes failure at quite large distances from the impact site. 
With reinforcement present, the long bending cracks are inhibited, spalla
tion does not cause gross material removal, and stress wave propagation is 
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attenuated. In this case the resistance of the composite to withstand impact 
is a dramatic improvement over the matrix alone. 

The ductile thermoplastic matrices are less affected by the presence of 
reinforcement, and it is again not possible to generalize upon whether or 
not the changes are beneficial. In terms of material loss and residual 
strength, these largely ductile materials withstand high-velocity impact to 
a much better degree than their brittle counterparts. However, the pres
ence of stiff reinforcement tends to inhibit plastic flow and to encourage 
the brittle failure modes of splitting, etc. This is particularly important 
with thin plates, and residual strength can be catastrophically reduced by 
a single impact. However, if a composite with a ductile matrix is designed 
to minimize these undesirable failure modes, then the overall response may 
be an improvement on the nonreinforced case because of the reduced 
deformation. 

Effect of Component Material Properties 

When designing a composite material to be used in a given erosive 
situation, it is usually necessary to impose certain criteria on the postim-
pact behavior, such as minimizing material loss, maintaining a surface 
profile, or maximizing residual strength. With this in mind, it is useful to 
discuss the impact behavior of a composite material in terms of the proper
ties of its components. 

A very brittle matrix, illustrated in this paper by a polyester resin, allows 
comparatively large-scale material removal by chipping, resulting in ex
posure and fracture of the reinforcement. Tensile failure under the com
pressive components of the loading history arises from the inhomogeneity 
of the two-component structure, causing matrix fracture and fiber de-
bonding. Weak planes or directions between layers or within the reinforce
ment encourage comparatively large-scale splitting, delamination, and 
spalling. The surface chipping can be greatly reduced by using a tougher 
material such as an epoxy resin, but internal failure is still of a similar 
order. Tensile strength is then severely reduced by fiber fracture and 
debonding; bending stiffness and strength are also impaired by delamina
tion and splitting. 

Ductile matrices are much more successful at protecting the reinforce
ment, particularly against surface damage. However, the stiffness of the 
fibers suppresses the ductility of the matrix material, and some impact 
energy is therefore dissipated in the brittle failure modes already described. 
There is very little removal of material from the surface, but the plastic 
deformation does disturb the surface profile. Fiber fracture is much less 
apparent. If the large-scale splits and delaminations are inhibited, possibly 
by use of a thick plate, then the residual strength will be only slightly 
impaired. 
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The mechanical properties of the fibers are not as important as those of 
matrix in determining the overall damage. The stiffness will determine the 
deformation of a ductile matrix composite, and strength will determine the 
amount of fiber breakage and removal with brittle matrices. Within the 
comparatively limited range of modem glass and carbon fibers, however, 
the differences in damage patterns that we have found for single impacts 
are not large, although the geometry of the reinforcement can produce 
very significant differences. Unidirectional fibers suffer from long splits 
and cracks in the longitudinal direction. A woven reinforcement contains 
the damage more successfully, but more fibers are fractured at the high 
stress concentrations of crossover points and at high points of the weave. 
Crossply laminates are very susceptable to delamination, while short fiber 
reinforcements do not limit the removal of large pieces of a brittle matrix. 
Therefore, certain mechanical properties may be retained better than 
others after impact. The effect of various geometries is illustrated in Ref 
16. 

These examples show that it is sometimes possible to predict the type of 
response that a particular combination of matrix type and reinforcement 
geometry will have. However, it is necessary to know the properties of the 
component materials at the strain rate of the impact situation, which is 
typically >10' s~'. At this strain rate the response of polymeric materials 
in particular cannot always be predicted from low-strain-rate data. Many 
change their behavior from ductile to brittle modes as the strain rate is 
increased, and some localize shear deformation into narrow bands above 
a critical rate. Either change will increase the impact damage. However, 
quite accurate prediction of the performance of a composite can be made 
from impacts on the nonreinforced matrix material. The presence of re
inforcement produces more uniform changes within a particular group 
of matrices. The waterjet technique used in the present investigation is an 
experimentally convenient and very rapid method for quickly assessing the 
properties of materials in order for their composite ability to be predicted. 

Conclusions 

A wide variety of failure modes have been observed in the materials 
studied, and the severity of each is strongly dependent upon impact condi
tions and upon local material properties. Nonreinforced polymers have 
shown behavior ranging from fully brittle to largely ductile. Qualitative 
prediction of the behavior of a given composite can be made from knowl
edge of the matrix properties at high strain rate. Although there is no ideal 
material to withstand impact in all applications, it is possible to establish 
rules which assist in the design of composites for specific purposes. In 
general it is better to absorb the impact energy by ductile failure, in which 
strength reduction and mass loss are both miminized. By this criterion. 
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the brittle thermosetting resins, epoxy and polyester, are less successful 
than the ductile thermoplastics such as polycarbonate and polyethersulphone. 
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DISCUSSION 

/. V. Hackworth1 (written discussion)—Why does damage on PMMA 
and composites created by water-jet impact tend to maximize at impact 
direction/specimen angles of 15 to 20 deg? Was this angle effect checked 
with specimens shot into suspended drops? 

We have recently impacted zinc selenide into 2.0-mm drops at 222 m/s 
with the zinc selenide surface tilted 30 deg from the normal, and we find 
the extent of ring fractures drastically reduced from that on specimens 
with the surface normal to the impact direction. Within the next few 
weeks, we will test at 15 deg from the normal. Data from this test should 
be available for this comment before the STP is printed. 

D. A. Gorham, M. J. Matthewson, and J. E. Field {authors' closure)— 
It is commonly observed that damage due to liquid impact does decrease as 
the angle of incidence deviates from the normal. We have described (Ref 17) 
two exceptions to this rule in which damage is maximized at slightly oblique 
angles. In the case of PMMA, the maximum occurred because two separate 
failure regions, the ring crack and the subsurface failure, were brought into 
contact by the noncircularly symmetric stress field of the oblique impact. 
The total extent of failure was not enhanced, but mass loss increased 
because a greater amount of failure was accessible to a free surface. In 
the case of the composite, the amount of visible damage increased because 
of a new failure mode, namely, wide-spread delamination, which occurred 
under oblique impact. In both examples a critical velocity had to be 
exceeded in order for these effects to appear. For PMMA, a velocity of 
>580 m s_1 was necessary to cause the subsurface shear failure, and 
penetration of the top ply of the composite took place with only an impact 
at >550 m s -1 . We have not checked these effects by firing specimens into 
suspended drops, but we do expect that the anomalies would be found 
under impact conditions that are similar to those of the illustrated jet 
impacts. (See reply to question by A. F. Conn.) 

A. F. Conn1 (written discussion)—This question relates to the ability of 
your liquid jets to simulate the material-removal aspects of liquid droplet 
impact for those materials wherein you observe considerable removal due 
to the outwashing action. The jets have considerably more liquid available, 
relative to the drops, for this outwashing. Thus, my question is, Have you 
run the suspended drop tests, and compared the material removal with 
that observed for the jets, or is there other evidence that has convinced you 
that the jets are indeed a good simulation for the material-removal action? 

'Bell Aerospace Textron, Buffalo, N.Y. 14221. 
2Hydronautics, Inc., Laurel, Md. 20810. 
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D. A. Gorham, M. J. Matthewson, and J. E. Field {authors' closure)— 
Removal of material due to lateral outlfow of the liquid, whether a drop or 
jet, may be considered in two stages. Firstly, the high-pressure regime of 
liquid impact loading, that is when the liquid is compressed, is termi
nated by extremely high-velocity jetting from the free surface of the 
liquid. This jetting is typically 2 to 3 km s~' for the conditions discussed in 
the paper. Irregularities in the surface (for example, steps as small as 0.1 
/im) are subjected to extremely large stresses. Therefore, cracks are eroded, 
and, if the surface layer of a laminate has been penetrated, delamination 
failure is initiated. High-speed photography has shown that most damage 
occurs within this early time when the liquid is compressed and is exerting 
a high pressure upon the solid. However, this regime does not last for 
long. When the compressed liquid has been relieved by the release waves 
from the free surface, the rest of the liquid impinges stably against the 
solid surface. Therefore, after a time of typically 1 jts, the lateral flow 
velocity has been reduced to a value that is less than the original impact 
velocity. Most of the liquid contained in the jet or drop impinges on the 
surface in this way. 

The two stages of behavior have been observed with the impact of both 
liquid drops and jets. The initial high-velocity jetting is similar for both 
cases, occurring only during the "water-hammer" stage of the impact. 
However, the stable flow of the remaining part of the jet may differ from 
that of a drop, depending on how long the jet is. In the examples illustrated 
in the paper where the contact area is 3 mm across, the volume of water 
contained in the extrusion nozzle is equivalent to a cylindrical jet 3 mm in 
diameter and about 12 mm long. A 10-mm-diameter drop would produce a 
similar size of damage mark, and in this case the column of water behind 
the contact area is 10 mm long. Of course, the total volume of the equivalent 
drop is much larger than that of the jet, although much of the drop will 
be impacting around the initial compressively loaded area of contact. 
Therefore, in the present work the quantities of water involved in the 
low-velocity outflow of the jet are not considerably more than in the impact 
of an equivalent drop. Although we have not carried out the suspended-
drop tests, we do expect that the same anomalies in angular impact will 
be seen. In general we have not seen any difference between suspended-drop 
damage and jet impact damage that is due to differences in the lateral 
flow. Most damage occurs during the initial water-hammer phase of 
impact, and most of the liquid flows harmlessly against the solid. The 
total quantity of water does not affect the results. 

G. A. Savanick^ {written discussion)—In recent years a new uranium 
mining technology, called solution mining, has evolved in the United 
States. In solution mining a solvent is injected through a well into the 

•'U.S. Bureau of Mines, Twin Cities Mining Research Center, Twin Cities, Minn. 55111. 
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uranium-bearing rock, where it takes the uranium into solution. The 
solution bearing the uranium then flows into another well from whence it 
is pumped into a processing plant. The wells into which the solution is 
injected or recovered are typically cased with Schedule 40 polyvinyl chloride 
(PVC) casing. The Bureau of Mines has been using a 69-N/m^, 26.6-
litres/min (10 000 psi, 7 gal/min) continuous waterjet to cut perforations 
through the PVC in order to effect communication between the wellbore 
and the adjacent rock. The waterjet performs very well in PVC; that is, it 
cuts a clean hole through the PVC and surrounding grout terminating in 
the adjacent rock. 

Recently, a need has arisen to use casing that is stronger than PVC but 
less expensive than steel. Casings composed of a fiber glass composite 
have been shown to fill this need. Unfortunately, perforation of these 
casings with the 69-N/m^, 26.6-litres/min (10 OCX) psi, 7 gpm) continuous 
waterjet has been accompanied by severe delamination manifested by 
blisters forming on the inside of the casings. Do the authors have any 
suggestions as to how perforation operations can be applied to avoid this 
delamination? 

D. A. Gorham, M. J. Matthewson, and J. E. Field (authors' closure)— 
All our experiments with laminated composites have shown that in situations 
where there is significant damage or penetration, delamination is unavoid
able. The interlaminar surfaces are planes of weakness, and failure result
ing from various mechanisms (see Ref 16) is directed along them. The 
problem does not arise with short random fiber reinforcements, although 
these produce a material with different mechanical properties that may or 
may not be suitable for your application. This type of reinforcement in a 
ductile thermoplastic matrix will fail by a simple penetration; a brittle 
matrix will cause widespread failure. If mechanical strength was not 
important, then elastomers, which fail by a single narrow penetration, 
may also have been a solution to your problem. 
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Composites at Hypersonic Impact Velocities," Erosion: Prevention and Useful Applica
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ABSTRACT: The damage to three-dimensional orthogonal carbon-carbon composites 
created by particle impacts ranging from 1800 to 6000 ms_1 has been characterized for 
three weave constructions at both ambient and temperatures up to 3600CC. The subsur
face damage modes in the vicinity of the impact crater are described for the range of con
ditions investigated. Hypotheses are advanced concerning the failure modes and kinetics 
for the material ejected from the crater based on examination of sectioned specimens and 
high-speed photographic sequences. 

Kinking of the longitudinal and lateral fiber bundles is found to be the primary 
damage mode. Kinking of the longitudinal fiber bundles under the impact site (which 
controls the depth of the impact crater) displays a relatively minor dependence on the 
bundle dimensions. The lateral extent of the impact crater is dependent on the longitu
dinal fiber bundle content—decreasing as the bundle dimensions increase. It is hypoth
esized that kinking of the longitudinal fibers leads to this removal, which is related to 
kinking of the adjacent lateral fiber bundles which increases with the particle impact 
velocity. 

KEY WORDS: carbon composites, impact, erosion, damage modes, fracture, kinking, 
hypervelocity impact, penetration mechanics, shock waves, stress waves 

Investigation of the erosive response of fibrous composites exposed to 
natural (rain/ice) and induced (dust) particulate environments is stimulated 
by the need for reentry vehicle protection materials. The erosion performance 
of existing system materials has been evaluated using ground-impact simula
tion testing and verification flight tests [1-6].3 In the evaluation of materials 

'Director, Materials Science Section, Effects Technology, Inc., 5383 Hollister Ave., Santa 
Barbara, Calif. 93111. 

2Professor, Department of Materials Science and Engineering, University of California at 
Berkeley; formerly, Group Leader, Structural Ceramics, Structural Materials Department, 
Rockwell International Science Center, Thousand Oaks, Calif. 91360. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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fabricated for improved erosion resistance, all material evaluation has been 
directly related to erosion test performance. Little attention has been given to 
information for material development activities. It has thus been difficult for 
material manufacturers to relate erosion test results, such as mass loss ratios, 
to material construction or processing variables. 

Mass loss determinations have been performed either by single-particle 
impact procedures [6] or by continuous erosion testing in ballistic range facil
ities [1-3]. Mass loss laws have then been derived for specific materials based 
on experimental correlations. However, the single particle studies have not 
adequately represented the effects of multiple collisions, while the laws de
rived from the continuous erosion studies have focused on the result and not 
the process of erosion. In both cases extrapolation to service conditions has 
been made from a limited data base without consideration of the physical 
processes by which cratering occurs. A program is underway to extend the 
existing data base and to interrelate many aspects of the erosion process on a 
macroscopic scale for the purpose of predicting material removal rates [7]. 

Each single-particle impact causes substantial subsurface damage in addi
tion to mass loss [8-9]. Furthermore, after many sequent'ial single-particle 
impacts on one specimen, the average mass loss for each test is considerably 
higher than the baseline single-particle value. It has been postulated that this 
increase in average mass loss is due to subsurface interaction of damaged 
material. This increase is frequently referred to as "damage enhancement," 
and a damage enhancement factor has been defined as the ratio of the mass 
loss obtained for a predamaged surface to that obtained for a virgin surface. 
Damage enhancement is possibly the most sensitive parameter in erosive 
mass loss; experimental values of up to 3.3 have been recorded [7]. It is also a 
complex function of extrinsic variables (such as velocity, particle size, parti
cle type, and temperature), as well as intrinsic variables (such as material 
properties and material failure modes). 

The present work is directed toward quantifying the extent and nature of 
the subsurface damage produced by a variety of impact conditions and 
toward assessing the contribution of the most significant aspects of the sub
surface damage to damage enhancement. The ultimate objective will be to 
suggest viable microstructural modifications that would improve the erosion 
resistance of carbon composites. For this purpose, detailed post-test ex
amination of crater formation and subsurface damage has been performed 
for three carbon-carbon materials (Table 1) impacted by glass, nylon, or 
water projectiles in the velocity range 1800 to 6000 ms"' at temperatures 
from 20 to 3600 °C. These observations have been correlated with informa
tion obtained from high-speed photography, concerning the material 
removal sequence, and from selected quasi-static experiments which provide 
ancillary data concerning both the conditions for damage formation and the 
physical properties of the composite constituents. These correlations permit 
preliminary postulates to be constructed about the details of the cratering 
process from initial contact to damage completion. 
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Damage Observations 

The conditions used in this work for damage analysis are primarily single-
particle impacts produced by 1-mm glass beads using a high-energy capac
itor discharge exploding foil system [4-6]. Tests can be performed on carbon-
carbon materials at temperatures up to 3600 °C in this facility. A commercial 
induction heating unit is used to heat a 12-mm-diameter by 12-mm-long 
specimen to 3600°C in less than 10 s. 

The craters produced at hypersonic particle impact velocities are examined 
using both optical and electron microscopy. Initially, plan views of the 
craters are obtained using scanning electron microscopy (SEM) to provide a 
general comparison of the nature of the damage from one test condition to 
another and for the various carbon-carbon systems. Then the crater is 
scanned for details of the surface fracture modes. Subsequently the 
specimens are sectioned. The preferred sectioning method involves im
pregnation of the specimen with epoxy to preserve the details of the 
microstructure during subsequent sectioning operations (the epoxy resin can 
be made to completely permeate the interior of the specimen by using an 
outgassing procedure). A wire saw at the lowest possible cutting rate is used 
to section the specimen, which is then metallographically polished. Optical 
microscopic observations are made on progressive cross sections to establish 
a three-dimensional picture of the extent and nature of the subsurface 
damage and its relation to the damage observed on the crater surface. The 
general nature of the damage produced for a range of impact conditions will 
be described. 

Damage Perspectives 

A sequence demonstrating the development of the impact damage at low 
temperature (0 to 2500 °C) as a function of projectile velocity (for 1-mm glass 
projectiles) is presented in Fig. 1. The crater mass loss is typically the same or 
greater than the room temperature value over this temperature range. At ve
locities below -2000 ms~', the projectile is retained by the target (Fig. la) 
and the crater consists primarily of a central zone that accommodates the 
penetration of the projectile. At higher velocities (Fig. lb), however, the pro
jectile is ejected, and the crater contains an outer ledge in addition to a more 
deeply penetrating central zone. Surface spallation, manifested as the strip
ping of the lateral bundles exposed to the surface, is also apparent (Fig. Ic). 
A longitudinal bundle is defined as a bundle oriented in the direction of the 
applied force (dynamic or quasi-static)—usually the bundles normal to the 
surface—while the bundles orthogonal to the applied force are referred to as 
lateral bundles. The surface of the specimen in Fig. Ic was photographed 
prior to impact. Comparison of the pre- and post-impact conditions show 
that the surface damage is localized and that no fine-scale damage occurs 
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FIG. 1—i'f'Af overview of craters formed by 1-mm glass projectile impacts. 

beyond the area encompassed by the fiber stripping boundary. An initial 
evaluation of the effect of the yarn bundle geometry (see Table 1) on the 
damage morphology (Fig. lc,d,e) indicates that as the proportion of 
longitudinal bundles increases, the central penetration zone tends to increase 
slightly in depth, while the outer ledge diminishes in width. Although this 
comparison also involves processing and fiber variations, it is believed that 
this general trend is accurate. Close inspection of the central zone (Fig. 2a) 
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FIG. 2—SEM's of details of impact craters in 2-2-3 material. (&) Accommodation damage at 
base of central zone; (b) kinking of a lateral bundle at crater edge: (c) short fiber segments on a 
longitudinal bundle at outer ledge. 

indicates the existence of accommodation damage, manifested as exposed 
fibers conforming to a spherical boundary. This suggests that the central 
zone is formed by the direct penetration of the projectile as at the lower 
velocities. Kinking of the lateral fiber bundles near the crater periphery is 
also apparent in certain microstructures (Fig. 2b), and the presence of 
short lengths of longitudinal fibers laterally displaced away from the impact 
center (Fig. 2c) is commonly observed on longitudinal bundles at the crater 
ledge. 

The damage created by deformable projectiles (water or nylon) has most of 
the same features (Fig. 3), although there is little evidence of accommodation 
damage in the central zone. Linking of the outer edge damage zones is 
observed for closely spaced impacts; however, relatively minor interaction 
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INKING OF OUTER 

LEDGE 

FIG. 3—Impact damage on 2-2-3 created by 1-mm nylon beads at 4000 ms' 

between the subsurface damaged produced is seen for adjacent impacts. The 
microscopic development of the damage enhancement effect is still 
unknown. 

At high temperatures (? 2500 °C) the impact damage is again quite similar 
(Fig. 4), except that the impact is accompanied by permanent distortion of 
the fibers adjacent to the central zone (Fig. 4a) and by the creation of perma
nent interbundle separations (Fig. 4fe). The crater mass loss for a 2-2-3 
carbon-carbon steadily decreases from its maximum value at temperatures in 
excess of 2500°C. 

Damage Details 

The detailed nature of the impact damage has been obtained from sec
tioned specimens. The principal modes of damage identified in this study are 
summarized in schematic overviews (Fig. 5a,b,c). Sections close to the 
center of impact obtained from low-temperature impacts (<2500°C) show 
that the longitudinal bundles directly beneath the central penetration zone 
(Fig. 5a) are extensively kinked (Fig. 6) and that the out-of-plane lateral 
bundles are vertically displaced. No clear relation between the kink mode (in-
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FIG. 4—SEM's of high temperature (3500°C) impact damage in 1-1-5 material impacted by a 
1-mm glass projectile at 6000 ms~', indicating (a) distortion of longitudinal fibers in central 
zone, and (b) separation between lateral bundles and matrix at outer edge. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ADLER AND EVANS ON CARBON-CARBON COMPOSITES 353 

LATERAL 
BUflDLE 

LONGITUDItlAL BUNDLE 

KINKED LONGITUDINAL BUNDLE 

-ORIGINAL 
SURFACE 

DISTORTION OF 
LATERAL BUNDLE 

LATERAL BUNDLE 
FRACTURE 

-ORIGINAL 
SURFACE 

LONGITUDINAL BUNDLE REMOVAL 

' - Niiiiiii -ORIGINAL 
(•/i'lvCIIIIIIIII SURFACE 

FIG. 5—Schematics of damage created by projectile impact, (top) Section near the impact 
center revealing longitudinal bundles: (middle) section near impact center revealing lateral 
bundles; (bottom) section near crater periphery. 
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FIG. 6—Optical micrographs of polished sections near impact center revealing longitudinal 
bundles, (a) Kinking damage beneath center of impact; (b) bundle fracture beside crater; (c) 
Partial separation of bundle at kink boundaries. 

plane or out-of-plane), the initiation site, or the location of the adjacent out-
of-plane lateral bundles could be discerned (Fig. 6a). Microfracture is in
variably observed at the kink boundaries (Fig. 6a), while independent 
macrofracture (Fig. 6b) and partial separation of the kink boundaries (Fig. 
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FIG. 1—Optical micrographs of polished sections near impact center revealing lateral 
bundles, (a) Overview of kink locations: (b) detail showing local consistency of kink morphology: 
(c) detail showing kink beside crater wall. 

6c) are apparent in some longitudinal bundles near the crater boundary. 
Several layers of in-plane lateral bundles (Fig. Sb) also exhibit kinking that 
extends well beyond the periphery of the crater (Fig. la). These kinks are 
mostly in-plane (Fig. 76,c) and generally narrower than the kinks in the 
longitudinal bundles. There is often a distinct fiber orientation relation (Fig. 
7a): positive near the crater, mixed at a distance ~ Idt from the center of im
pact (where db is the bundle thickness), and then predominately negative at 
larger distances. This kinking often initiates at sites close to the corner of 
out-of-plane lateral fiber bundles. A more complex mode of kinking is ap
parent in the lateral bundles directly beneath the impact center (Fig. 8). In
spection of these fiber failures indicates mixed-mode kinking, usually on a 
plane between the opposite corners of the adjacent out-of-plane lateral 
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FIG. %—Optical micrographs of section near impact center showing compressional damage in 
lateral bundles beneath impact zone, (a) Mixed mode kinks adjacent to out-of-plane lateral 
bundles: (b) distortion at crater base: (c) simple kinking and fracture remote from crater. 

bundles (Fig. 8a). However, some tensile fractures (Fig. 8fc) and simple 
kinking adjacent to the matrix (Fig. 8c) can also be detected. 

The effects of varying the dimensions of the longitudinal bundles or the 
projectile velocity on the extent and morphology of the kinking are sum
marized in Figs. 9 and 10. Preliminary measurements of kinking in the 
longitudinal and lateral bundles show the general nature of the increase in 
the damage with the projectile velocity. A strong velocity dependence is seen 
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FIG. 9—Maximum extent of kinking in longitudinal and lateral bundles as a function of pro
jectile (1-mm glass sphere) velocity for three microstructures. 

for the kinking damage in the lateral fibers (Fig. 9). However, the density of 
the kinks formed on the lateral bundles is much less than the densities 
observed for the longitudinal bundles. The detailed morphology of the kink
ing in the longitudinal bundles does vary with bundle geometry (Fig. 10). For 
relatively large bundle diameters, the kinking is confined primarily to an in
tensely damaged single bundle, with some partial kinking of the adjacent 
bundles. For smaller bundles the kinking is usually less intense and 
distributed over two or more adjacent bundles. 

Near the crater periphery (Fig. 5c) lateral bundle fracture is typical (Fig. 
\\a,b). Occasionally, subsurface kinks can be detected in longitudinal 
bundles (Fig. He) at the lateral bundle/matrix interface. It is also apparent 
from the fiber configuration at the crater surface (Fig. lid) that the fractures 
in the longitudinal bundles that lead to material ejection are relatively planar 
in character and usually occur in the plane of the lateral bundle/matrix in
terface. Some isolated fractures in the longitudinal bundles are also evident. 

The impact damage at elevated temperatures (>2500°C) exhibits some 
important differences from that discerned at low temperatures. Extensive 
permanent distortion of the bundles near the crater surface (Fig. 12) in-
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FIG. 10—Optical micrographs of sections near impact center revealing longitudinal bundles, 
illustrating the effects of bundle dimensions on kink morphology: l-mm glass sphere impacts at 
6000 ms~' 
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FIG. 11—Micrographs of fractures near crater periphery, (a) SEM'of a fractured lateral bun
dle; (b) optical micrograph of a polished section showing a lateral bundle fracture; (c) SEM of a 
polished section showing a subsurface kink in a longitudinal bundle; (d) optical micrograph of a 
polished section showing morphology of longitudinal bundle fractures. 
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FIG. 12—Optical micrographs of sections through a 2-2-3 material impacted at 3500°C by a 
glass projectile at 6000 ms~ . (a) Overview showing lateral bundle distortion: (b) overview of 
longitudinal bundle kinking: (c) detail of a kink in a longitudinal bundle. 

dicates that the fibers are capable of limited plastic extension prior to frac
ture. The kinking is less extensive, especially along the lateral bundles, and 
the kinks usually arrest before they propagate through the fiber bundles (Fig. 
\2b). Fiber fracture does not invariably occur at the kink boundary (Fig. 
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12b); rather, the kink strain is accommodated in a significant proportion of 
fibers by a permanent distortion mechanism. 

Material Ejection 

High-speed photographic sequences have been taken of a hmited number 
of impacts on the 2-2-3 material. A sequence obtained for a 1-mm glass pro
jectile impacting at 2440 ms~\ shown in Fig. 13, indicates the existence of an 
initial conical spray of material ejection, followed by the primary ejection 
phase, consisting of material ejected normal to the specimen surface as a cen
tral plume rising out of the crater. (Note that the diameter of the base of the 
plume is approximately equal to the particle diameter, 1 mm.) By tracing the 
temporal changes in the location of a distinctive feature in the plume, the ap
proximate time at which it was freed from the crater can be reconstructed by 
plotting the location of identifiable elements in the ejecta as a function of 
the framing time increment. It is evident that although the penetration phase 
was completed within less than a few microseconds, the material ejection 
time exceeds 200 jus—over an order of magnitude longer. The primary 
material ejection thus occurs well after full penetration. 

Crater Mechanics 

The extent of the damage in carbon-carbon composites created by small-
projectile impacts is dictated by the stresses that develop due to the impact 
event and the material's resistance to the important modes of damage. Since 
damage can derive from both the compressive and shear stresses (kinking) 
and tensile and shear stresses (fracture), some idea of the general nature of 
the stresses involved in the entire impact cycle is needed to interpret the 
damage sequence. Then, knowledge of the conditions for initiating the 
various modes of damage is required in order to correlate the dynamic 
stresses with both the incidence of damage and material removal. A precise 
and detailed analysis of this complex process can be performed only by 
numerical methods. However, a perspective of the process can be obtained 
from simplified analyses which allow elucidation of several important prin
ciples for material improvement with respect to erosive environments. 

A possible failure sequence which reproduces the final crater morphology 
and subsurface damage as observed in the previous section is constructed in 
Fig. 14. The assumed conditions in the failure sequence are for a rigid parti
cle with the density of glass impacting a target approximating the 2-2-3 fiber 
bundle construction at 3600 ms~'. The details of the failure sequence depend 
on the impact site. The location of the impact is shown in Fig. 14a. The con
ditions which may prevail during the penetration phase along the cross sec
tions denoted A-A and B-B are illustrated in Fig. I4b and c. The three-
dimensional nature of the carbon-carbon composite was taken into account 
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FIG. 13—High-speed photographic sequence of a 1-mm glass sphere impact at 2400 ms ' . 

in constructing these figures (although some modification in the artistic 
endeavor should be made to better reflect the material properties). The 
known data pertaining to the final crater cross sections, the subsurface 
damage, and the dynamics of the crater formation process (Fig. 13) are all 
correlated in this schematic construction of the failure sequence. This con
densation of our investigative observations can now be used as a guide to 
focus on critical areas for micromechanical modeling which will be produc-
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tive in establishing physically realistic correlations between the material 
removal process and the mechanical and microstructural properties of three-
dimensional carbon-carbon materials. 

Impact Stresses 

Following the initial contact of the projectile with the target, stress waves 
initiate and propagate away from the contact zone in both the target and the 
projectile. The actual character of the propagating waves is quite complex 
due to the inhomogeneous nature of the carbon-carbon target material. For 
the three-dimensional weaves investigated here, preferred directions exist 
along the lateral and longitudinal fiber bundles, intersecting a region about 
the diameter of the impact particle centered at the initial impact site. The 
wave fronts actually become quite irregular as they propagate since every 
propagation direction radiating in a quadrant of a hemisphere centered at 
the point of contact in the three-dimensional carbon-carbon composite 
represents a different set of material properties and surfaces of discontinuity. 

In the idealized case of normal impact by a rigid spherical particle on a 
homogeneous, isotropic material, an essentially spherical wave is initiated 
which degenerates with distance from the impact site, due in part to the 
geometric attenuation of the expanding area for the propagating spherical 
front and due in part to the inherent dispersion and attenuation of the 
material. The same effects prevail for the carbon-carbon materials except 
that the intensity and development of the dynamic stresses will be dependent 
on the abrupt changes in the material properties; on the reflection of waves 
from the discontinuous surfaces existing between fibers in the bundles, 
bundle/matrix interfaces, pores, and cracks in the composite; and on the 
penetration of the target by the projectile. 

While knowledge of the general propagation characteristics of the wave 
fronts is important, this is only a part of the necessary information relevant to 
failure of the material. It is also necessary to evaluate the temporal evolution 
and magnitude of the transient stresses generated in the material. These 
stresses are related to the magnitude and direction of the forces applied to 
the material during projectile penetration. 

Upon initial contact with the surface of the target, a spherical glass bead 
imparts an essentially normal pressure with relatively weak compressive 
waves propagating in the lateral directions. A one-dimensional analysis in
dicates that the magnitude of the instantaneous normal pressure is 9.7 GPa 
for a glass bead and 4.6 GPa for a spherical water drop impacting a carbon-
carbon target at 2000 ms~'. The normal pressures for a particle impact 
velocity of 6000 ms~' are 44.2 GPa for glass and 26.6 GPa for water. The 
magnitudes of these instantaneous pressures are sufficient to produce shock 
fronts in both the target material and the impacting body. The relation be
tween the pressures generated in these bodies and the associated material 
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FIG. 14—Schematic of cratering process in three-dimensional carbon-carbon composite with 
a 2-2-3 weave geometry. 

velocities is expressed in terms of their shock Hugoniot (hydrodynamic equa
tions of state). 

The mechanics of the particle penetration process describe the magnitude 
and the temporal variation of the forces loading the material which govern 
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î  ,«:ldi 

SECTION B-8 

(c) 

FIG. \4—Continued. 

the character of the stress waves propagating away from the impact site. The 
general nature of these waves is represented by the Hugoniot relations. The 
analysis of the dynamic stresses is quite complex and it is conceptually very 
difficult to follow the course of the waves which develop behind the irregular 
wave forms as indicated in Fig. 14. It is important to note that these waves, in 
contrast to the usual one-dimensional case, involve all six components of the 
stress tensor. However, the fiber bundles serve as wave guides. The bundles 
along the preferred X, Y, and Z-directions are loading primarily along their 
longitudinal axes. These are the wave propagation conditions most amenable 
to analysis and are the major contributors to the observed failure modes. 

Shock-related phenomena comprise only the very earliest stages of the 
penetration process. The expanding shock fronts quickly attenuate as they 
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move out of the primary damage zone. As penetration continues, the shock 
wave is succeeded by elastic/plastic waves. (The term plastic wave is used 
here to denote the relatively slow-moving waves that encompass the nonlinear 
zone of material response. The nonlinearities are attributed to matrix den-
sification, matrix and fiber plasticity, and viscoelastic effects.) Penetration 
proceeds as the projectile decelerates, even though it may be highly fractured 
or extensively deformed. This process, coupled with the inertia of the 
expanding boundary, continues to impose a direct pressure on the surround
ing material; the particle velocity and pressure at the actual target/sphere 
interface are correspondingly complex functions of the depth of penetration. 
As the shock wave propagates, a rarefaction develops due to reflections from 
the target surface as well as due to deformation and fracture of the impacting 
particle. The dynamic stresses are complicated further by the presence of the 
penetration crater, which introduces a second free surface. 

Damage Mechanisms 

The character of the residual damage observed in impacted specimens, the 
observed material ejection sequence, and the likely states of stress developed 
during impact, combined with known wave propagation characteristics of 
three-dimensional carbon materials [10], suggest the following evolution of 
damage. 

The fiber stripping of the lateral fiber bundles at the target surface extend
ing well beyond the crater dimensions (Fig. 1) is conjectured to be due to low-
pressure elastic precursor waves traveling down the surface fiber bundles. 
The preferential nature of the material removal is clearly seen. These weak 
compressive waves will propagate at the elastic wave velocity along the set of 
lateral bundles exposed at the surface. The evolution of the stresses 
associated with the stress waves in the vicinity of the target's free surface have 
been considered elsewhere [//]. This analysis shows that significant tensile 
normal stresses occur in a region behind the compressive wave front, and it 
appears that these stresses, which diminish rapidly with depth, are sufficient 
to remove a narrow band of fibers from the exposed lateral bundles. 

As the projectile penetrates the target material, stress waves will propagate 
away from the damage zone; however, the loading cycles described previously 
will be modified by the compaction and crushing of material in the vicinity of 
the particle/target interface and precipitously terminated by removal (ejec
tion) of a portion of the intervening material. This phase of the ejection pro
cess can be seen in the high-speed photographic sequences of the impact 
event (Fig. 13) as the expulsion of pulverized material first as a conical spray 
and then normal to surface of the target. The maximum velocity of the 
crushed material occurs at the periphery of the evolving crater; however, this 
cylinder of ejected material is overtaken by a central plume of finely pulver
ized material moving at a considerably higher velocity. The difference in the 
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expulsion velocity associated with the observed ejection sequence is due to the 
nature of the driving force in each case. The conical spray is due to penetra
tion of the particle, and the ejected cylinder of material is due to the crushed 
material which is forced around the penetrating particle. The central plume, 
with a maximum velocity along the normal to the surface passing through the 
initial contact point, occurs as a result of all the material along this axis be
ing carried down to the full depth of particle penetration. The recovery forces 
for this material and the volume of material involved are considerably greater 
than those involved in material motion around the particle as it penetrates. 

The initial contact pressures are quite high for particle impacts above 2000 
ms~' (6500 ft/s) and shock waves will be propagated along the Z-fiber 
bundles. The extent and sequencing of the shock wave generated are in
timately associated with the constituent properties and the particle penetra
tion mechanics. Large-amplitude wave fronts will precede the particle/target 
interface once the velocity of this interface falls below the shock velocity. The 
propagating wave will precondition the material ahead of the moving par
ticle/target interface. The constituents engulfed by the wave front may be 
deformed in the manner shown in Figs. I4b and c. The actual deformations, 
the available dissipation mechanisms, and subsequent reflections from the 
internal surfaces of discontinuity are all related to the properties of the con
stituents. The penetration of the rigid bead will be affected to some extent by 
these characteristics of the composite. 

The extent of the damage parallel to the surface of the target is dependent 
on the force that is transmitted across the crushed and ultimately removed 
interfacial layer between the particle and the target material. The changing 
magnitude and orientation of the pressures which develop at the moving par
ticle/target interface control the general nature of the propagating stress 
waves, the initiation of rarefaction waves, and the near-field damage. 
Enlargement of the penetration crater occurs by the direct deformation of the 
matrix and fiber bundles. The free surface of the target presents an essen
tially unsupported face which permits large flexural deformations of the in-
plane lateral fiber bundles, which are assumed to respond as simple beams. 
The flexural modes are illustrated in Fig. I4b. 

Kinking in the lateral fiber bundles may result from the off-axis dynamic 
pressure components. Waves are then propagating in axial and near-axial 
directions along the fiber bundles to produce tension and compression zones 
as these waves are reflected off the fiber bundle boundaries. Only the second 
and third layers of lateral fiber bundles in Fig. I4b are situated such that the 
finite-amplitude waves are capable of producing damage in this manner 
before they are attenuated to insignificant levels. The dynamic stresses which 
can be transmitted at a near-axial direction in the fourth and subsequent 
lateral fiber bundles are fairly well attenuated with distance before they reach 
the critical orientation, so that only the kinking produced by transverse 
shearing in the vicinity of the impact site is found along these lateral bundles. 
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The propagation of waves ahead of the advancing particle/target interface 
produces extensive deformation of the constituents lying along the Z-axis. 
The longitudinal fiber bundles are pushed laterally to allow passage of the 
highly compacted zone of material as seen in Fig. 14c. Simultaneous with 
this action, the adjacent lateral fiber bundles are undergoing flexure and are 
being removed from the lattice. This constraint is therefore removed. Pro
gressively fragmented sections will be removed from the exposed Z-bundles. 
Kinking in the longitudinal bundles will take place in a manner analogous to 
that described for the lateral bundles. It should be observed that finite defor
mations are generated in the material below the crater so that when the kink
ing process takes place the location of the adjacent composite elements will 
be different than what is observed in the relaxed state. This may provide an 
explanation for the lack of correspondence between the location of kinks and 
the relative stiffnesses of the adjacent elements observed in post-test 
microscopic examinations. However, kinking is probably related to both the 
adjacent constraints and the wave propagation modes which develop along 
the length of the fiber bundles. 

Frame 6 in Fig. 146 and c is the point of maximum penetration. Rarefac
tion processes have already begun, but now the elastic energy in the de
formed and compressed material will rapidly act to restore the material to its 
initial state. This dynamic relaxation process is responsible for ejection of the 
central plume of material rising from the crater as shown in Fig. 13 and 
depicted in Frame 7 in Fig. I4b and c. If a glass bead is used as the impact
ing particle, it will be highly fragmented during the penetration process and 
these small fragments will be ejected from the crater with the carbonaceous 
debris. 

The final crater geometry and mass removal will be dependent on the 
properties of the impacting particle, whether it is water, ice, glass, or nylon. 
However, the general features of the material removal process and the form 
of the residual damage will be essentially identical to that described here, 
using the simplifying assumption of a rigid impacting particle—the dif
ference being only a matter of degree. IdeaUzed test conditions are quite 
useful and generally sufficient for suggesting ways in which the erosion 
resistance of the material can be improved; however, the details of the par
ticle/target interactions and quantification of the critical failure conditions 
are necessary if mass loss predictions are desired. 

The construction in Fig. 14 clearly defines the types of deformation modes 
and fractures to which a three-dimensional carbon-carbon composite may be 
subjected. In general the constituents in a three-dimensional carbon-carbon 
composite do not appear to respond to localized impacts in an integrated 
manner, but the individual constituents (primarily fiber bundles) are free to 
undergo predictable modes of deformation. This is an important observation 
in the development of analyses to be undertaken in conjunction with 
microscopic observations of the final crater morphologies and residual 
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damage. This approach provides a physical basis for the development of 
failure models and identification of those properties of the elements in the 
composite which control the crater dimensions. The observations summa
rized in Fig. 14 indicate that failures occur by flexure and transverse shearing 
of the fiber bundles, transverse tensile failure of the lateral fiber bundles, 
and interfiber shearing. Other studies have indicated the influence of the 
porosity of the composite on the matrix shear strength and propagation 
of the stress waves generated during the particle penetration process. 

Summary and General Implications 

The considerable differences in the extent and character of the kinking 
damage beneath and beside the penetration zone have important implica
tions for the interpretation of the damage process and for designing more 
damage-resistant materials. 

Kinking of the longitudinal fiber bundles beneath the penetration zone is 
reproduced under dynamic and quasi-static conditions; its extent is probably 
dictated by the stress state near the final stages of penetration, when the pro
jectile is moving relatively slowly and the applied pressure is comparable to 
the quasi-static penetration pressure. The effects of the bundle dimensions 
and the matrix and fiber properties on the resulting impact damage should 
thus be related to their separate effects on the critical stress for kinking and 
the penetration pressure—the latter through its influence on both the 
penetration distance and the dynamic stresses. It is already apparent that 
kinking is suppressed by increasing the matrix yield strength and elastic 
modulus [12] (an immediate implication for materials development), 
whereas the observed lack of correlation of kinks in adjacent bundles sug
gests that the influence of the bundle dimensions on the kink formation con
dition is small. Similarly, the penetration pressure should be enhanced by in
creasing the matrix flow strength, while the effect of the bundle dimensions, 
although uncertain, is probably quite small. However, it is not immediately 
obvious that the extent of the kinked zone is decreased by increasing the 
penetration pressure. This ambiguity arises because the diminution in 
penetration distance is counteracted by an increase in the amplitude of the 
dynamic stresses. Further work is clearly needed to develop a detailed picture 
of the role of the penetration pressure on the extent of longitudinal fiber bun
dle kinking and its dependence on microstructure. 

The kinking of the lateral fiber bundles beside the penetration zone is 
detected only under fully dynamic conditions, and its extent is strongly 
dependent on the impact velocity. Presumably, therefore, the conditions that 
encourage this kinking develop earlier in the penetration process, perhaps 
because the pressure applied to the bundles declines before penetration is 
complete. The morphology of the kinks also suggests that the free surface has 
an important influence on the kinking process. 
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The longitudinal fiber bundles beside the penetration zone must also be 
damaged during the impact cycle, to account for the observed occurrence of 
the outer ledge (Fig. lb). Since there is no systematic evidence of residual 
damage in these bundles, suggestions concerning the nature of this damage 
can only be speculative. There is much supportive evidence for the specula
tion that these bundles are damaged by kinking during the penetration phase 
and that the severity of kinking leads to the subsequent full ejection of the 
damaged zone. The regularly spaced kinks (that initiate at the matrix/bun
dle interface) observed adjacent to the impact center in the penetration tests 
indicate that the relative displacements that accompany penetration can 
generate in-plane shear stresses, as indicated schematically in Fig. 15. Then, 
the sequence of kinks required to accommodate an applied in-plane shear 
stress, when the restraint provided by the orthogonal bundles has been 
removed by prior kinking, suggests that a series of shear kinks could develop 
beside the penetration zone. 

In support of the foregoing hypothesis we note that the relatively planar 
character of the fractured longitudinal bundles at the base of the outer ledge 
is typical of kink boundary fracture, while the common occurrence of these 
bundle fractures at a lateral bundle/matrix interface is typical of shear in
duced kinks. Also, the short fiber segments sometimes observed on the 
longitudinal bundles. Fig. 2c, could be the remnants of the kinked zone. 
Should this damage process pertain, the extent of the damage normal to the 
impact direction would exhibit (in addition to the prevading influence of the 
matrix flow stress and modulus) a significant dependence on the proportion 
of longitudinal fibers in the sense that the damage zone will decrease as the 
content of longitudinal fibers increases [12]. This effect is consistent with the 
observations of the effect of the longitudinal fiber content on the extent of the 
outer ledge. It is also noted, however, that kinking of the restraining lateral 
bundles is a necessary precursor to the damage process; this requirement im
plies an upper limit on the zone size that might be encountered for relatively 
small longitudinal fiber contents. 
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DISCUSSION 

L. Rubin^ {written discussion)—Would you please explain the criteria by 
which you distinguish "kinking" from "column buckling"? Horizontal shear 
dislocations have been observed and documented in both axial and 
transverse fiber bundles of 3-D carbon-carbon composites as well as in 
unidirectional composites. It appears that column instability as a result of 
transverse shear dislocations, in any plane, might qualify as column buckling 
and not require the introduction of a new term. 

It might also be of interest to note that a hypervelocity impact end-on to a 
unidirectional fiber bundle carbon-carbon composite produced subsurface 
shear dislocations in planes radiating approximately 45 deg from the base of 

'The Aerospace Corp., P.O. Box 92957, Los Angeles, Calif. 90009. 
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the impact crater, somewhat analogous to Hertzian cracks in brittle 
materials, 

W. F. AdlerandA. G. Evans {authors' closure)—Dr. Rubin's comment is 
a very interesting one. There is little doubt that the bundle damage, which we 
have referred to as "kinking," is usually a consequence of a buckling in
stability (except under conditions of applied shear), be it elastic or 
elastic/plastic in character. However, it is important to recognize that buckl
ing refers to a mode of material response which does not invariably lead to 
damage or local failure of the type we have described. Thus, we have in
troduced the term kinking to describe the specific damage mode that is the 
consequence of the buckling instability, in the situation of present interest. 
To further illustrate the need for a term other than buckling, we shall briefly 
describe two examples of buckling instabilities that lead to very different 
types of damage: (1) Buckling of an elastic beam on an elastic foundation 
leads to a series of uncorrelated fractures in the beam, the spatial relation be
tween these fractures being determined by the character of post-buckling 
elastic deformation and the statistical distribution of fracture initiating 
flaws; in this instance the damage is %imp\Q fracture. (2) Plastic buckling of a 
beam leads to the formation of intense slip bands in the zone of initial in
stability; in this instance the damage consists of small cracks, etc. in the 
bands of intense (adiabatic) shear. 

Finally, we point out that the 45-deg trajectories of the shear failures found 
by Dr. Rubin exhibit a different orientation than Hertzian cracks (22-deg to 
the surface). The Hertzian cracks follow the quasi-static principal tensile 
stress trajectory and commence outside the contact area. The planes at 
45-deg probably coincide with maximum shear stress trajectories, which ex
hibit a 45-deg symmetry in the immediate vicinity of the penetration axis for 
the Hertzian theory of impact. 

L. K. Ives^ {written discussion)—Could you comment on the nature and 
differences in the damage associated with elastic-plastic and shock waves? 

W. F. Adler and A. G. Evans {authors' closure)—Dr. Ives's question ad
dresses a central issue in hypervelocity impact damage analyses, especially in 
brittle materials. Some physical understanding of the formation of spherical 
shock waves, their propagation, and degeneration into elastic-plastic waves 
has been evolving for isotropic elastic, perfectly plastic materials.^ Although 
the details will be different for anisotropic materials, or for materials which 
undergo more complex forms of inelastic deformation, similar trends are to 
be anticipated. However, the stresses that accompany these waves and cause 
the observed damage are not well characterized. Numerical solutions are 
usually resorted to, in order to obtain stress information, but these are only 

^National Bureau of Standards, Materials, B118, Washington, D.C. 20234. 
•'A reasonably coherent review is given by P. Chadwick, "Spherical Waves in Elastic-Plastic 

Materials," Inelastic Behavior of Solids, M. F. Kanninen, W. F. Adler, A. R. Rosenfield, and 
R. I. Jaffee, Eds., McGraw-Hill, New York, 1970. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



374 EROSION: PREVENTION AND USEFUL APPLICATIONS 

meaningful if they contain the correct physics. Problems of interpretation 
thus invariably arise and these have to be worked out through iterations 
between numerical computation and damage observations. This stage is just 
beginning to be attained for the carbon-carbon composites, but at the present 
time one can only speculate on the respective damage modes associated with 
the shock and elastic/plastic waves. 

We note the possibility that the deviatoric components of stress associated 
with the shock wave may not exceed the critical shear stress for kinking. If 
this is indeed correct, kinking will be associated with the succeeding elastic/ 
plastic wave rather than with the shock wave. The other mode of compres-
sional damage seems to depend primarily on the principal normal stress, and 
there is no reason to believe that this damage could not be associated with the 
shock wave, the elastic-plastic wave, or even the elastic precursor, which 
would have an amplitude sufficient to initiate kink formation. In any event, 
the passage of the shock wave will tend to precondition the material, by pro
ducing essentially nondestructive finite deformations, which is then acted 
upon by possibly more damaging transient stress states. Some of these effects 
are described in the "Crater Mechanics" section of the paper. 

A. F. Conn* {written discussion)—You are using glass and nylon beads to 
simulate the damage caused by water droplets at hypersonic velocities. Will 
you please comment on what you feel are the strengths and weaknesses of this 
usage of solid spheres for your experiments? 

W. F. Adler and A. G. Evans {authors' closure)—It is very difficult to im
pact water drops at hypervelocities in a laboratory facility, so alternative test 
procedures are resorted to in order to achieve a comparable effect. The 
amount of material removed by a single particle is normally used for compar
ing one test condition with another. The argument usually introduced to 
justify the mass loss as a meaningful parameter for comparison is that the 
target material is in the hydrodynamic state and therefore no differentiation 
will be made in the effect of the impact conditions as long as the applied 
pressures, computed on the basis of the Hugoniot relations, are equal in 
magnitude. Using this approach, the mass removal will be comparable for 
nylon, glass, and water particles as long as the impact velocity is adjusted so 
that the same impact pressure is imparted to the target for each particle type. 
This approach is based on a one-dimensional approximation of the impact 
conditions and does not account for the deformability of the impacting parti
cle and penetration of the target material. 

The descriptions of the damage modes associated with cratering in carbon-
carbon composites presented in the paper suggest that differences in the sub
surface damage around a crater will definitely depend on the particle 
characteristics. It was noted in the text that the shock-wave effects are rap
idly attenuated and that the strength of the target material becomes impor-

^Hydronautics, Inc., Pindell School Road, Laurel, Md. 20810. 
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tant before completion of the loading cycle. We therefore cannot support the 
popular hydrodynamic analogy for the hypervelocity impact conditions in
vestigated here. It is our view that any alternative to water drop impacts has 
to be viewed with considerable caution and understanding, and in no way do 
we mean to imply that glass beads or even nylon beads (whose Hugoniot ap
proximates that for water) at impact velocities in the range of from 2000 to 
6000 ms~' will reproduce the details of a water drop collision. It is our con
tention, as stated in the paper, that the damage modes produced by water 
drops, nylon and glass beads, and the material removal sequence are similar. 
The differences in the qualitative aspects of the particle impact are only a 
matter of degree; that is, the quantity of the damaged material removed and 
the extent of the subsurface damage produced will depend on the particle/ 
target interactions. The failure modes can therefore be adequately identified 
and modeled using glass beads to represent the impact conditions for 
rounded particles in general, whether they are rigid or deformable. An in
dependent modeling effort is required to quantitatively evaluate particle-type 
effects; however, general material failure models will be available from the 
approach used here. 

We trust that this answer to Dr. Conn's question provides adequate 
perspective on our erosion studies. 
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the Rain Erosion Performance of Carbon-Carbon Composites," Erosion: Prevention 
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Testing and Materials, 1979, pp. 376-405. 

ABSTRACT: The influence of materials construction variables and environmental 
parameter effects on the rain erosion behavior of carbon-carbon reentry vehicle nosetip 
thermal protection materials has been investigated at velocities of 1220 to 1675 m/s by 
firing rocket sleds equipped with special specimen holders through the artificial rain-
field at Holloman Air Force Base. 

A high percentage of axial reinforcement (fibers end-on to the surface) is desirable 
in carbon-carbon composites for improved erosion resistance. One-dimensional rein
forcement of this type would provide maximum erosion resistance, but the need for 
structural properties in reentry vehicle applications requires a combination of this 
high axial loading with fine-weave orthogonal 3-dimensionally reinforced construction 
for enhanced erosion-resistance and balanced performance. The small unit cell size is 
essential for good resistance. Increased in-plane isotropy in these composites by 
rotating the X-Y plies reduced the macroroughness development which is typical of the 
carbon-carbon composites in the multiple rain environment. 

Improvements in weaving, impregnation, pyrolysis, and graphitization are reflected 
in a reduction in the mass loss ratio of composites which have similar Z bundle area 
fractions, but were made at different chronological times. 

It was determined that Thornel 50 fiber composites gave better performance than 
Thornel 75, C-1000, C-3000, and other fibers. The introduction of intermediate chem
ical vapor deposition (CVD) of carbon coupled with low- or high-pressure pitch pro
cessing provided matrices for composites with improved erosion resistance compared 
with pyrolyzed resin or pitch-only processes. 

Empirical relationships were determined to govern the erosion rate as a function of 
velocity and impingement angle. 

KEY WORDS: rain erosion, carbon-carbon composites, rocket sled testing, multiple 
impact, materials construction variables, supersonic velocity, erosion 

'Materials research engineer, Air Force Materials Laboratory, Wright-Patterson Air Force 
Base, Ohio. 
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The rain erosion fixtures which have been previously used for assessing 
the erosion behavior of materials were utilized for these investigations. 
They are described in detail in an earlier paper [1].^ 

The three particular fixtures are shown in Figs. 1-3. The small rain 
erosion wedge holds 48 specimens of dimension 3.175 by 3.175 by 1.27 cm 
thick (16 each at angles of 13.5, 30, 45, and 60 deg). In this wedge the 
specimens are covered by stainless steel face plates so that a 2.54- by 
2.54-cm surface is exposed through the face plate window. The four-angle 
stepped wedge is utilized at speeds of 1375 m/s and below. The 13.5-deg 

FIG. 1—AFML rain erosion wedge for Mach 4.0 tests. 

^The italic numbers in braelcets refer to the list of references appended to this paper. 
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FIG. 2—13.5-deg cone for Much 5 rain erosion tests. 

cone (Fig. 2) holds 32 specimens of similar dimensions except for a 0.229-cm 
shoulder, 0.3175 cm wide around the edges, giving it a 2.54- by 2.54-cm 
raised face which flush mounts into the cone. The 30-deg cone holds 16 
identical specimens (Fig. 3). 

The HoUoman Track Facility 

Track Description 

The Holloman rocket sled track used for these tests has been described 
in detail in Ref 2. The track has been extended to 15240 m in length but 
all other details are the same as previously reported. Currently, 5486 m of 
the track are equipped with nozzles for rain simulation. However, only 610 
m of rainfield were used in these tests because of the degree of damage 
experienced by the specimens. Monorail sleds are used for rain erosion 
tests with braking accomplished by water-filled polyethylene bags or fran
gible plastic water trays laid directly on the track. 

Most firings are made during the night to take advantage of calm night 
air on the desert. Wind conditions for rain runs are restricted to three 
knots or less crosswind to prevent distortion of the rain pattern. 
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FIG. 3—30-deg cone for Mach 5 rain erosion tests. 

Rocket Sleds 

All rocket sled hardware and motors were provided by the Holloman 
Test Track Directorate. To accelerate to peak velocity and to sustain the 
desired Mach numbers in the 610 m of rain, staging with several combina
tions of rocket motors was used to achieve the required velocity profile, 
which peaked out as the sled entered the rainfield and decreased from 
there, providing a flat enough profile for valid analysis. 

A sled was used in which the wedge or 13.5- or 30-deg cones were moun
ted directly on the front of the last-stage Gila IV booster motor. Satisfactory 
velocity profiles were achieved at all velocities through proper selection of 
firing points, stages, and combinations of booster and sustainer motors. A 
complete history of the four sled firings with dates, firing times, wind 
conditions, average velocities in the rain, and specimen designations is 
given in Table 1. 

The Holloman Rainfield 

These tests utilized 610 m of the new rainfield installation, described in 
Ref J, and resulted in rainfall rates of 60.2 to 69.6 mm/h or approximately 
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3 g/m^ of rain concentration. The mean drop size is 1.37 mm diameter. 
See Fig. 4 for the drop size distribution with the new rainfield. 

The influence of debris shielding has been investigated in comparing 
this new reduced-concentration rainfield with the old installation and 
found to not be a factor for the range of concentrations and velocity in 
these tests [4]. 

Analysis Method 

Mean Depth of Penetration Rate/Velocity/Impingement Angle Equation 

The determination of erosion rate-velocity dependence has received 
considerable emphasis by numerous investigators because velocity is the 
most significant environmental parameter associated with rain erosion. 

In the Air Force Materials Laboratory (AFML) analysis, a mean depth 
of penetration rate, MDPR, has been defined in which erosion has been 
assumed uniform across the entire specimen area. This MDPR is calculated 
from the weight loss, density, known surface area, and time of exposure as 
obtained from microsecond readings on the Holloman instrumentation. 
The expression 

MDPR = KV" sin^ e (1) 

where 

MDPR = mean depth of penetration, cm/s, 
K = empirical constant, 
V = velocity, ft/s, and 
6 = impingement angle, (90 deg is normal incidence, for example). 

was previously found to provide the best fit to the data for the reinforced 
2-D plastic laminate radome and some monolithic ceramic (where appro
priate) materials [5,6]. 

However, in this series of tests, analysis of the data with the expression 

MDPR = KV" sin- 6 (2) 

where m = 1, 2, 2.5, 3, and 4, determined that the best fit for the data 
occurred with MDPR = KV" sin^ 6 for the carbon-carbon composite 
materials, implying a stronger angular dependence than previously postu
lated. 

Furthermore, the monolithic graphites were best correlated by the ex
pression 

MDRP sine =K{V sin5)" (3) 
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FIG. 4—New Holloman rainfield drop size distribution. 

The expression had formerly been used [/] but abandoned in favor of the 
sine-squared expression which fit the resin composite materials best. Equa
tion 3, which correlates the erosion response of the monolithic graphite 
materials, depends on the impact pressure and it is a direct function of the 
normal component of the velocity (V sin0). Obviously, the carbon-carbon 
composite erosion response also depends on impact pressure, but the intro
duction of fibrous reinforcement increases the angular dependence to sin^^ 
as determined by this analysis (see Table 2). The good fit obtained for the 
erosion data for the carbon-carbon composites with Eq 3 (see Table 3) also 
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confirms a strong dependence on normal velocity component (impact 
pressure). 

Mass Loss Ratio 

The mass loss ratio, G, was used in part for analysis of the data as 
described in a later section of the paper. It was obtained by dividing the 
weight loss of any particular specimen by the rain mass encountered, which 
was determined from the rain intensity data (liquid water content approxi
mately 3 g/m-') and the swept volume that that specimen encountered in 
traversing the 610-m rainfield. 

The MDPR is a recession rate as determined and may be related to the 
mass loss ratio as follows. If the speed through the HoUoman rainfield is 
constant, which is approximately true, then 

G = , . / • „, MDPR 

where p is the material density (g/cm^) and w the rain concentration or 
liquid water content (g/cm^). Note that MDPR varies as V sin^ to one 
power higher than G. This occurs because MDPR is a rate of material 
removal, and, as encounter speed and sinS increase, the rate of the rain 
mass encountered increases in direct proportion. Note that this difierence 
from G in speed and angle dependence holds for any erosion rate, or any 
total recession (measured normal to the local surface) that occurs in a fixed , 
duration at constant rate. 

Results on Reentiy Vehicle Nosetip Materials 

The results herein are based upon the four runs described in Table 1, 
which consisted of two Mach 4.0 tests with the stepped wedge (30R-M5 on 
10 June 1975 and 30R-M6 on 16 June 1976), a Mach 5.0 test with the 13.5-
deg cone (30R-N5A on 18 Dec. 1975), and a Mach 5.0 test with the 30-deg 
cone (30R-04 on 15 June 1976). All of these tests were conducted through 
the new 60 to 90 mm/h rainfield. 

For these carbon-carbon and graphite materials which erode (do not 
catastrophically fracture), the values of K (the constant), a (the velocity 
exponent), r (coefficient of correlation from a regression analysis), F (the 
value of MDPR/%va?B at V = 305 m/s), and the number of data points 
which were used for the analysis are also provided in Tables 2 and 3. The 
value oiMDPR/s.Wd or MDPR sinS at V = 305 m/s is an arbitrary selec
tion of velocity at which to compare the erosion (MDPR) as computed from 
the correlations obtained. Since these relationships are based upon only a 
few data, the ranking of materials based upon the calculated value and 
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those actually measured in the 30-deg, Mach 5.0 run (V normal = 808 
m/s) or the 60-deg, Mach 4.0 specimens (V normal = 1102 m/s) differs 
somewhat. For purposes of discussion in this paper, the rankings based 
upon measured mass \oss/MDPR will be utilized. 

The number of data points indicated are those from all runs from Mach 
4.0 to Mach 5.0 which could be used in developing the MDPR-V relation
ships. If no values for K, a, r, or F are shown, insufficient data were 
obtained to develop the velocity-erosion rate relationship. Note that the 
data on the last three Carbon-Carbon Erosion Resistance Assessment 
(CERA) carbon-carbons was obtained at Mach 4.0 and Mach 5.0, 30 deg 
only since a Mach 5.0, 13.5-deg cone run has not been made since these 
materials were completed. 

These graphites and carbon-carbon composite materials which are parti
cularly suited for very high heating conditions and high-performance 
maneuvering or other advanced reentry vehicles were obtained from the 
Air Force- and Navy-sponsored Carbon-Carbon Assessment Program 
(CCAP), Carbon Hypersonic Impact Program (CHIP), and CERA program 
that developed these materials. 

Carbon-Carbon Composites—Prior to discussing the ranking of materials, 
a description of the nomenclature is in order. The carbon-carbon materials 
are described by three numbers. For example, the T-19 composite is la
beled MDAC 4-4-2. The 4-4-2 designation for this material and similar 
designations for others (1-1-3, 1-1-5, etc.) refers to the number of fiber 
yarns per site or per layer in the X-Y-Z directions, respectively, so that the 
4-4-2 material had 4 Thornel IS-X yarns and 4-1^ yarns per layer and 2 
Thornel 75-Z yarns per site. Figure 5 describes the unit cell dimensional 

FIG. 5—Unit cell dimensional nomenclature in 3-D orthogonal vieave. 
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nomenclature in 3-D orthogonal weaves. Typical damage to one of these 
carbon-carbons after the Mach 5.0, 30-deg exposure is shown in Fig. 6a; 
note the large degree of roughness developed. 

The ranking of these nosetip materials based upon their mean depth 
penetration at 30 deg, Mach 5.0, wherein all were exposed to identical 
conditions on the same run, was as given in Table 4. Note that since the 
density of all these materials is 1,8 to 2.0 (see Table 5), Table 4 also gives 
the mass loss ratio ranking. 

If the ranking is made based upon higher angle exposures (60-deg) at 
Mach 4.0, only a slight change in the positions of the top ranking materials 
occurs while the relative position of the other materials varies considerably. 
The polar weave ranks second in these conditions, where it was lowest at 
Mach 5.0, 30-deg, due to complete loss of the specimen. This complete 
failure may have been caused because the specimen was undersized and 
had been potted in plastic to fit the cone. The 60-deg, Mach 4.0 ranking 
is given in Table 6. 

The effect of data scatter on these rankings can be considered in the 
following manner. The relative performances of all materials under the two 
test conditions can be compared as in the list given in Table 7. It is noted 
at once that the ratio of performance at M5/30-deg to performance at 
M4/60 deg is relatively uniform; the value of the ratio falls within ±18 
percent (la) of the average for all except two of the materials (MDAC 
1-1-1-5 and TS-1276). In view of the fact that two tests (two sources of error) 
are involved, it is somewhat unlikely that changes in ranking could be de
termined with certainty. However, this also provides confidence in the com
parability of the rankings obtained under these two conditions. 

Of the two materials which showed large deviations from average be
havior, one (MDAC 1-1-1-5) exhibited relative insensitivity to test condition, 
and the other (TS-1276) showed exceptionally strong sensitivity to test con
dition. The graphites appear to be somewhat more sensitive to test con
ditions than the carbon-carbon. Previous investigations of impact damage 
in monolithic graphite materials [7] have shown a relative insensitivity to 
multiple impact, and the differences between the numbers of drops im
pacting at 60 deg versus the number at 30 deg with their respective damage 
cannot explain this sensitivity. Perhaps it may be attributed to data scatter. 

The rankings given in Tables 4 and 6 demonstrate the improvement 
which has occurred in the weaving and processing of the carbon-carbon 
composites from the time of the CCAP materials fabrication (1972) until 
the time of the CERA materials (late 1974 to spring 1976). These improve
ments coupled with the understanding of the influence of Z-reinforcement 
percentage, and other weave geometry, have enabled reduction in the erosion 
mass loss of approximately 30 to 40 percent. 

Thus, it has been demonstrated that the beneficial influence of a high 
percentage of fibers oriented end-on to the surface of a composite can be 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



388 EROSION: PREVENTION AND USEFUL APPLICATIONS 

FIG. (M—Rain erosion damage to carbon-carbon composite after 30-deg, Much 5 exposure. 

FIG. db—Rain erosion damage to ATJ-S graphite after 30-cieg Much 5 exposure. 
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TABLE 4—Nosetip materials ranking at Mach 5.0, 30 deg. 

No. 

T-28 

T-27 

T-25 
T-20 
T-19 
T-24 
T-15 

T-16 

T-17 

T-14 
T-7 
T-13 
T-18 

Material 

MDAC 1-1-13 T-75/piteh -f-
CVD -1- pitch 

MDAC 1-1-1-5 T-50/pitch + 
CVD + pitch 

GE 1-1-5 T-50/CVD + pitch 
GE 1-1-3 T-50/CVD -f pitch 
MDAC 4-4-2 T-7S/pitch 
A VCD 1-1-5 T-50/resin 
GE high axial orthogonal 

C-3000/C-lOOO/pitch 
Philco-Ford fine weave 

orthogonal T-75/resin 
MDAC orthogonal (347) 

T-50/pitch 
TS-1276 graphite 
ATJ-S graphite 
994 graphite 
GE polar weave T-50/ 

CVD + pitch 

Source 

CERA (Group 2) 

CERA (Group 2) 

CERA (Group 2) 
CERA (Group 1) 
CERA (Group 1) 
CERA (Group 1) 

CCAP 

CCAP 

CCAP 

CCAP 

MDPR. cm/s 

0.531 

0.575 

0.584 
0.677 
0.773 
0.785 
0.829 

0.919 

0.978 

1.055 
1.233 
1.302 

completely gone 

extended to carbon-carbon nosetip thermal protection materials. However, 
thermostructural requirements on the nosetip materials make an extremely 
high-percentage Z-reinforcement (for example, MDAC 1-1-13) impractical 
because of inability to withstand g forces and because of high nosetip ab
lative recession rates due to high thermal conductivity. Therefore, orthogonal 
3-D reinforcement is the state of the art for these composites. 

These tests demonstrate the desirability of fine-weave spacing in con
fining the extent of cratering. These conclusions are further borne out in 
the work of Reinecke et al [8] and Kratsch et al [9]. 

The construction parameters of all of the carbon-carbon composites are 
summarized in Table 5. 

Graphites—Three graphites were also investigated, including ATJ-S 
graphite as a baseline material, 994 improved strain-to-failure graphite, 
and TS-1276 uniform-properties graphite. They were included in the 13.5-
deg, Mach 5.0 (30R-N5A) and Mach 5.0, 30-deg cone (3OR-04) runs, which 
not only provided an intercomparison of the three but also a comparison 
with all of the carbon-carbon composites. 

The TS-1276 uniform properties graphite ranked slightly better than 
the ATJ-S whereas the 994 improved strain-to-failure was definitely poorer 
in erosion resistance as borne out by the 13.5-deg Mach 5.0 and 30-deg 
Mach 5.0 exposures. A comparison is made in Table 8. 

On the basis of this test the graphites ranked below all of the carbon-
carbons except the polar weave, which was completely lost. If the Mach 4.0 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



390 EROSION: PREVENTION AND USEFUL APPLICATIONS 

I 30 ^ cr 00 o> 00 

(-) r-) (N •* 

«• — TT CM 00 
CT- • r-i >0 ^ ^ 
(*> - T rl ^ 'T 

IN — • 5 -̂  fN — •? 
d o • d cj d d f" 

d d o o o o ' 

£ 2 . A n • ,̂  ̂  , 

C3 -; • —' d d « d 

fe ™ • -J rt ob ob 
^ r^ . r~- rr 1/1 I/) 
d o ' <6 d <6 o 

imu 

t-, P S P H H 

10 10 1^110 

Mh 
i/l <N <N -O 
^ ^ 1 | (N 

O O O O 

o o d J 

c Q Q £ a £ 2 

< 
8 
Q 
Uj 

3 

O S S "i- " - f̂  
s ^ £ ^ = < < 
S g g § S § § 

•s a 
i-
a 
^ 

ml 
,o = = 7 r "? •? ~ 

!i ~ < 
§ u u a 
• S o w s 

o ~ ;;; ~ S 

^ in o r~ 
rM M (N (N 
(i fi ti t; 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SCHM1TT ON CARBON-CARBON COMPOSITES 391 

TABLE 6—Nosetip materials ranking at Mach 4.0, 60 deg. 

No. 

T-28 
T-18 
T-22 
T-25 
T-7 
T-14 
T-21 
T-20 
T-24 
T-27 
T-15 

T-19 
T-16 

T-17 
T-13 
T-23 

Material 

MDAC 1-1-13 T-75/pltch + pitch 
GE polar weave T-SO/CVC + pitch 
MDAC 2-2-4 T-50/pitch + CVD + pitch 
GE 1-1-5 T-50/CVD -1- pitch 
ATJ-S graphite 
TS-1276 graphite 
MDAC M-2 T-50/pitch 
GE 1-1-3 T-50/CVD + pitch 
AVCO M-5 T-50/resin 
MDAC 1-1-1-5 T-50/pitch + pitch 
GE high axial orthogonal 

C-3000/C-lOOO/pitch 
MDAC 4-4-2 T-75/pitch 
Phiko-Ford fine \yeave orthogonal 

T-75/resin 
MDAC Orthogonal (347) T-50/pitch 
994 graphite 
MDAC 1-D T-50/TaC matrix 

Source 

CERA 
CCAP 
CHIP 
CERA 

CHIP 
CERA 
CERA 
CERA 
CCAP 

CERA 
CCAP 

CCAP 

CHIP 

MDPR, cm/s 

0.313 
0.339 
0.382 
0.395 
0.717" 
0.437 
0.454 
0.456 
0.482 
0.491 
0.501 

0.505 
0.557 

0.595 
0.659 
0.131* 

"Data on ATJ-S graphite from a Mach 4.0 run in the old 140- to 165-mm/h rainfield (twice 
the intensity). 

*Specimen cracked through the thickness into several pieces, which implies catastrophic 
failure although mass loss was low. 

TABLE 1 ̂ Relative performances of materials. 

Material 
Ml-MDPR 
(M5/30 deg) 

Ml = MDPR 
(M4/60 deg) R = 

Ml 

M2 

T-28 
T-27 
T-25 
T.20 
T-19 
T-24 
T-15 
T.16 
T-17 
T-14 
T-7 
T-13 
T-18 

0.531 
0.575 
0,584 
0.677 
0.773 
0.785 
0.829 
0.919 
0.978 
1.055 
1.233 
1.302 

0.313 
0,419 
0,395 
0.456 
0,505 
0,482 
0.501 
0,557 
0,595 
0.437 
0,717 
0,659 
0,339 

1.70 
1.17 
1.48 
1.48 
1.53 
1.63 
1.65 
1.65 
1.64 
2.41 
1.72 
1.98 

R^= 1.67 ± 0.30 

data are used for comparison, the ATJ-S and TS-1276 rank intermediately 
among the carbon-carbons but the 994 graphite is still very poor. A typical 
condition of the ATJ-S graphite is shown in Fig. 66 after 30-deg, Mach 5.0 
exposure. 
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No. 

T-7 
T-13 
T-14 

TABLE 8—Erosion resistance comparison. 

Material "MDPR, cm/s 

ATJ-S graphite 1.233 
994 graphite 1.302 
TS-1276 1.055 

"GCMass Loss Ratio) 

8.45 
8.73 
7.19 

"30 deg, Mach 5.0, 67.6 mm/h rainfall. 

Discussion 

The comparison of carbon-carbon composite nosetip thermal protection 
materials demonstrates the superiority of materials which have a high per
centage of Z-fibers end-on to the surface. The CERA 1-1-13 composite 
was deliberately constructed to maximize the area percentage of Z-fibers 
(k) and the CERA 4-4-2 construction was included because it was just the 
opposite, that is, mostly transverse AT-K bundles. The other CERA materials 
fall in between. 

Figure 7 shows the mass loss ratio (mass removed/mass impacted) for 
the CCAP and CERA composites from the 30-deg, Mach 5.0 exposure 
(where all were exposed to the identical environment) plotted versus kz 
(area percent Z fiber). As previously determined for radome construction 
(see Refs 5 and 6, for example), the benefit of high axial fiber content 
is clear with a reduction of 50 percent in mass loss ratio by increasing 
Z-fiber area percentage from 20 to 45 percent. Small unit cell size is also 
important and partially responsible for the improved behavior of the GE 
1-1-5 (0.762-mm cell) and compared with the Avco 1-1-5 (1.27-mm cell). 
Therefore, a combination of high Z-fiber loading coupled with small cell 
dimensions should provide optimum erosion performance. As can be seen 
in Fig. 7, this was achieved in part on the GE 1-1-5 composites, which 
would be anticipated to have better ablative properties (lower recession 
rate) and thermostructural performance (due to fine X-Y layer spacing 
and more uniform reinforcement) than the 1-1-13 construction, which 
exhibited a similar erosion resistance. 

The influence of processing is considerable within these two 1-1-5 com
posites in that the GE 1-1-5 composite had chemical vapor deposition (CVD) 
impregnation pitch matrix material and was based upon a woven 3-D pre
form, while the Avco 1-1-5 composite had no CVD pyrolyzed resin matrix, 
and was a 2-D weave with Z-direction fibers inserted. However, the spacing 
of the Z-fibers and the percentage oiX-Y fibers in the unit cell determine 
the extent of the crater damage area, A fine spacing tends to limit this 
damage and reduce the mass loss. 

Figure 8 also compares mass loss ratio versus kz for the CCAP and the 
first group of CERA composites from the 60-deg, Mach 4.0 exposures 
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7 , 0 _ 

0 

MDAC03D 

oPF03D 

CCAP MATERIALS 

3.0 

CERA MATERIALS 

GE 1-1-5 

20 30 40 50 

Area Percent Z Fiber, k 

60 

FIG. 7—Mass loss ratio versus area percent X-fiber—30-deg, M5.0 data. 

(three different tests) and the 13.5-deg, Mach 5.0 exposures (two different 
tests). In both cases, the higher Z-fiber content materials resulted in re
duced erosion even at the very low 13.5-deg impingement angle where the 
data scatter is greater. 

If a plot of mass loss ratio versus total fiber volume fraction, K, is made 
for these composites, no correlation is evident, as can be seen in Fig. 9. 
Since the size of the unit cell is important and the matrix is significantly 
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F IG . i—Mass loss ratio versus Area Percent Z-fiber—13.5-deg, MS. 0 and 60-deg, M4.0 data. 

weaker, one might expect the total fiber content to govern the mass loss 
behavior. However, the relationship is more complex as shown by the scat
ter and lack of trends in this figure. 

If the CCAP composites in Figs. 7 and 8 are compared with the CERA 
composites, the improvements in weaving and processing are clearly evident. 
The CCAP materials are of vintage 1972 to 1973 while the CERA materials 
date from late 1974 to spring 1976. During this time, substantial advances 
in the state of the art for fabrication of carbon-carbon composites have 
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MDAC 1-1-1-5 
M b A O 
1-1-2 GE 1-1-3 

MDAC 
2 - 2 - 4 

MDAC 
• 1-1-13 

AVCO 
3-D 

GE 1-1-5 

0 .1 07? _L I 
073 57? ()75 

T o t a l F i b e r Vo lume F r a c t i o n 

FIG. 9—Mass loss ratio versus total fiber volume fraction—60-deg, M4.0 data. 

occurred and this has resulted in approximately 15 to 20 percent reduction 
in erosive mass loss. 

A comparison of the mass loss ratio rankings of the various composites 
may be found in Fig. 10 for the CCAP and CHIP materials and in Fig. 11 
for the CERA materials as a function of the normal component of the ve
locity (VsinS). The rankings, from the various angle/velocity combinations, 
are quite consistent in terms of those materials which exhibited the poorest 
erosion resistance (MDAC 347 0-3D CC and Philco Ford 0-3D from CCAP 
or Avco 1-1-5 and MDAC 4-4-2 from CERA). Thus, these screening tests 
would eliminate them from further development. The superiority of the 
high axial CERA composites is generally shown in Fig. 11 with the T-27 
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FIG. 10—Mass loss ratio versus normal component of velocity—CCAP and CERA materials. 

(MDAC 1-1-1-5), T-25 (G. E. 1-1-5), and T-28 (MDAC 1-1-13) exhibiting 
less mass loss at most angle conditions compared with the others. 

Based upon the results for all carbon-carbon composites, specific pro
cessing conditions in terms of graphitization temperatures or numbers of 
impregnation cycles cannot be recommended, but the utilization of CVD 
to improve matrix-fiber bonding, pitch matrix compared with pyrolyzed 
resin, and T-50 or T-75 continuous rayon filaments for reinforcement, is 
indicated. 

Plots of mass loss ratio versus normal velocity components are shown 
in Figs. 12-17 for the six CERA carbon-carbon composites with the ve-
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CERA Materials 

O T - 1 9 M D A C 4-4-2CC O T-27 MDAC 1-1-1-5 CC 
D T - 2 0 GE 1-1-3CC A T-28 MDAC 1-1-13 CC 
O T - 2 4 AVCO 1-1-5 CC 
A T-25 GE 1-1-5 CC 

1 .0 -

0.1 

A 

I 
30 300 3,000 

V sinfl (fn/s) 

FIG. 11—Mass loss ratio versus normal component of velocity—CERA materials. 

locity exponent as determined from the computer regression analysis indi
cated. In the case of the first group of CERA composites, the high values 
of the 13.5-deg, Mach 5.0 mass loss ratios partially offset the low values of 
the 30-deg, Mach 4.0 (where shock-layer effects reduce the mass loss), and 
the exponents are 2.3 to 2.8. With the second group of CERA composites, 
no 13.5-deg, Mach 5.0 data have been obtained yet and the 30-deg, Mach 
4.0 data result in higher-velocity exponents 3.4 to 4.9 being determined for 
these materials. 

An attempt was made to relate the ranking of materials as obtained at 
Holloman to those obtained at other facilities. Past experience [//] has 
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T-19 MDAC 4-4-2 C/C (CERA) 

1 0 . 0 | -

1.0 

0.1 

a COMP = 2.315 
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30 300 

V sinfl Im/s) 

3,000 

FIG. 12—Mass loss ratio versus normal component of velocity—MDAC 4-4-2 carbon-carbon. 

shown that the influences of materials parameters determined in these sled 
tests have in general held true in higher-velocity multiple-impingment ero
sion conditions. 

Comparison of rankings of the CCAP and CERA materials from the 
Science Applications, Inc. (SAI) and Effects Technology, Inc. (ETI) single 
glass particle impact facilities, the Avco graupel ice ballistics range tests, 
the Arnold Engineering Development Center (AEDC) dendritic ice crystal 
tests, and the multiple impingement rain tests are given in Table 9. 

As can be seen in this table, the single-particle ranking of materials 
showed disagreement with the multiple-impingement ranking but the better 
materials (MDAC 1-1-13, GE 1-1-5, GE 1-1-3) were typically grouped near 
the top in all facilities and the same was true for the poorer materials 
(MDAC 4-4-2, graphites, polar weave). The sensitivity of the composite 
materials to residual damage and multiple-impingement effects in a real
time sense, such as in the rocket sled tests or the ballistics range tests, is 

^The author is indebted to Mr. Marlyn E, Graham of Effects Technology, Inc. for this 
suggestion. 
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T-20 GE 1-1-3 C/C (CERA) 
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FIG. 13—Mass loss ratio versus normal component of velocity—GE 1-1-3 carbon-carbon. 

difficult to determine since only post-test integrated damage is obtained. 
Comparison with single-particle tests is only a curiosity because the velocity 
is low on the sled tests, aerodynamic effects can influence mass removal in 
both sled and ballistics range tests (and this is not simulated in single-par
ticle tests), the effects of mechanical vibration and stopping are unknown 
(but believed to be minor on the sled because of the condition of eroded 
specimens which are recovered with many pieces remaining), and because 
of the uncertainties associated with a multiple-impact experiment through 
a precalibrated environment. A multiple-impact experiment in the single-
particle facility would provide a much more valid comparison but those 
data are not available on these composites. 

The benefit of the increased in-plane isotropy obtained with rotating the 
X-Y plies in an orthogonal construction was subtle, but important. The 
1-1-1-5, 4-D construction was similar dimensionally to the GE 1-1-5 or
thogonal construction and both ranked similarly in the multiple-impinge
ment rain and ice environments. The 4-D construction exhibited the least 
mass loss in the AEDC ice crystal tests, which were the only ones on actual 
sphere-cone shapes. Whether this good performance can be directly tied 
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FIG. 14—Mass loss ratio versus normal component of velocity—AVCO 1-1-5 carbon-carbon. 

with the reduced tendency for macroroughness development by the 4-D 
materials and, hence, with less ablation and ablation-erosion coupling, is 
only speculative at this point, but is believed to be plausible. 

Conclusions 

1. A high percentage of axial reinforcement (fibers end-on to the surface) 
is desirable in carbon-carbon composites for improved erosion resistance. 

2. The fine-weave (small unit cell size) orthogonal construction coupled 
with high axial fiber loading provides increased erosion resistance for nose-
tip applications. 

3. Improvements in processing and weaving of carbon-carbon composites, 
including the use of initial CVD impregnation and pitch for the matrix 
and continuous rayon-based fibers, can significantly increase their high
speed erosion performance. 

4. The carbon-carbon composites exhibit macroscopic roughness after 
exposure to the multiple-impingement rain environment. The use of in-
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T-25 & T-26 GE 1-1-5 C/C (CERA) 
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FIG. 15—Mass loss ratio versus normal component of velocity—GE 1-1-5 carbon-carbon. 
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FIG. 16—Mass loss ratio versus normal component of velocity—MDAC 1-1-1-5 carbon-
carbon. 
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FIG. 17—Mass loss ratio versus normal component of velocity—MDAC 1-1-3 carbon-carbon. 
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creased in-plane isotropy (such as in the 4-D construction with rotated 
X-Y plies) provides a technique for reducing this roughness development. 

5. Rankings of materials from single-particle and multiple-particle 
ground-based facilities show general agreement in materials classes (con
struction) which exhibit the most erosion resistance and those which rank 
poorest. 

6. Velocity exponents in the speed regime from 1220 to 1675 m/s were 
determined to range from 5.2 to 9.7 for carbon-carbon composites' MDPR 
as a function of velocity. These are based upon impingement angles of 
13.5, 30, 45, and 60 deg. Other velocity and sin^ combinations could rep
resent the erosion behavior of these materials approximately equally well. 

7. For the carbon-carbon composites, the MDPR varied with the sine 
cubed of the impact angle within the velocity regime and specific angles 
employed in these tests. 
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Influence of Crystal Structure on 
the Failure Mode of Metals by 
Cavitation Erosion 
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Crystal Structure on the Failure Mode of Metals by Cavitation Erosion," Erosion: 
Prevention and Useful Applications, ASTM STP664, W. F. Adler, Ed., American Soci
ety for Testing and Materials, 1979, pp. 409-433. 

ABSTRACT: The cavitation-induced deformation and erosion of metals of the three 
common crystal structures, face centered cubic, body centered cubic, and hexagonal 
close packed (fee, bec, hep), have been investigated. It is shown that the shock-loading 
conditions encountered by the metal during cavitation enhances the effects of different 
deformation modes and strain-rate sensitivity arising from differences in crystal struc
ture. This, in turn, results in a complex crystal orientation and grain size dependence of 
erosion rates. 

These factors, which are highlighted under cavitation conditions and minimized under 
quasi-static loading, are considered responsible for the lack of any correlation between 
erosion rates and conventional mechanical properties such as strength and hardness. 

KEY WORDSt cavitation erosion, nickel, brass, iron, zinc, cobalt, slip, twinning, grain 
size, brittle fracture, ductile rupture, erosion 

Many investigations during the past 30 years [l-ll]4 have attempted to ob
tain a correlation between rates of erosion of materials by cavitation and 
some single bulk mechanical property, or combination of properties, of the 
material. These properties include ductility, hardness, yield or ultimate 
strength, strain energy, ultimate resilience, and fatigue life. Unfortunately, 
all such attempts have been unsuccessful. Consequently, at the present time, 
there is no simple parameter which can be used by an engineer to select an 
appropriately erosion-resistant alloy or to gauge the potential lifetime of a 
part exposed to cavitation. 

'Member of the technical staff, Bell Laboratories, Murray Hill, N. J. 07974. 
2Graduate student, Department of Materials Science, State University of New York at Stony 

Brook, N. Y. 11794. 
3Process engineer, General Instrument Corp., Hicksville, N. Y. 
"•The italic numbers in brackets refer to the list of references appended to this paper. 
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If one considers the dynamic nature of the stressing produced by cavita
tion, however, the reasons for the lack of any correlation with quasi-static 
mechanical properties become readily apparent. In metallic materials tested 
at ambient temperatures under normal quasi-static loading conditions, dif
ferences in deformation modes and strain-rate sensitivity arising from dif
ferences in crystal structure have relatively little effect on the failure mode. 
Under the dynamic, localized loading conditions experienced by a metal ex
posed to cavitation, however, such differences are manifested in markedly 
different failure mechanisms. The purpose of this paper is to illustrate the 
role played by the crystal structure of metals and alloys in determining the 
mechanism by which they absorb the cavitation energy and, hence, in in
fluencing their erosion rates. 

Experimental Procedure 

Specimens of nickel, copper-zinc (Cu-30Zn), iron, zinc, and cobalt were 
prepared from rolled sheet and mechanically polished and heat treated under 
vacuum to give the grain sizes listed in Table 1. They were then exposed to 
cavitation generated in distilled water at room temperature by an ultrasonic 
system described elsewhere [12], This system is similar to that used in the 
ASTM Vibratory Cavitation Erosion Test G 32-72, but with a 12.7-mm di
ameter horn and a specimen held stationary 2.5 mm below the horn tip. The 
frequency and amplitude of the horn are 20 KHz and 50 /tm, respectively, 

TABLE 1—Mechanical and heat treatments. 

Material 

Nickel 

Cu-30Zn 

Iron 

Zinc 

Cobalt 

Mechanical Treatment 

20% cold rolled 
5% cold rolled 

50% cold rolled 
50% cold rolled 
75% cold rolled 
90% cold rolled 
0% cold rolled 

40% cold rolled 
40% cold rolled 
66% cold rolled 
33% cold rolled 
66% cold rolled 
60% cold rolled 
50% hot rolled 
10% reduction in area, 

swaged 
10% reduction in area, 

swaged 
hot rolled 

1 Heat Treatment 

1150°C, 8 days, air-cooled 
900°C, 6 days, air-cooled 
900°C, 1 h, air-cooled 
900°C, 'A h, air-cooled 
900°C, VJ h, air-cooled 
900°C, 'A h, water-quenched 
200°C, 30 min, air-cooled 
300°C, 120 min, air-cooled 
300°C, 240 min, air-cooled 
800°C, 15 min, air-cooled 
850°C, 24 h, furnace-cooled 

1200°C, 2.5 h, cooled 50°C/h 
900°C, 5 min, air-cooled 
320°C, 18 h 

300°C, 1 h 

25 °C, 3 months 
900''C, 2 h, furnace cooled 

to 300°C, 24 h 

Grain Di
ameter 

360^ 
120 
50 
46 
40 
10 
20 
67 

110^ 

• /iin 

3.6^ 
2.9 
0.4 
0.1 
1.5 

1.0 

0 1 . 

• mm 

25 ̂ m 
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and under these operating conditions the stress produced in the specimen is 
approximately 250 MPa. The progression of erosion was monitored by mass 
loss measurements (reproducible to ±0.2 mg) and by scanning electron 
microscopy (SEM) to determine the influence of crystal structure and of 
grain size. 

Results and Discussion 

Face Centered Cubic Metals 

Face centered cubic (fee) metals and alloys are isotropic and, of the three 
common metallic structures, the least sensitive to strain rate. Consequently, 
their response to cavitation is similar to their ambient temperature behavior 
in that they are highly ductile and fail by a void growth and coalescence 
mechanism [13] or a ductile rupture mechanism [14]. 

The specific response of nickel has been described in detail elsewhere [14]. 
Its surface becomes heavily distorted on exposure to cavitation and, for grain 
sizes greater than ~ 50 /*m, the craters produced by the deformation are in
dependent of grain orientation, the presence of grain boundaries, and the 
grain size. Figures la and lb show the craters formed on specimens of 150 
and 50 ^m grain size, respectively, after 3 h exposure and illustrate the sim
ilarity in crater size. The erosion rate of nickel is, therefore, also indepen
dent of grain size, d, for values of d :S 50 urn. For finer grain sizes, however, 
there is a marked difference in the character of the eroded surface. Figs. Ic 
and 2b, and a very rapid increase in erosion resistance, as indicated by the in
cubation periods, to, and rate of mass loss, M, plotted in Fig. 3. This 
behavior may be explained as follows. For large-grained specimens, the for
mation of craters requires macroscopic deformation of only a few grains. 
Thus, the resistance to crater formation in such specimens depends on the 
deformation characteristics of the individual grains; that is, the response is 
like that of a single crystal. In fine-grained specimens, on the other hand, 
large numbers of grains must be deformed to produce a similar crater and, 
thus, the erosion behavior would be a reflection of the deformation charac
teristics of the polycrystalline material, requiring increased stress (or, in the 
present case, increased time) for a given degree of deformation in decreasing 
grain-sized specimens. In fact, however, in the very-fine-grained material, 
craters such as those described previously for nickel, aluminum, and copper 
[15] do not develop. Instead, the erosion occurs predominantly at the grain 
boundaries in a manner similar to that observed in a-brass and described in 
the following. 

The response of Cu-30Zn (a-brass)—which is also fee—is grain size de
pendent over the whole range examined. Figure 4 shows that the surface 
distortion occurs predominantly at the grain boundaries, the interior of the 
grains remaining relatively flat. This behavior has been attributed to the very 
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FIG. 1—SEM's of deformation and erosion of nickel after 3-h exposure to cavitation: (a) 
150-fi.m grain size, (b) 50 iim grain size, and (c) lO-fim grain size. 
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FIG. I—(Continued.) 

low stacking fault energy and the resultant planar slip mode of the brass 
(0.006 J/m^ compared with 0.08 J/m^ for nickel) [13]. Since the dislocations 
in Cu-30Zn are restricted to their original slip plane by the large stacking 
faults, there is relatively little interaction between dislocations, and the major 
barriers to slip are the grain boundaries. Thus, it is at the grain boundaries 
that sufficiently high stress concentrations to allow cross slip occur, thereby 
producing the surface distortion which subsequently results in ductile rup
ture. 

Since the material loss occurs at the surface protuberances and these are 
confined to the grain boundary areas in brass, there is a significant effect of 
grain size on the erosion rates as indicated by the data in Fig. 5. One might 
intuitively expect the erosion to decrease with increasing grain size on the 
basis that large-grained specimens have a smaller grain boundary area than 
fine-grained specimens in contrast to the observed trend of increasing erosion 
with increasing grain size. However, the surface distortion requires a high 
degree of multiple slip, which, in the case of a low stacking fault energy 
material, requires a high effective shear stress to enable the dislocations to 
cross slip. The effective shear stress produced by a pileup of dislocations at a 
barrier (for example, at a grain boundary) is given by 

r. = ir.r,)(-^y (1) 
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FIG. 2—SEM's of (a) craters formed in 150-turn grain size nickel by cavitation and (b) grain 
boundary erosion in lO-iim grain size nickel. 
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FIG. 3—Incubation period, to, and rate of mass loss, M, of nickel as a function of its grain 
size, d. 

where 

Ta = applied shear stress acting of the pileup, 
Tf = lattice friction stress, 
d = distance between dislocation source and barrier, and 
X = distance between leading dislocation and barrier [16]. 

The maximum value of d is the grain diameter, and thus the maximum effec
tive shear stress for a constant applied stress will increase with increasing 
grain size. Both the time necessary to produce a measurable mass loss (to) 
and the subsequent rate of mass loss (M) will obviously be related to the 
stress level produced by deformation, explaining the observed trends in t„ 
and M. The plot of to versus d'''̂  is, in fact, linear as shown in Fig. 6, thereby 
confirming the relationship in Eq 1. 

Body Centered Cubic Metals 

The body centered cubic (bcc) metals are also isotropic but, unlike the fee 
metals, their deformation is highly strain-rate sensitive. The response of any 
material to an applied stress is always a competition between flow (deforma
tion) and fracture and, as the temperature is decreased or the strain rate in
creased, flow, which is thermally activated, becomes more difficult so that 
there is an increased tendency toward brittle fracture. It appears from the 
present experiments on zone-refined iron that the strain rate produced by 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



416 EROSION: PREVENTION AND USEFUL APPLICATIONS 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PREECE ET AL ON INFLUENCE OF CRYSTAL STRUCTURE 417 

I 
I 

I 

I 
f 
I 

I 

i 
I -r . c 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



418 EROSION: PREVENTION AND USEFUL APPLICATIONS 

FIG. 5-
grain size, 

10 20 30 40 50 60 70 80 90 100 110 120 
AVERAGE GRAIN DIAMETER,yxm. 

-Incubation period, to, and rate of mass loss, M, of Cu-SOZn as a function 
d. 

of its 

o 
o 
ac 
ill 
a. 

< m 
o 

: 

: 

1 

C0PPER-30%ZINC 

\ . 

/ * 

I I 1 1 1 

^^ 

• S 

1 

/ ^ 
« ^ 

^•o 

1 

^ * " 

1 1 

: 

1 

1 6 8 10 11 12 
1/2 

FIG 

(AVERAGE GRAIN DIAMETER) , / i m 

6—Incubation period and rate of mass loss of Cu-SOZn plotted as a function 

7> 

6 rn 
O 
-n 

J> 

4 25 
5 

3 

ofd' 

cavitation approximates the transition from ductile to brittle behavior. The 
intriguing result of this is that two different modes of material removal occur 
in the same specimens, as illustrated in Fig. 7. The iron exhibits a high 
degree of deformation, predominantly by twinning, which is also charac
teristic of high strain rates. Then, usually, the first detectable material loss 
occurs by a ductile mechanism, similar to that produced in fee metals. This 
loss is initiated at twins and grain boundaries. Fig. 8, and results in the severe 
surface distortion shown in Fig. 7c. While the deformation occurs uniformly 
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lO/im lO/iiri 

FIG. 1—SEM's of (a) surface of iron after 4'A-h exposure to cavitation, showing two modes of 
erosion (b) by brittle fracture and (c) by ductile rupture. 

over the whole surface of a grain, the degree of distortion appears to be 
somewhat orientation dependent, resulting in slightly different degrees of 
erosion in different grains. This effect can be seen in the large-grained 
specimen in Fig. 7a, but at later times is no longer visible. Therefore, the 
grain orientation effect would not be likely to produce any significant de
pendence of erosion rates on grain size. 

The second mode of material removal, which results in a greater rate of 
erosion, is the formation of pits by a cleavage mechanism. The latter are in
variably initiated at grain boundaries and propagate rapidly across the grain. 
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FIG. 8—SEM's of ductile erosion of iron (a) at twins and (b) at a grain boundary. 
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FIG. 9—Incubation period, to, and rate of mass loss, M, of iron as a function of its grain 
size, d. 

Erosion by cleavage would, therefore, be expected to be strongly grain size 
dependent—fo decreasing with increasing d (for the same reasons as those 
discussed earlier for brass) and M increasing, because of the distance a 
cleavage crack can propagate before having to change direction at a grain 
boundary. However, the proportion of mass loss attributable to cleavage 
varies from specimen to specimen and is not a function of grain size. Thus, a 
simple grain-size relationship, such as that observed for brass, is not ob
served. The data in Fig. 9 show that there is a general trend of decreasing to 
with increasing d, but the scatter in the mass loss rate data is so high that no 
trend is discernable. 

Hexagonal Close Packed Metals 

Hexagonal close packed (hep) metals are crystallographically anisotropic 
to varying degrees, and can be strain rate sensitive, depending on the par
ticular metal. Zinc has an axial ratio of 1.856 compared with that of 1.633 for 
ideal close packing and is, thus, highly anisotropic. Easy dislocation motion 
in zinc occurs only on the basal system, (0001)< 1120>, although other slip 
modes do become operative if basal slip is inhibited [77]. Cleavage also oc
curs quite readily on the basal plane and, because of the limited number of 
basal slip systems and the high critical stresses for pyramidal and prismatic 
slip which increase further with decreasing temperature [18], zinc undergoes 
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a ductile-to-brittle transition at low temperatures or high strain rates. Con
sequently, one would expect a highly brittle response of zinc to cavitation, 
rather than the combination of ductile and brittle erosion described earlier 
for iron. Nevertheless, although the material removal is always brittle, high 
densities of slip and twinning are observed in favorably oriented grains, while 
other grains do not exhibit any deformation or work hardening. Fig. 10. Ero
sion of zinc occurs by the nucleation of cracks at grain boundary triple points 
and grain boundary/twin intersections and their propagation across the grain. 
Fig. 11. The ease of propagation of the crack across the next grain boundary 
is, of course, dependent on the relative orientation of the two adjacent grains. 
In many cases the crack is arrested at a grain boundary and does not grow 

FIG. 10—Optical micrograph of zinc showing slip in some grains and twins in other grains. 
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with continued exposure to cavitation. Continued erosion, therefore, requires 
the initiation of new cracks. 

The reflection of this behavior on erosion rates is illustrated in Fig. 12. In 
contrast to the trends observed in iron, there is negligible grain size depen
dence of the incubation period, while the rate of mass loss increases con
sistently with increasing grain size. This behavior may be explained as follows. 
In this highly brittle metal, the crack nucleation is not as dependent on prior 
plastic flow as it is in iron and, therefore, cracks can readily nucleate at any 
point of local stress concentration. Thus, there are fewer cracks nucleated in 
large-grained specimens than in fine grained material because the number of 
such sites, for example, grain boundary triple points, is larger in the latter. 
However, by the time a reproducibly detectable amount of material removal 
has occurred, the few cracks in the large grains have grown more than those 
in the fine-grained specimens, as illustrated in Fig. 13. Thus, the time taken 
to obtain 0.5 mg mass losŝ  is approximately the same for all specimens. 
Moreover, this trend continues and, because the cracks generally propagate 
rapidly across one grain, the rate of mass loss at later times increases with in
creasing grain size. 

The equilibrium structure of cobalt at room temperature is also hep, but 
the metal undergoes a phase transition to the fee structure at 417°C. There is 
always some of the metastable fee phase retained in polycrystalline cobalt at 
room temperature, but it has been shown [19] that this phase rapidly 
transforms to the equilibrium hep structure on exposure to cavitation and 
that the erosion rate of cobalt is not affected by the initial fee content. 
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FIG. 12—Incubation period, to, and rate of mass loss, M, of zinc as a function of its grain 
size, d. 

^Which is used to denote the incubation period, to. 
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FIG. 13—SEM's of pits formed in zinc of grain size, (a) 0.1 mm and (b) 1.5 mm after 40-min 
exposure to cavitation. 
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FIG. 14—SEM's of development of erosion damage in cobalt after exposure to cavitation for 
(a) 6-/1, (b) 9-h. and (c) 12-h. 
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M^\:^y 

c 
FIG. 14—(Continued.) 

The cobalt hep phase has an almost ideal axial ratio (1.623) and, as a 
result, it can slip readily on six systems (basal and second-order pyramidal) 
and can also twin on six systems. Consequently, cobalt has many more 
mechanisms of absorbing and dissipating the energy of the cavitation stress 
pulses than does zinc. Moreover, cobalt apparently does not undergo a 
ductile-to-brittle transition at low temperatures or high strain rates. The ero
sion of cobalt is, therefore, by a ductile mechanism as illustrated in Figs. 14 
and 15. While the incubation period of the specimens tested was only ~5 h, 
that is, comparable to that of iron, the subsequent rate of the mass loss was 
exceptionally low: -0.097 mg/h. The grain size of these specimens was -25 
fxm but the effective grain size was considerably finer. As Figs. 14 and 15 il
lustrate, the surface of cobalt rapidly develops a high density of surface 
markings which, because of their orientation and the fact that they are still 
visible after the surface has been polished, have been identified as twins. 
Unlike the few large twins which develop in selected grains in zinc, the twins 
in cobalt appear quite uniformly over the whole surface of the specimen, and 
their width is too small to be resolved by SEM. Previous transmission elec
tron microscopy (TEM) studies [19] indicate that they are in the 0.01- to 0.1-
fim range. The twins have the effect of dividing the grains into smaller seg
ments, 0.1 to 1.0 ^m in size, and, because of the different orientation of twins 
relative to the matrix, these segments can be regarded as the effective grain 
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FIG. 15—SEM's of cobalt showing (a) twin formation after 4-h exposure and (b) dimpled sur
face of an erosion pit after 9-h. 
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size of the specimen. This very fine structure is presumably responsible for 
the high erosion resistance of this metal. No attempt has been made to deter
mine whether there is any effect of the original grain size in cobalt because 
the deformation twin structure produced by cavitation appears to dictate the 
response of the metal and is independent of initial grain size. 

Summary and Conclusions 

This investigation has illustrated the importance of three factors—namely, 
deformation mode, strain rate sensitivity, and grain size—in determining the 
specific cavitation erosion rates of metals. 

The deformation mode determines the ease of absorption of the cavitation 
impact energy. In the fee metals, which have 12 easy slip systems, deforma
tion occurs readily. In the nickel, easy cross slip can occur because of its high 
stacking fault energy. In the large-grained specimens, this results in exten
sive work hardening leading to local stress concentrations and, hence, to sur
face distortion throughout the whole surface area. In the fine-grained nickel 
and the a-brass, on the other hand, the grain boundaries provide the major 
regions of stress concentration and thereby limit the surface distortion and 
subsequent erosion to these regions. 

In the bcc and hep metals, extensive twinning occurs but the morphology 
and subsequent effect of the twins on erosion rates vary from metal to metal. 
The iron is considerably more ductile than zinc because of its large [48] 
number of possible slip systems. The twins in iron are needle-like or len
ticular with very large aspect ratios, and they are not observed to grow in 
length or thickness with increased exposure to cavitation. The major effect of 
the twins is to produce surface relief, which in turn becomes the site for ero
sion by ductile rupture. The twins in zinc are also lenticular but are broader 
than those in iron and grow in thickness with increased exposure to cavita
tion. In addition, secondary twins develop within the primary twins. The 
limited number of slip and twin systems in zinc results in a few very large 
twins growing in the favorably oriented grains, with other grains deforming 
only by slip. The high stress concentrations developed at twin/grain bound
ary intersections and at triple points between grains with differing degrees of 
deformation readily lead to brittle cracking in this highly strain-rate-sensitive 
metal. 

In contrast, cobalt, which has more slip and twinning modes than zinc, 
and is relatively strain-rate insensitive, is highly ductile. However, the 
fragmentation of the grains to a submicrometre level by the twins confines 
the development of surface asperities to this scale and also precludes the 
buildup of the requisite stress concentrations for crack nucleation. 

It is apparent from the present results that grain size can play a major role 
in determining erosion resistance. In all structures examined, there is a 
general trend of increasing resistance with decreasing grain size, but the 
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TABLE 2—Erosion data for comparable grain-size materials. 

Material 

Nickel 
Cu-30Zn 
Iron 
Zinc 
Cobalt 

Structure 

fee 
fee 
bcc 
hep 

hcp/fcc 

Grain Di
ameter, /im 

120 
110 
100 
100 
25 

to, h 

0.40 
1.88 
4.25 
0.14 
5.00 

M, mg/h 

9.00 
5.76 
3.58 

30.00 
0.097 

Mechanism 

ductile 
ductile 
mixed 
brittle 
ductile 

specific increase is dependent on the actual mechanism of erosion as in-
dictated by the to and M values in Table 2. It is obvious from the data for zinc 
and, to a lesser extent, for iron, that a highly brittle response is extremely 
detrimental. This is because brittle cracks can propagate at the stress wave 
velocity of the solid, and erosion by this mechanism involves the removal of 
large particles of metal. 

In the very-fine-grained nickel and cobalt, however, the dimensions of any 
surface distortion are severely limited by the grain (or effective grain) size. 
Thus, erosion is by the removal of very tiny particles, and the corresponding 
erosion resistance is, consequently, very much higher. 

In summary, it is obvious from these results that any simple correlation 
between bulk quasi-static mechanical properties and cavitation erosion 
resistance is highly unlikely. The response to cavitation is much more depen
dent on deformation mode and strain-rate sensitivity than are most 
mechanical properties, and it has a more complex grain size dependence 
than do the latter. However, it may be concluded that a highly ductile 
material, with a high critical stress for dislocation motion and a very fine ef
fective grain size, will exhibit the greatest erosion resistance. 
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DISCUSSION 

D. A. Summers^ {written discussion)—Do you have any information on 
the bubble size in the test yoii ran and the potential effect on your results 
were this size to change? I would relate this particularly to the work reported 
in this publication (p. 320) by Gorham from Cambridge on the effect of 
droplet size on threshold pressure and also to the earlier work on cavitation 
bubble size done at Cambridge and reported at the Royal Aircraft Establish
ment Rain Erosion Conference.^ 

During the course of the discussion, Frank Heymann commented that a 
rough calculation of reentrant jet diameter from cavitation bubbles is about 

'Rock Mechanics and Explosives Research Center, University of Missouri-Rolla, Rolla, Mo. 
65401. 

^Brunton, J. H., Proceedings, 3rd International Conference on Rain Erosion and Allied 
Phenomena, A. A. Fyall and R. B. King, Eds., Royal Aircraft Establishment, Farnborough, 
U.K., 1970. 
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60 nm. How does the reentrant jet diameter change with cavitation bubble 
diameter? 

C. M. Preece, S. Vaidya, and S. Dakshinamoorthy {authors' closure)—We 
have not attempted to determine the bubble size in these experiments be
cause of the difficulty of focusing on the bubbles in the interior of the cloud 
rather than on those on the periphery (which are often those which have 
grown to supercritical size and "escape" to the surface instead of collapsing). 
However, experiments by Professor Hammitt and others suggest that they 
are of the order of 10 to 25 ^m in diameter. The jet diameter from such 
bubbles should be no more than about one tenth of the bubble diameter, 
that is, = 1 to 2.5 fim. The experiments on single bubbles involve much 
larger, artificially produced bubbles, and I assume that these are the ones 
which Mr Heymann was considering with a jet diameter of 60 /xm. 

Regarding the effect of bubble size on erosion damage (compare Gorham's 
work on droplet size), this would be considerable in situations in which the 
individual bubbles and their jets are the major cause of damage, for exam
ple, in a low-intensity flow system. In the present experiments, in which the 
concerted collapse of large numbers of bubbles is the dominant cause of ero
sion, the answer is not so simple. While the shock-wave pressures from a 
single bubble are proportional to the cube of its maximum radius, those 
from a cloud of bubbles will also depend on the number and spacing of the 
bubbles. Dr. K. A. M0rch of the Technical University of Denmark is cur
rently working on this problem and we hope to have the results of his efforts 
shortly. 

G. Mayer^ {written discussion)—If your argument about the level of 
stresses and cross slip etc. at or near grain boundaries in the cavitation of 
brass specimens is valid, I would expect the presence of large deformation 
twins, with a material of such low stacking fault energy. Are they there? Do 
they contribute to reducing or enhancing cavitation resistance? 

If cobalt is very effective in its cavitation resistance, and Cu-30Zn is not, it 
seems that the ability to nucleate twins, rather than io propagate them, may 
be an important factor.'' 

Also, in comparing cavitation resistance, perhaps some sort of homologous 
temperature should be considered. 

C. M. Preece, S. Vaidya and S. Dakshinamoorthy {authors' closure)— 
Yes, we do observe large deformation twins in brass and they probably con
tribute to the erosion in several ways. Firstly, their actual formation will 
absorb some of the incident cavitation energy. Secondly, they subdivide 
the grains, reducing the effective grain size, but since they are relatively few 
and quite coarse they do not have as significant an effect as do the numerous 

•'Army Research Center, Research Triangle Park, N. C. 27709. 
••it is probably easier to nucleate twins by deformation in cobalt, whereas it is difficult to 

nucleate twins by deformation in many brasses but easy to propagate them. 
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fine twins in cobalt. Thirdly, the surface relief produced by the twins, 
together with the dislocation barriers created by their boundaries, results in 
the twins being preferred sites for erosion. 

In fact, both the brass and the cobalt are more erosion resistant than ex
pected from their mechanical properties, which suggests that a low stacking 
fault energy and the ability to twin may both be important properties. The 
fact that cobalt is so much more erosion resistant does, however, imply that 
ease of nucleation of twins rather than their growth may be significant, as 
you suggest. This is a subject which we are continuing to investigate. 

Regarding the homologous temperature suggestion, we considered this 
factor also, but, in cavitation in water, the useful temperature range (= 10 to 
90 °C) is too small to be significant. 
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Influence of Test Parameters in 
Vibratory Cavitation Erosion Tests 

REFERENCE: Matsumura, Masanobu, "Influence of Test Parameters in Vibratory 
Cavitation Erosion Tests," Erosion: Prevention and Useful Applications, ASTM STP 
664, W. F, Adler, Ed., American Society for Testing and Materials, 1979, pp. 434-458. 

ABSTRACT? A series of tests on iron and steel in a water tunnel system, which simulated 
field conditions quite closely, showed that each material has its own process of erosion, 
and that in general the fracture of metals by cavitation turns from ductile to brittle with 
the lapse of testing time. 

Fractures of iron and steel in the vibratory method turned, as in the water tunnel, from 
ductile to brittle. It was found also that the ductile-brittle transition is decisively influ
enced by experimental parameters such as temperature of the test liquid, frequency of 
the vibration, and corrosiveness of the test liquid. 

Based on these experimental results, it was concluded that, in the vibratory test, the 
process of damage of a material can be changed to a great extent by choosing appropriate 
conditions of the test. 

KEY WORDS: cavitation erosion, corrosion, water tunnel, vibratory method, iron and 
steels, ductile fractures, brittle fractures, erosion 

The magnetostriction vibratory method is one of the testing methods used 
to evaluate the resistance of various materials to cavitation erosion. Test 
specimens are vibrated vertically with high frequency in liquid to induce 
cavitation on their surfaces. The apparatus and specimens, as well as power 
consumption for this method, are smaller than those for other methods. The 
quantity of liquid needed for the test is also so little that tests in molten salt 
can be carried out relatively easily. Therefore, this method has been widely 
used as an accelerated test for screening materials. This testing method, 
however, involves so many parameters (frequency of vibration, amplitude of 
vibration, temperature of test liquid, etc.) that in 1972 ASTM Committee 

'Associate professor, Department of Chemical Engineering, University of Hiroshima, Sen-
damachi, Hiroshima, Japan. 
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G-2 [1]^ recommended a standard procedure and standard parameters of the 
method in order to correlate and utilize the test results of various investigators. 
Another disadvantage of the method is that the process of the damage on the 
test specimen may be different from that observed in practical machines and 
apparatus, because cavitation is produced in a particular way in this testing 
method. 

The resistance of materials to cavitation erosion is generally described in 
terms of cumulative weight loss of the test specimen plotted against total time 
of exposure to cavitation. The fact that the rate of weight loss is not uniform 
in time was pointed out independently by Thiruvengadam and Preiser [2] 
and Varga and Sebestyen [3] at nearly the same time. The authors of Ref 2 
divided the cavitation damage process according to the superficial rise and 
fall of weight loss rate as follows: incubation, acceleration, attenuation, and 
steady state. Thiruvengadam [4] later introduced the "time-scale law" 
wherein the relation between the relative erosion rate and relative exposure 
periods for several materials can be reduced to the same curve. Thus, he sug
gests that the rate-time curves exhibit essentially the same shape with a single 
narrow peak. Plesset and Devine [5] related the attenuation of erosion rate to 
the phenomenon of hole formation. They showed that the decrease in erosion 
rate, which is characteristic for the attenuation period, is due to the 
hydrodynamic damping effect of a stationary gas bubble which had settled in 
each of the deep holes. Suezawa et al [6] also recognized the damping effects 
of bubbles on the decrease in rate of erosion. Moreover, they proposed four 
characteristic regions in the damage process according to the growth rate of 
the holes. Tichler et al [7] distinguished between a resistance against uniform 
material removal and resistance against pit (hole) formation and found a 
good correlation between these resistances and the mechanical properties of 
the materials. Thus, the significance of the hole (pit) formation on the rate of 
erosion is recognized. Hobbs [8] found that the maximum erosion rate per
sists as a steady-state rate for some time rather than forming a narrow peak, 
as described by Thiruvengadam, and that whereas the less-resistant 
materials pass straight from the constant-rate period into the final period of 
decreasing rate, the more resistant Monel metal and stainless steel first show 
a slight increase in erosion rate before the final falloff. Heymann [9] 
simulated the rate-time curve by a mathematical model, assuming many 
"surface elements" which are detached from the surface due to subsurface 
fatigue, and demonstrated that subsequent peaks in the rate-time curve may 
occur if the distribution of individual times required for their removal has lit
tle dispersion. Thus, it is implicitly anticipated that peaks and valleys in the 
rate-time curves will be closely related to destruction phases, such as the for
mation of holes, and to the mechanical properties of the material. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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In this paper the relation between the rate-time pattern and the damage 
process in field conditions was first investigated using a water tunnel. 

Process of Damage in Practical Machines and Apparatuses 

Experimental Apparatus and Materials 

The experimental apparatus chosen was a water tunnel system which 
simulates closely the state of damage by cavitation in structural materials in 
the field. The structure and characteristics of the water tunnel system, which 
was developed by Professor Erdmann-Jesnitzer at the University of Han
nover, have already been reported in detail [10,11]. 

The following are the main technical data for the water tunnel: 

Cross section of tunnel 40 by 30 mm 
Surface area of specimen 30 by 30 mm 
Type and dimensions of 

cavitation exciter semicolumns of 15-mm 
radius 

Maximum flow rate ~ 40 m/s 
Liquid tap water: temperature, 

20°C ± 1 (68°F) 

The chemical compositions and mechanical properties of Armco iron, 
mild steel (0.15C), and nodular graphite cast iron (NGCI) used as ex
perimental materials are similar to those given in ordinary textbooks and 
handbooks. 

Change in Rate of Erosion with Lapse of Testing Time 

The erosion rate R (weight loss of the specimen per unit time) obtained by 
differentiating a figure of weight loss of the specimen (W) versus testing time 
{t) is shown in Fig. 1. The R increases initially and decreases after reaching 
its maximum value. There exist two maximum values in the R-t curve of 
Armco iron. 

Observation of Damaged Surface 

The surface of the specimen eroded was observed under a scanning elec
tron microscope (SEM). 

Armco Iron—Figure 2a shows the appearance at the testing time of 1 h, 
that is, just after the incubation period. The surface is considerably de
formed plastically. A smooth surface seemingly identical to the polished one 
obtained on preparing the specimen still exists. No sharp crack is observed. 
Figure 2b shows a specimen after the testing time of 4 h, corresponding to 
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FIG. 1—Effect of test duration on rate of erosion for iron and steel. 

the vicinity of the first maximum peak in the R-t curve. The appearance of 
the damaged surface changes drastically. Many small fractured surfaces, 
small irregular cracks, and cracks of big width are observed. Narrow and 
smooth fractured surfaces appear on the damaged surface of the specimen 
exposed to cavitation for a longer time. Figure 2c (12 h) shows the smooth 
fractured surfaces as black spots, one of which, existing in the center, is 
magnified and shown in Fig. 2d. This smooth surface is a "cleavage facet," 
which is considered to show a typical brittle fracture in the fractography. 

Mild Steel—Figure 3a shows a specimen after 1 h of incubation, in which 
large plastic deformation is observed, as in the case of Armco iron, and Fig. 
36 shows a specimen after 17 h of testing, in which many small fractured sur
faces and large and small irregular cracks are observed, as in the case of 
Armco iron. However, no cleavage facets are observed during all the period 
of the testing. 

NGCI—This material has structure in which spheroidal graphite is sur
rounded by ferrite surrounded by pearlite. Being attacked by cavitation, 
graphite, which is mechanically weak, is separated from the surface of the 
specimen, leaving a small pit there. Fig. 4a. From the initial stage of the 
damage (t = Ih), smooth fractured surfaces with no plastic deformation ap
pear in ferrite surrounding the small pit. Fig. 4b. These smooth fractured 
surfaces appeared during all the period of the testing, and the many small 
fractured surfaces observed in Armco iron and mild steel also appeared dur
ing nearly all the period of the testing, Fig. 4c. 

Distribution of Hardness 

The distribution of hardness (Vickers hardness, Hv) in a cross section of a 
specimen after finishing the test is shown in Fig. 5. The testing times are 25 h 
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FIG. 2—SEM's of cavitation damages on Armco iron after different loading times: (a) / h. 
(b)4A, {c)12h.and{d)12h. 

for Armco iron, 45 h for mild steel, and 30 h for NGCI. In the cases of mild 
steel and NGCI, hardness was measured in the region of ferrite. 

Comparing hardness at places deep inside the specimen not affected by the 
cavitation, that of ferrite of cast iron is higher than that of other materials. 
This is due to silicon atoms dissolved in ferrite. The silicon contents revealed 
by means of X-ray analysis are 0.03 percent by weight in Armco iron, 0.04 in 
mild steel, and 0.5 in NGCI. The increases in the hardness near the damaged 
surface are due to the strain hardening caused by the plastic deformation 
through cavitation attack [6,12-14]. The rate of increase in the hardness in 
the damaged surface of Armco iron is much higher than that of mild steel 
and that of NGCI, which is in fact nearly negligible. The depths of strain 
hardening are 800 ^̂ m in Armco iron, 700 /im in mild steel, and about 300 
^m in NGCI. 
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FIG. 3—SEM's of cavitation damages on low-carbon steel (0.15C) after different loading 
times: (a) / h and (b) 17 h. 

The distribution of hardness in a cross section of a specimen of Armco iron 
tested for only 35 min (before finishing of the incubation period) was 
measured, Fig. 6. Comparing Figs. 6 and 5, there is not much difference in 
their rates of increase in the hardness in the damaged surfaces, but the depth 
of strain hardening is 300 iim after 35 min, which is considerably shallower 
than 800 t̂m after 25 h. 

Process of Erosion 

Because ferrite in NGCI is hard and brittle, the destruction due to cavita
tion is consistently brittle fracture that shows smooth fractured surfaces. 
Because Armco iron is ductile metal, its destruction is initially (mainly dur
ing the incubation period) ductile with large plastic deformation; then it 
becomes more brittle with many small fractured surfaces, and thereafter 
most brittle with relatively large smooth fractured surfaces as in the case of 
NGCI. The reason that the destruction changes gradually from ductile to 
brittle is that the material to be destructed becomes harder and more brittle 
by strain hardening. 

Mild steel shows ductile fracture during the incubation period and less-
ductile fracture in which many small fractured surfaces appear, but it does 
not show the stage of the most brittle fracture. The reason for this is revealed 
by Fig. 7, which shows a crack running along a cross section in a specimen of 
mild steel (Fig. lb was obtained by etching the same place as in Fig. la). The 
crack penetrates about 300 /um deep inside from the left damaged surface. 
This is deeper than cracks in Armco iron (below 100 jttm). It is observed that 
there are two holes on the line of the crack, that is, the line of the crack runs 
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FIG. 5—Change in hardness of specimens after cavitation test. 
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FIG. 6—Change in hardness of Armco iron specimen after a loading time of 35 min. 
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FIG. 7—Optical micrographs of cavitation damage on low-carbon steel {0.15C). 

passing the holes. Such deep cracks passing holes are observed at various 
places in the cross section of the specimen. Besides, holes without cracks are 
also observed. SEM observations have revealed that the holes are in the 
region of pearlite crystal. Pearlite deep inside the material disintegrates from 
the attack of cavitation, and crack runs passing the disintegrated pearlite 
cause the separation of the material. Therefore, the material is less hardened 
than Armco iron and the stage of the most brittle fracture is not attained in 
this material. 

From the facts described in the foregoing, it is known that the process of 
erosion of metallic materials, in the case of ductile metals, changes gradually 
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from ductile to brittle fracture and that the characteristics of the materials 
such as hardness, strain hardenability, and metallographic structure deter
mine how the process of erosion changes. 

A fact worthy of remark is that, after having passed the incubation period, 
two maximum peaks appear in the R-t curve of Armco iron, which has two 
stages of fracture, and one maximum peak appears in those of NGCI and 
mild steel, which have one stage of fracture. 

Process of Damage in the Magnetostriction Vibratoiy Test 

Experimental Apparatus and Procedures 

The details of the experimental apparatus and procedures have been 
reported previously [15]. The main technical data of the magnetostriction 
vibratory apparatus are as follows: 

Vibration frequency and 
amplitude 

Diameter of specimen 
Submersion depth of a 

specimen into a liquid 
Liquid 

6.5 kHz: 69 urn, 
10.1 kHz: 55/tm, 
19.9 kHz: 28 ^m 

16 mm 

3mm 
deionized water of specific 

resistance over 5 by 10* 
fi cm; temperature, 
40°C± 1(104°F) 

Change in Rate of Erosion with Lapse of Time 

Figure 8 shows the relation between the rate of erosion, R, and the time of 
the test, t, obtained at a constant temperature of 40°C (104°F). Aluminium 
of 0.35 percent by weight was added to the Armco iron mentioned previously, 
which was designated as iron here. Cast iron used here is gray cast iron. As 
stainless steel, 18Cr-9Ni steel is used. Unlike the case of the water tunnel, 
the7?-f curve ofmild steel (0.13 °C) has two maximum peaks and that of iron 

cc 

Wif/Wc 
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/ ^ . 
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FIG. 8—Rate-time curves for different materials {frequency: 19.9 kHz, amplitude: 28 /xm, 
test liquid: water, 40°C(104°F)]. 
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has only one peak. This fact suggests that the process of damage in the magnet
ostriction vibratory method is different from that of the water tunnel method. 

Change in Damaged Surface with Lapse of Time 

As already reported by the present author and other investigators, in the 
magnetostriction vibratory test the roughness of the damaged surface in
creases initially and then many small holes of diameters smaller than 1 mm 
appear on the surface [5,6,14]. Figure 9 shows a relationship between the 
total area of amall holes, a, on the surface of an iron specimen tested at 40°C 
and the time of testing, t. The curve of a versus t can be divided into four 
stages, at each of which the curve can be expressed approximately by a 
straight line. During the first period 0 , only the roughness of the damaged 
surface increases but no holes appear. In the 0 period, a few small holes ap
pear in the central region of the specimen, but the number does not increase 
rapidly. In the © period, the number of the holes as well as the area of 
each hole increases rapidly and the surface of the specimen becomes covered 
nearly completely with the holes. In the last period, @, the generation 
and growth of holes nearly stop. 

Comparing the a-t relationship with the R-t relationship (expressed by a 
dot-dash line in Fig. 9), the rate of erosion, R, reaches the maximum in the 
0 period, where the number and area of the holes increase rapidly, and 
decreases in the 0 period. The relationship between the rate of erosion and 
the process of generation and growth of small holes is exactly identical to that 
for the case reported previously in which the frequency of the vibration was 

0 1 2 3 4 5 
t Ihrl 

FIG. 9—Comparison between R-t and a-t curve for iron. 
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10.1 kHz and the amplitude was 55 /xm [6,14]. In other words, the process of 
the growth of the small holes affects to a great extent the rate of erosion 
regardless of the frequency of vibration. 

Process of Growth of Small Holes 

The process of the growth of a hole generated on the damaged surface of 
an iron specimen was observed by SEM. Figure 10 [1] shows the generation 
of a small hole at 25 min after starting the test. The surface surrounding the 
hole shows the damage produced in the 0 period (Fig. 9); namely, small 
complex fractured surfaces deformed plastically overlap each other. Figure 
10 [2] shows the state at 30 min, where the small hole has grown in the direc
tions of right and upper left. The grown part consists of a few relatively large 
smooth fractured surfaces. Large smooth surfaces are observed both at the 
bottom and the sidewall of the hole at 45 min, Fig. 10 [3], and at 50 min. Fig. 
10 [4]. At 55 min. Fig. 10 [5], a bump protruding from the upper part of the 
hole is separated, leaving a smooth fractured surface larger than ones in the 
vicinity. Figure 10 [6], 100 min, shows that the bottom is covered with small 
fractured surfaces accompanied by plastic deformation, similar to the sur
rounding damaged surface outside the hole, while brittle fractured surfaces 
still remain at the rim of the hole (indicated by an arrow). Figure 10 [7] and 
[8], corresponding to 140 and 180 min, respectively, show states in the ® 
period. It is seen that during this 40 min the shape of the hole did not change 
and the growth nearly ceased. 

From observations described in the foregoing, it is known that, on the sur
face damaged in the 0 period, small fractures with plastic deformation 
overlapped each other complicatedly, indicating the fracture to be ductile. 
Also, the growth of the hole in the 0 period showed smooth surfaces, in
dicating brittle fracture where large lumps separated themselves. In the 
0 and 0 periods, although the damaged surface, excepting holes, shows 
ductile fractured surfaces as does 0 , most of the damage was considered 
to be brittle fracture, judging from the appearance of the growth of the holes. 

Process of Damage of Metals in Magnetostriction Vibratory Test 

Figure 11 shows a comparison between the R-t and a-t of stainless steel, 
which was selected as a typical material to have two maximum peaks on the 
R-t curve in Fig. 8. Of the two peaks that appear, taking a certain interval 
between themselves, the latter one appears in the 0 period. This fact sug
gests that the peaks (only one for each curve) appearing in the R-t curves of 
iron and cast iron are of the same kind as the latter one of the two peaks for 
stainless steel, etc., and that the former peak for iron and cast iron is 
negligibly small. On the other hand, in the case of aluminum, only the degree 
of roughness of the specimen surface increased from the start of the test with 
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FIG. 10—SEM life history of an eroded hole in an iron specimen. 
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FIG. 11—Comparison between R-t and a-t curve for stainless steel. 

the lapse of time, and no definite hole appeared. Therefore, the only one 
peak in the R-t curve of aluminum is considered to correspond to the former 
one of the two peaks for stainless steel, etc. 

Taking into consideration the process of growth of the hole observed by 
SEM, the universal damage process of metallic materials in the vibratory test 
may be described as follows. In the initial period of damage the surface is at
tacked uniformly and material is removed by relatively ductile fracture. This 
is followed by the formation of holes which grow by a relatively brittle frac
ture. The characteristics of materials determine, if other conditions are the 
same, how much damage occurs in each period. Maximum peaks appear on 
the curves of rate of erosion versus time if the amount of damage is suffi
ciently great. 

In order to prove the theory just described concerning the process of 
damage, specimens of iron that had only one peak to correspond to brittle 
fracture on the R-t curve were tested at a more ductile condition, that is, at 
higher temperatures, to see if peaks corresponding to ductile fracture would 
appear. Test temperatures were 5°C (41 °F), 40°C (104°F), 90°C (194°F), 
150°C (302°F), and 200°C (392°F); the frequency and the amplitude of 
vibration were 19.9 kHz and 28 /im, respectively. As liquids for the tests, 
glycerin was used for 150 and 200°C (302 and 392°F), and deionized water 
for tests below 150 °C (302 °F). 

Characteristics of the R-t curves obtained at various temperatures are 
shown in Fig. 12. On the R-t curves, only one peak appears at room 
temperature, but another peak appears before it as temperature is elevated. 
The rates of erosion at the two peaks are nearly equal at 200°C (392°F). 

This result supports without doubt the theory mentioned earlier that the 
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FIG. 12—Effect of temperature on rate-time curve of iron (frequency: 19.9 kHz, amplitude: 
28 urn). 

only one peak existing on the R-t curve of iron at room temperature cor
responds to the second peak of the R-t curve of stainless steel, etc., the first 
peak for iron being negligibly small and the damage corresponding to the 
first peak being due to a relatively ductile fracture. 

Expression of Process of Damage by a Coefficient 

In order to compare quantitatively the damage caused by the two kinds of 
the damaging stages which appear on the R-t curves, a coefficient 

Wc*/Watc 

is introduced. Here, W^bc is the total of the damages in the periods Q, ®, 
and 0 , and Wc* is the amount of damage in the c* period, c* period is the 
period between the time ta* obtained by extending the a-t line and the 
finishing time of 0 period, Fig. 13. This coefficient shows the ratio of the 
amount of damage in the c* period to the total amount of damage, namely, 
the ratio of the contribution of brittle fracture to the total damage. 

The reason that the total amount of damage here does not include the 
damage in 0 period is, as reported before, that the change in /? in 0 period 
is caused by the change in the behavior of cavitation bubbles on the surface 
of the specimen and is not related to the characteristics of the materials 
[5,6.14]. 

© period is considered to be a period of mere transition from 0 to 0 ; 
therefore, Wc* is adopted instead of W^. Each hole has its own time of 
generation; some holes that generate before the average time of generation 
appear at the beginning of 0 period. In other words, some parts of the 
damaged surface in ® period enter 0 period, and the rest still belong to 
0 period. In the latter half of 0 period, nearly the whole damaged surface 
enters 0 period. This corresponds to the time, ta*, when c* period starts. 
Furthermore, the positions of the second peaks of tool steel (1.17C) and 
mild steel as well as stainless steel shown in Fig. 11 belong to c* period rather 
than to 0 period. 

The values of Wc*/WaiH: are given below the R-t curves in Figs. 8 and 12. 
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FIG. n—Definitions o/ta*, U*, Wabc Wa*, a«d Wc*. 

In all cases, the value of the coefficient increases as the ratio of the second 
peak to the whole increases, expressing very well the characteristic to be seen 
in the R-t curve. 

Influences of Conditions of Test on Process of Damage 

Influence of Amplitude and Corrosion 

The influence of amplitude and corrosiveness of the liquid on the process 
of damage was studied using iron specimens. The frequency of the vibration 
was 19.9 kHz; the amplitude was 13 to 28 fita, and the pH of the liquid for 
the test was adjusted from 2 to 5.7 by aqueous solution of hydrochloric acid 
at 40°C (104°F). Figure 14 shows the results obtained. When the pH of the 
liquid is constant, Wc*/Wabc is also constant, even if the amplitude changes; 
that is, the amplitude has no influence on the process of damage expressed 
by this coefficient. 
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FIG. 14—Effects of amplitude and pH of test liquid on Wc*/Wabc-

On the other hand, the amplitude affects greatly the velocity of damage. 
Figure 15 shows the influence of the amplitude on the average velocity of 
damage in the stages of a* and c*. Because f„* and tc* are the length of a* 
period and c* period (durations of each period), respectively, Wo*/ta* and 
Wc*/tc* are the average velocity of damage in a* period and c* period, 
respectively. It is observed that the velocity of damage in c* period is more af
fected by the amplitude than that in a* period. 

The corrosiveness of the liquid for the test has a great influence on 
Wc*/Wabc. As shown in Fig. 14, when the value of pH is low, namely, when 
the corrosiveness of the liquid is great, the value of Wc*/Wabc is small. 
Figure 15 shows the influence of the corrosiveness on the velocity of damage; 
when the corrosiveness of the liquid changes, the average velocity of damage 
changes to a great extent in the a* period, but hardly at all in the c* period. 
This means that the corrosiveness of the liquid for the test affects to a great 
extent the velocity of damage in the a* period, while it has scarcely any effect 
on that in the c* period. 

Influence of Frequency of Vibration 

Table 1 shows the influence of the frequency of vibration on Wc*/Wabc. 
This series of tests was carried out in deionized water at 40°C (104°F), with 
the frequency and amplitude being varied simultaneously—an amplitude of 
28 /nm at frequency of 19.9 kHz, 55 /xm at 10.1 kHz, and 69 /im at 6.5 kHz. 
Consequently, the values of Wc*/Wabc in Table 1 can contain the influence 
of the amplitude as well as that of the frequency. However, the change in 
Wt:*/W^bc of the same material shows only the influence of the frequency, 
because the amplitude does not affect at all Wc*/Wab,:, as shown before. 
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FIG. 15—Effects of amplitude on erosion rate in a* and c* periods. 

The differences between the Wc*/Wabc values of brass and iron listed in 
Table 1 are -0.6 at 19.9 kHz, -0.4 at 10.1 kHz, and below 0.1 at 6.5 kHz. 
That the difference among the Wc*/Wabc values of various materials de
creases with the decrease in frequency means that the processes of damage 
of all materials are the same at low frequencies, regardless of the 
characteristics of the materials. From this fact it is known that frequency has 
a great influence on the process of damage. 

On the other hand, as for the influence of the frequency on the velocity of 
damage, the velocity of damage of a material (for instance, brass) in Table 2 
shows little change when conditions are changed. This means that the change 
in the velocity of damage due to the change in the amplitude is compensated 
for by the change in the frequency. Frequency is a factor that affects the 
velocity of damage as well as the process of damage. 

Discussion 

The water tunnel method shows that the fracture of metallic material 
caused by cavitation erosion follows, in general, a transition from ductile to 
brittle fracture with the lapse of time. A principal cause for the transition of 
the mechanism of fracture is the hardening of the metallic materials due to 
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plastic deformation. Characteristics of the materials such as mechanical 
properties, chemical compositions, and metallographic structures also have 
influence on the transition. 

In the magnetostriction vibratory test, the fracture of metals observes the 
transition from ductile fracture to brittle, as in the water tunnel method. A 
characteristic of the process of damage of each material due to this transition 
appears in the correlation between the rate of erosion and time. 

It is meaningless, however, to discuss whether the magnetostriction 
vibratory test stimulates better the process of damage by the water tunnel 
method or in practical machines and apparatuses—comparing Figs. 1 and 
8—because it has been verified that the process of damage changes to a great 
extent depending on the conditions of the test in the magnetostriction 
vibratory test. Therefore, it can be naturally expected that the process of 
damage in practical machines and apparatuses depends to a great extent on 
the conditions of operation. Figures 1 and 8 show only one example of 
various processes of damage to the same material. 

Although it is quite feasible to make the vibratory method simulate actual 
service damage by chosing parameters adequate for the purpose, there are 
still some delicate problems in correlating directly the condition of the 
vibratory test to that of actual service damage. For example, frequency of 
vibration has an effect not only on the intensity of each cavitation blow but 
also on the repetition of attack. Besides, it causes a very high acceleration on 
the test specimen, the effect of which on the destruction of the materials has 
not yet been made clear. On the other hand, any reliable measure of the in
tensity of cavitation attack on materials under field conditions has not yet 
been attained; even the cavitation number, for example, has a limit as a 
measure of dynamic similarity of flow [16]. What can be concluded so far is 
that, in the vibratory test, the process of damage of a material can be 
changed to a great extent by choosing appropriate conditions for the test, as 
the conditions of the test can be relatively easily changed. 

When the magnetostriction vibratory test is applied, it must be taken into 
consideration that stages of damage of different mechanisms of fracture 
should occur within the range of time in which the weight loss of the 
specimen can be observed. The reason is that, in the case, for instance, of 
study of the influence of corrosion on erosion, different experimental results 
will be obtained depending on the time of the test, as the influence in a* 
period is different from that in c* period. Furthermore, it can be expected 
that there may exist stages of damage other than a*, c*, and (7) and some 
even in the incubation period. This fact must be taken into consideration 
when experiments to develop more erosion-resistant materials are performed. 

Conclusions 

1. In the cavitation damage of metallic materials, in general, the 
mechanism of fracture changes from ductile to brittle with the lapse of time. 
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2. This transition of the mechanism of fracture depends on the material 
characteristics, such as strain hardenability, mechanical properties, and 
metallographic structures, as well as on the conditions of the test. 

3. In the magnetostriction vibratory test, the process of damage of a 
material can be changed to a great extent by choosing appropriate conditions 
of the test. 
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DISCUSSION 

F. G. Hammitt^ {written discussion)—This paper is of special interest 
because of the comparison between flowing system venturi cavitation damage 
results and vibratory results, particularly with regard to the "characteristic 
curves" of time-versus-volume loss rate. However, it would be helpful to the 
reader not familiar with the Erdmann-Jesnitzer work in Hannover, Ger
many, where this work was accomplished, if at least a schematic of the flow 
path geometry used were included. 

It would also be helpful, in applying and interpreting the results, if a table 
were included providing full mechanical property data on the materials 
tested. Incidentally, in this regard, what specifically is the material NGCI? 
As a nonmetallurgist, I at least am not familiar with that designation. 

Masanobu Matsumura {author's closure)—The author is grateful to Pro
fessor Hammitt for his kind comments. A schematic of the chamber used for 
the flow cavitation erosion tests is shown in Fig. 16. Fuller details may be 
found in Refs 10 and 11. 

The mechanical properties of the materials used in the vibratory tests are 
listed in Table 3. The NGCI used in the flow cavitation erosion tests consists 
of nearly the same chemical composition as the cast iron in Table 3 except 

/ / / / / / / / / / / / / / / / / / / / / / / / / / 

FIG. 16—Schematic diagram of chamber for flow cavitation erosion test, (a) and (b) bar
ricades: (e) test specimen; (Tjand (3) stream of bubbles; (2) liquid, devoid of bubbles. 

'Professor of mechanical engineering, University of Michigan, Ann Arbor, Mich. 48109. 
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that some magnesium is added to make graphite spherical, which usually 
forms itself into flake. Consequently, NGCI has a higher strength than the 
usual cast iron. In the flow cavitation erosion tests, special attention was paid 
to the behavior of ferrite, which is commonly contained in Armco iron, mild 
steel, and NGCI. 

R. P. M. Proctor^ {written discussion)—In both the text and Figs. 14 and 
15, the author shows quite clearly that the pH of the environment and hence, 
by implication, its corrosivity can have a very marked effect on cavitation 
damage to iron; in particular, as the pH goes from 5.7 to 2, and the environ
ment therefore becomes more corrosive to iron, the author's parameter 
Wc*/Wubc increases by 50 percent while the parameter Wa*/ta* increases by 
almost an order of magnitude. Unfortunately the author nowhere discusses 
the implication of these results or attempts to interpret them in mechanistic 
terms. This is a notable omission, particularly in view of the fact that the 
author interprets his data as indicating that cavitation damage occurs ini
tially by a ductile fracture process and eventually, after a transition, by a 
brittle fracture process. Yet ductile fracture by microvoid nucleation, 
growth, and coalescence, and brittle fracture by cleavage, are generally ac
cepted as being environment-insensitive processes, and it is very difficult to 
envisage them being so markedly affected by a change in pH. In summary, I 
believe that the author's model of the damage process as consisting of ductile 
or brittle fracture or both is inconsistent with his experimental data on the ef
fect of environmental pH and corrosivity on the rate of cavitation damage. 

Masanobu Matsumura {author's closure)—The general opinion-' to date 
on the interaction of corrosion with erosion is that cavitation erosion is a pure 
mechanical process and can be accelerated by corrosion. The main effect of 
corrosion is the weakening of the properties of material and rendering it 
more susceptible to erosion. The author agrees with this opinion. 

^Lecturer in corrosion science, University of Manchester Institute of Science and Technology, 
Manchester, England. 

•'Kallas, D. H. in Erosion, Wear, and Interfaces with Corrosion, ASTM STP567, American 
Society for Testing and Materials, 1974, pp. 5-17. 
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D. L. Eddingfield1 and M. Albrecht1 

Effect of an Air-Injected Shroud on 
the Breakup Length of a 
High-Velocity Waterjet 

REFERENCE: Eddingfield, D. L. and Albrecht, M., "Effect of an Air-Injected Shroud 
on the Breakup Length of a High-Velocity Waterjet," Erosion: Prevention and Useful 
Applications, ASTM STP 664, W. F. Adler, Ed., American Society for Testing and 
Materials, 1979, pp. 461-472. 

ABSTRACT: Air-injected shrouds are used to create an airflow parallel to a high-speed 
waterjet to examine the effect of the air velocity on the breakup length of the waterjet. 
Eight shrouds having four different lengths and two different diameters are employed in 
this study. The air velocity was varied from zero to approximately twice the velocity of the 
waterjet. The waterjet has an exit diameter of 0.766 mm (0.030 in.) and an exit velocity of 
266 m/s (874 ft/s) for all the experimental runs. 

Of the shrouds tested, the shortest shroud with the smaller diameter produced the best 
results for the entire air velocity ranges. The breakup length of the waterjet with a shroud 
compared to that of a waterjet without a shroud ranges from 1.2 for an air-to-water 
velocity ratio of zero up to a value of approximately 1.7 for a velocity ratio of 2.0. 

Cutting tests on a representative material are planned to establish firmly the benefit of 
utilizing an air-injected shroud in conjunction with a high-velocity waterjet. 

KEY WORDS: waterjet, coaxial jets, breakup length, coherent length, standoff 
distance, erosion 

The ability to cut or fragment materials using high-speed waterjets at 
relatively large standoff distances is desirable for many applications, for ex
ample, borehole mining of coal and other minerals. In such cases, the task is 
usually one of maximizing the effective cutting length of the jet for a given 
nozzle design and given operating pressure. 

There exists an extensive amount of reported work in the literature dealing 
with nozzle design and operating characteristics. Summers and Zakin2 give a 

1 Assistant professor and graduate student, respectively, Engineering Mechanics and Materials 
Department, Southern Illinois University, Carbondale, 111. 62901. 

^Summers, D. A. and Zakin, J. L., "The Structure of High Speed Fluid Jets and Their Use in 
Cutting Various Soil and Material Types," Final Report, USAMERDC Contract No. DAAK02-
74-C-0006, Rock Mechanics and Explosives Research Center, University of Missouri-Rolla, 
Rolla, Mo. 
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summary of the work of previous investigators who examined the effect of 
nozzle shape and diameter, fluid properties, and pressure on the coherent 
length of a liquid jet. In addition, results of their work on jet structure are 
presented. In an attempt to put the design of a nozzle on a theoretical basis, 
Lohn and Brent̂  have examined the flow equations governing both the 
boundary layer and core development in the nozzle. 

It is generally accepted that the effective cutting length of a high-speed 
continuous waterjet is a function of the coherent length of the jet. In this 
paper the coherent length will be taken as the distance from the nozzle exit 
plane to the location downstream where the jet becomes discontinuous across 
its entire cross section. The phrases "coherent length" and "breakup length" 
will be considered to be synonymous. 

At low Reynolds numbers, the breakup of a liquid jet is due primarily to 
capillary breakup (footnote 2). Above a Reynolds number of approximately 
60 000, however, the jet breakup is due primarily to aerodynamic effects. 
Aerodynamic breakup is the result of the interaction of the liquid jet with the 
ambient air, which strips off a portion of the surface of the liquid jet and 
thereby creates a spray surrounding a coherent liquid core. This spray 
decelerates rapidly and aids little in the cutting process. 

This paper examines the possibility of minimizing or delaying the 
aerodynamic breakup by creating a coaxial airjet around the waterjet. 

Equipment 

Pressure Intensifier 

The pressure intensifier system consisted mainly of a 0.2-m-diameter (8 
in.) hydraulic cylinder whose 0.089-m-diameter (3.5 in.) shaft is used to 
pressurize a cylindrical stainless steel container. The cylindrical container is 
0.15 m (6 in.) outside diameter, approximately 0.089 m (3.5 in.) inside 
diameter, and 0.97 m (38 in.) long. The system operates as a one-shot 
pressure intensifier which will give a test duration of 20 s with a 266-m/s (872 
ft/s) flow from a 0.762-mm-diameter (0.030 in.) nozzle. 

Nozzles 

All the nozzles used for this work are fabricated from brass and con
structed according to the Leach and Walker design, which has a 13-deg con
ical contraction followed by a three-diameter length straight section as shown 
in Fig. 1. The exit diameter of the nozzle is 0.762 mm (0.030 in.) and the out
side surface of the nozzle has a 13-deg taper down to a 3.95-mm-diameter 

^Lohn, P. D. and Brent, D. A., "Nozzle Design for Improved Water Jet Cutting," Third In
ternational Symposium on Jet Cutting Technology, May 1976, Paper A3. 
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FIG. 1—Water jet nozzle. All lengths are in millimetres. 

(0.155 in.) straight portion. The taper aids in guiding the airflow when a 
shroud is attached. 

Air Shroud and Shroud Mounting Base 

The air shrouds and shroud base shown in Fig. 2 are machined from brass 
stock. The shroud mounting base has four air ports equally spaced around its 
perimeter. The ports terminate in a chamber which supplies the airflow to 
the air shrouds. This air chamber has an outer diameter of 31.75 mm (1.25 
in.). 

All of the air shrouds have an initial inside diameter of 22.2 mm (0.875 in.) 
with a 38.7-deg conical contraction which terminates at the straight section 
of the shroud. A total of eight air shrouds is employed in this investigation. 
The shrouds are divided into two groups which have different values of the 
diameter of the straight section. The dimensions of the shrouds are given in 
Table 1. 

Experimental Procedure 

For each shroud, the air velocity is adjusted to the desired value without a 
water flow. The air velocity in the shroud without a water flow is assumed to 
be the same value as that which exists when the water flow is present. Since 
the waterjet cross-sectional area at the nozzle exit is only approximately 2.5 
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FIG. 2—Water jet nozzle, shroud mounting base, and shroud assembly. 

percent of the shroud cross-sectional area for the 4.75-mm-diameter (0.1875 
in.) shroud and 0.64 percent for the 9.52-mm-diameter (0.375 in.) shroud, it 
is felt that this assumption is justified. 

The air velocity values vary from 0 to 450 m/s (1476 ft/s) but the waterjet 
velocity is held constant at a value of 266 m/s (872 ft/s) for all the experimen
tal runs. 

For each air shroud and each value of the air velocity, a minimum of three 
photographs is taken with a 35-mm camera. The camera is positioned so that 
the field of view is from approximately 5.08 to 43.18 cm (2 to 17 in.) 
downstream of the waterjet nozzle. Diffused backlighting is employed using 
two slaved strobes which provide a high-intensity flash of duration 8.0 /xs. 

The photographs are analyzed to determine the downstream location at 
which the coherent core of the waterjet can no longer be detected. The values 
determined from the three photographs for each test condition are averaged 
to give the breakup length of the waterjet, Lb.r. 

Results and Discussion 

The results of the experimental runs are plotted in Figs. 3 and 4. Lt.s/Lb.r 
represents the ratio of the measured breakup length of the waterjet with an 
air-injected shroud to a reference breakup length. The reference breakup 
length Lb.T is defined as the measured breakup length of the waterjet without 
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FIG. 3—Breakup length ratio versus air-to-water velocity ratio for four shroud leneths 
Shroud diameter — 9.52 mm. 

FIG. 4—Breakup length ratio versus air-to-water velocity ratio for four shroud leneths 
Shroud diameter = 4.76 mm. 
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a shroud. Lt.r is measured from the exit plane of the nozzle, whereas Lt.s is 
measured from the exit plane of the shroud. Thus, in each case, the breakup 
length is measured from the position of zero standoff distance. Note that an 
improvement in the breakup length is indicated when the value of the ratio 
Lb.JLb.r exceeds one. Vs/V, represents the ratio of the velocity of the air in 
the shroud to the velocity of the waterjet at the exit plane of the nozzle. Both 
Lb.T and Vj are constant for all the data collected. Lb.r for the waterjet is 140 
nozzle diameters. 

The data for Vj/V, = 0 are slightly misleading and require an explana
tion. These data are for the case where no external air supply was connected 
to the shroud. Consequently the airflow in the shroud is being aspirated by 
the water flow and the velocity is nonzero but probably very low. 

Representative photographs of the waterjet are presented in Figs. 5a-5/. 
Due to space limitations, only photographs showing the highest relative 
velocity ratio are presented. 

For both series of shrouds, the figures show that the shortest shroud length 
gives the best results. In Series A, an improvement in the breakup length 
results for a velocity ratio greater than approximately 0.5. In Series B, the 
improvement is noted for all values of the velocity ratio. 

For Series A, all the shrouds yield a relative breakup length less than one 
with the singular exception of Shroud lA, which gives an improvement in the 
relative breakup length for values of V /̂V, greater than 0.5, as mentioned 
previously. Little significance should be given to the crossing of the curves for 
Shrouds 2A and 3A. This may be due to some extraneous conditions present 
in these particular experimental runs which altered the jet structure of 
Shroud 2A to produce lower values of the relative breakup length for the 
three highest values of the velocity ratio. This is only speculation, however, 
which must be confirmed by further tests. 

For Series B, with the exception of the longest shroud, 4B, the breakup 
length is insensitive to the velocity ratio up to a value of approximately one. It 
is interesting to note that for the shortest shroud, IB, the relative breakup 
length increases approximately 20 percent even for the case of an aspirating 
shroud. The rapid increase in the breakup length of Shroud 4B cannot be ex
plained at this time. Unfortunately, the maximum value of the velocity ratio 
obtainable with this shroud is approximately 1.2 due to the maximum 
pressure limitations of the compressed-air supply. 

One effect of the air-injected shroud is to produce a spray plume surround
ing the coherent core which is dispersed more radially but less densely than 
the plume of the waterjet without a shroud. Alpinieri" found in his ex
periments with coaxial jets of an inner carbon dioxide jet and an outer airjet 
that the larger the velocity of the outer jet with respect to that of the inner jet, 

^Alpinieri, L. J., American Institute of Aeronautics and Astronautics Journal, Vol. 2, No. 9, 
Sept., 1964, pp. 1560-1567. 
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FIG. 5—Photographs of water-jet Vj = 266 m/s. The scale indicates a 2-cm length. 
(a) Water-jet without Shroud (5 cm downstream from nozzle exit), (b) Water-jet with 
Shroud I A, Vs = 224 m/s (4.4 cm downstream from shroud exit), (c) Water-jet with 
Shroud 2A, Vs = 210 m/s (0.8 cm downstream from shroud exit), (d) Water-jet with Shroud 3A, 
Vs = 213 m/s (shroud exit is shown), (e) Water-jet with Shroud 4A, Vs = 717 m/s (shroud exit 
is shown), (f) Water-jet with Shroud IB, Vs = 524 m/s (3.5 cm downstream from shroud exit). 
(g) Water-jet with Shroud 2B. Vs = 477 m/s (2.3 cm downstream from shroud exit), (h) Water-
jet with Shroud 3B, Vs = 395 m/s (shroud exit is shown), (i) Water-jet with Shroud 4B, Vs = 
311 m/s (shroud exit is shown). 
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FIG. S—Continued 
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the larger will be the amount of air entrained. He reasoned that any tur
bulent fluetuation present in the outer jet is a fluctuation that would not exist 
if the outer jet was at rest. Consequently, the use of an air-injected shroud 
probably introduces two interacting and conflicting effects. Additional tur
bulent fluctuations are introduced in the radial direction which act to disrupt 
the jet, but, on the other hand, the shear stresses at the surface of the water-
jet are reduced. Which mechanism dominates determines whether or not the 
air-injected shroud increases the breakup length of the waterjet. 

The photographic evidence indicates that the air-injected shroud produces 
a waterjet which has a smaller-diameter core. However, this smaller core is 
found to persist farther downstream than that of the waterjet without a 
shroud. 

The benefit of utilizing an air-injected shroud for cutting and fragmenta
tion can be firmly established only by actual tests on representative 
materials. Such tests are currently being conducted by the authors. However, 
the results of the work reported in this paper indicate that a modest increase 
in standoff distance can be achieved using air-injected shrouds. Also, a 
redesign of the shroud based on the results of this study is planned. 

Conclusions 

1. In general, the breakup length ratio LtJLh., has its largest values for 
the shroud which has the shortest internal straight section. Therefore, the in
ternal straight section of the shroud appears not only unnecessary, but 
detrimental. 

2. For the two diameters of the shrouds tested, the smaller-diameter 
shroud produces the largest increase in the breakup length. 

3. For the shortest shroud, increasing the ratio of the air velocity relative 
to the water velocity increases the breakup length ratio Lb,JLb.T. However, 
even when the air supply is disconnected, the shortest shroud with the 
smaller diameter produces a 20 percent increase in the breakup length. 

4. The air-injected shroud probably increases the transverse turbulent 
fluctuations of the waterjet but delays the aerodynamic drag of the ambient 
air on the waterjet. 

5. Cutting tests on a representative material must be made in order to 
firmly establish the usefulness of adding an air-injected shroud to a waterjet. 
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DISCUSSION 

F. J. Heymann1 (written discussion)—Why is your air shroud nozzle de
signed with a conical instead of rounded entry? Do you deliberately want to 
create a vena contracta smaller than the shroud diameter? One difference 
between the short and long shrouds might then be that for the longer ones the 
airjet reattaches and for the short one it does not, resulting in an effectively 
smaller-diameter air shroud. 

D. L. Eddingfield and M. Albrecht (authors' closure)—The conical cross 
section of the air shroud was chosen for ease of machining. Because these 
were the initial experiments, it was the simplest geometry to use even though 
the best cross-sectional shape will probably be of a more streamlined shape. 

Your comment about reattachment of the airjet is pertinent and bears fur
ther investigation. 

B. P. Selberg2 (written discussion)—Your data indicates that the greatest 
increase in jet coherence occurs after the shrouded airflow chokes. Once 
choking occurs at M = 1, further increases in stagnation pressure will cause 
both a favorable shear gradient and an increase in the air exit pressure. This 
increased air pressure will tend to confine the jet. Do you have a physical feel
ing as to whether the velocity shear effect or the pressure effect is dominating 
in the measured improved jet coherence? 

D. L. Eddingfield and M. Albrecht (authors' closure)—By speculation, 
the velocity shear effect is the dominant mechanism. Note that Shroud IB for 
the aspirating case (V/V/ = 0) gave approximately 20 percent improvement 
over that of the waterjet without a shroud. For this case, the air exit pressure 
is atmospheric. 

/. P. Barber3 (written discussion)—The basic premise of your program ap
pears to be that jet breakup is dominated by Helmholtz instabilities. Have 
you done any analyses of Helmholtz instability growth in waterjets? Are the 
results of your experiments in agreement with classical Helmholtz predic
tions? 

D. L. Eddingfield and M. Albrecht (authors' closure)—No, we have not 
performed any analyses of Helmholtz instability growth in conjunction with 
our experiments. 

A. F. Conn4 (written discussion)—What was the length, in terms of nozzle 
diameters, for your baseline jet breakup distance? 

'Westinghouse Electric Corp., P. O. Box 9175, Mail Stop A204, Philadelphia, Pa. 19113. 
2University of Misssouri-Rolla, Mechanical and Aerospace Engineering, Rolla, Mo. 65401. 
3 University of Dayton, Research Institute, 300 College Park Ave., Dayton, Ohio 45469. 
4Hydronautics, Inc., Pindell School Road, Laurel, Md. 20810. 
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D. L. Eddingfield and M. Albrecht (authors' closure)—Approximately 
140 diameters. 

A. Lichtarowicz^ {written discussion)—Looking at your Fig. 4 showing the 
effect of a small-diameter shroud on the velocity ratio, it appears that the 
increased in the effectiveness of the shortest shroud starts to rise at the point 
where the airflow becomes sonic. Is this so? 

I would be interested in seeing your result when the airflow becomes super
sonic. The nozzle arrangement as shown in Fig. 2 indicates that you have a 
rather crude convergent-divergent nozzle. 

D. L. Eddingfield and M. Albrecht {authors' closure)—Yes, this is true. 
We are currently pursuing further studies with a supersonic air shroud. 

P. D. Lohn'' (written discussion)—With regard to the possibility of super
sonic effects: the air-water interface is a two-phase region where the sound 
speed may be extremely small. Supersonic effects must be suspected on the 
edge of any waterjet in air whether or not the jet is shrouded. 

^University of Nottingham, University Park, Nottingham, U. K. NG7 2RD. 
*TRW System and Energy, Inc., Redondo Beach, Calif. 90278. 
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ABSTRACT: The velocity of a waterjet can be increased when the jet impacts a target 
material or another waterjet. A theory describing such augmentation in terms of velocity, 
mass, and energy change is considered. The phenomenon is sensitive to jet structure and 
the jet velocity profile. Jet velocity profiles do not remain constant over great distances 
from the nozzle, and ultimately disrupt into droplets. Within the droplet the profile is 
more regular and the velocity constant. The theory is extended to cover the case of droplet 
collisions, and experimental evidence of jet augmentation and its effects is presented. 

KEY WORDS: impact pressure distribution, fluid jet augmentation, droplet impact, 
erosion, rock, converging nozzle 

The use of the high-pressure waterjet as a cutting tool has, within the past 
five years, become a commercial reality. The range of application has 
covered a spectrum from cardboard and wood through coal and rubber to 
metal. 

Research investigators have carried out test programs at pressure levels up 
to 40 kbar, well above the 2.5 to 4 kbar level of commerically available equip
ment. Such research has shown that under certain circumstances, there can 
be benefits to working at these higher pressures. Equipment for this type of 
work is, however, generally only of the "one-of-a-kind" research tool variety, 
and results of test findings at the higher pressure levels have indicated 
relatively short lives for the generating pressure systems and particularly the 
nozzles in which the transition to cutting speed occurs. 

'Assistant professor, Instytut Technologii Budowy Maszyn, Politechnika Wroclawska, 
Poland. 

2 Senior investigator and director, respectively, Rock Mechanics and Explosives Research 
Center, University of Missouri-Rolla, Rolla, Mo. 
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Because of the problems associated with creating pressures within a piece 
of equipment, consideration has turned to the possibility of generating high 
velocities beyond the nozzle by the use of interacting jets or jet impact on a 
solid surface. 

This approach has already proved successful in the development of shaped 
charges, particularly for military applications during World War II [/-5].'' 
Theoretical and experimental analysis of this phenomenon has shown 
that directional cumulative jet accelerations to velocities of the order of 1000 
to 2500 m/s can be achieved. The velocity achieved is a function of the charge 
size and the shape and material composition of the liner which, upon col
lapse, will create the cutting jet. 

This paper examines the related field where an augmented velocity jet or 
"fast jet" is produced by the impact between two identical waterjets or of a 
single waterjet with a rigid flat surface. The paper extends the existing theory 
developed for shaped explosive charges to describe the formation and 
nature of the secondary waterjets formed when two identical jets meet. The 
secondary jets move in opposing directions along the line bisecting the angle 
between the original jets. The motion of the secondary jets must satisfy the 
principles of conservation of mass, energy, and momentum. Calculations are 
thereupon described which govern the mass and velocity of these secondary 
jets. 

Particular considerations are given to the case where one of the secondary 
jets is of sufficient velocity to have the capability of cutting a target material. 

In the passage of a waterjet from the nozzle into a surrounding fluid, the 
effect on the jet of the surrounding fluid is to cause a change in the pressure 
profile (velocity profile) of the jet (Fig. 1). The initial condition with a con
stant velocity across the profile changes to a Gaussian distribution with in
creasing distance from the nozzle as the water on the outside of the core is 
removed. The initial analysis is based on those portions of the curve where 
the primary jet still retains a constant velocity across the profile, and finally 
the case where the jet is broken into droplets is considered. 

Analytieal Model 

Consider an original primary fluid jet in the region close to the nozzle 
where it retains an even pressure profile across its section. Let such a jet have 
a square cross section of area A X fc with a leading edge which is a flat sur
face, and consider the initial stages of impact. If it is assumed that all por
tions of the original jet are approaching a rigid flat surface with the same 
velocity vector inclined at angle a relative to the flat surface and with the 
leading edge of the primary jet inclined at angle 7 to plane A\Ai, the first 
portion of the leading edge of the primary jet will contact the plane 00 at 

''The italic numbers in brackets refer to the list of references appended to this paper. 
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Point A] (Fig. 2). This simulation is equivalent to the intersection of two 
similar jets approaching a common plane of symmetry 00 at angle 7 (Fig. 3). 

If the flow were a continuous laminar flow, then the primary jet would 
divide to produce two streams flowing in opposite directions along the sur
face 00. Each stream would have a velocity magnitude Vo, where Vo is the 
magnitude of the inflow velocity. Such a condition is nontypical and a more 
generalized case will be considered. 

Velocity of the Secondary Jets 

Sims [4] used a control volume approach to determine the velocity relation
ship between the primary and secondary jets for the special case 7 = 90 deg. 
He concluded that, as the jet contact point A1 moves along plane 00 at a 
speed VA, jets created at the plane would have velocity magnitudes (V ĵ to the 
right, herein referred to as the "fast jet," and Vj, to the left, herein referred to 
as the "slow jet") given by the equations 

Vfi = \VR + VA\ = V„ + VA 

_ _ (1> 
V., = | V A - V « | =VA -VR 

where VR is the relative velocity of the primary jet to the jet contact point. 
From the velocity polygon in Fig. 2 we can derive the following 

^r — Vo sina 
VR — sin(a + 7) ,2^ 

V — ^0 sin7 
•̂  sin(a + 7) 

If Eq 2 is substituted into Eq 1, then 

V«= Vo 

V sj Vo 

sina + sin7 

sin(a+7) 

sm7 — smg 
sin(a+7) 

(3) 

(4) 

Hence, the speed of the secondary jets depends only on Vo, a, and 7. 

Mass of the Secondary Jets 

The mass of the secondary waterjets can be estimated by applying the 
equations for conservation of momentum and mass at Point y4i (Fig. 2) 
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I pV«2cos[180 deg - (a + 7)] dL4,„ = - J pYR^dAs + f p V^̂ cW,; (5) 

and 

J pWRdAin = [ pVRdAs + J pYf^^j 

where 

dAin ~ elemental vertical cross section of inflow jet, 
dAjj = elemental vertical cross section of fast jet, and 
dAsj = elemental vertical cross section of slow jet. 

dAin = b dw 

dw = Vo sin(180 deg - 7) dt 

substituted into Eqs 5 and 6 give 

max 

iA,U. = [dA,= ^'^^^'"'^"ztiJa""^"'^^^ 

max 

, . , - [ ^A - fe'[l-cos(cit + 7)]sin(a + 7) 
J 2 sma 

(6) 

(7) 

(8) 

FIG. 3—Collision of two flat-faced square jets. 
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The area of the vertical cross section of the secondary waterjet impacting 
on the surface increases linearly from 0 to the value (y4̂ )max. This occurs dur
ing the time T that Point 5i moves to B\\ If we let distance BiBi' be x and 
consider triangles ̂ iCBi unAAxBiBi^, then 

j.^x_^ b sin(a + 7) ^̂ ^ 

Vo Vo sina sin7 

The length of the secondary jet is therefore 

/ = VRT (10) 

From Eqs 2 and 9 this gives 

sin^ 

Secondary jets will have a wedge shape with an area of the base Of (j4jy)max and 
{Aji)miLx, width b, and length /. Letting the mass density of the water be p, the 
mass of the secondary jets will be 

(]u\ — P^^ [1 "̂  co5(a + 7)]sin(a + 7) 
iM^)max- 4 sinasin7 

(M \ - P^^ tl ~ ^"^(" "*" 7)]sin(Q! + 7) 
4 sma sm7 

(12) 

The total mass that participates in the formation of the secondary waterjets is 
the s u m of (M^)max plus (M,y)n,ax 

g|fsin(« + 7) 
2 sma sm7 

Energy of the Secondary Jets 

Using Eqs 3, 4, and 12, the kinetic energy of the secondary waterjets can 
be derived 

_ pb^y<? [1 + cos(a + 7)] (sing + sin7)^ 
i i A fi — : :— . , ; r — 

8 sma sm7 sm(a + 7) 
(14) 

_ pbWo^ [1 — cos(a + 7)] (sing + sin7)^ 
" 8 sina sin7 sin(a + 7) 
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The kinetic energy of the secondary jets is a function of Vo, b, and angles a 
and y. 

Concentration of Energy 

Even more significant than the energy ratio is the concentration of energy. 
This information, important in estimating the cutting potential of the sec
ondary jets, is obtained by dividing the kinetic energy by the cross-sec
tional area of the secondary jets. Hence 

_ ^^s _ pby^ (sing + sin7)^ 
^ ~ (>l̂ )m« "" 4 sin7 sin2(a + 7) 

(15) 
_ EKsj _ pbVo^ (sing — sin7)^ 

" iAsj)m.r 4 s i n 7 s i n 2 ( a + 7 ) 

The concentration of energy for the primary jet can be written as 

^ _EKi„ ^pbVo^ sin(g + 7) 
Ai„ 4 sing sin7 

where ^,„ = b^, the area of the cross section of the primary jet. The concen
tration of energy ratio is then obtained from Eqs (15) and (16) as 

Kjj _ (sing + sin7)^sing 
Kin ~ sinMa + T ) 

(17) 
Ksj _ (sing — sin7)^sing 
Kin sin^a + Y) 

Analysis of the Theoretical Results 

It is obvious from studying the foregoing equations that the values of g and 
7 are very important in determining the characteristics of the secondary jets. 
Figure 4 was computed by dividing Eq (3) by K. Note that the actual value 
of g and 7 is not as critical as the sum (g + 7). The velocity ratio is high as 
(g + 7) approaches 180 deg. 

The potential to generate extremely high velocities with a relatively low 
driving pressure can be illustrated by the following example. Suppose that g 
= 80 deg and 7 = 90 deg and that the driving pressure Po is 1000 bar. Then 
from the relation Vo = 14VPO, VO is 440 m/s. But the velocity augmentation 
from Eq 3 is 11.4, so that V^ is 5000 m/s. To produce a jet velocity of this 
magnitude by conventional extrusion methods would require a driving 
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FIG. 4—Velocity augmentation ratio as a function of the impact angles a and y. 

pressure of 130 000 bar, 130 times that required if the augmentation is pro
duced. 

Figure 5 is a plot of the kinetic energy ratio EKfj/EKm for various values 
of a and 7. From this figure it can be seen that the kinetic energy ratio is at a 
maximum value of 1 when a and 7 are equal. Three types of flow can be iden
tified based on the relationship between a and 7 (Fig. 5). When 7 = a, all 
the energy is possessed by the fast secondary jet and the slow jet has none. In 
the region where 7 < a, the slow secondary jet moves to the left. In the 
region where 7 > a, the secondary slow jet moves to the right along with the 
fast secondary jet. Figure 6 is a plot of the concentration of energy ratio. This 
figure is very similar to Fig. 4 and the same comments apply. Based on the 
information that the kinetic energy ratio is maximum for a = 7 (Fig. 5), the 
optimum condition for energy concentration can be plotted as a dashed line 
on Fig. 6. 
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FIG. 5—Kinetic energy augmentation ratio as a function of the impact angles a and y. 

Experimental Applications 

Under normal circumstances it is extremely difficult to obtain a flat 
leading edge to a waterjet or to maintain a uniform velocity across the jet pro
file. The surface or profile is generally curved (Fig. 1) or more severely 
distorted by jet movement relative to the surrounding medium. 

At the point where the jet breaks into droplets, however, the contour of the 
leading surface will stabilize and the velocity will be sensibly constant within 
the droplet. This set of conditions allows the foregoing analysis to be ex
tended to cover this case. Analysis of this phenomenon has been carried out 
in Cambridge [5] and therefore only a comparative relation will be made. 

Figure 7 shows a central element sliced from a spherical droplet, of radius 
R and moving at speed Vo toward the flat surface 00 at an angle a. Every 
phase of the collision can be considered using the previously derived equa-
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FIG. 6—Energy intensification ratio as a function of the impact angles a and y. 

tions with suitable transformations to adapt them to the present geometry. 
For example, when the face of the element from M' to M" contacts the flat 
surface, the geometry is the same as that of Fig. 2. The droplet first contacts 
the plane 00 at Mi and the analysis ends when the contact point moves along 
the arc to the point M,^ The value of /8 will vary from a to 180 deg in the 
interval 

0 < f < 
/? (1 + sing) 

Vosina 

and 

7 = 180 - |3 
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FIG. 7—Geometric representation of the impact of a bubble with an oblique surface. 

which can be substituted into Eqs 3, 14,16, and 17 to give a new set of equa
tions valid for the central portion of the droplet 

Vff __ sing + sin/? 
Vo sin(/3 - a) 

EKfj __ [1 — cQs(i6 — a)\ (sing + sin/3)^ 
EKi„ 2 s i n M / 3 - a ) 

Kfj _ (sing + sin/3)^ sing 
Ki„~ s i n M / 3 - g ) 

(18) 

(19) 

(20) 

Representative values obtained using these equations are shown in Fig. 8, 9, 
and 10. 

Discussion of Results 

The fast-jet velocity ratio (Fig. 8) when plotted as a function of the angle g 
and /3 indicates that the curves for various values of g are similar in shape but 
displaced as a function of |8. In every case the velocity ratio becomes very 
large as the angle a approaches the value of jS. For practical considerations, 
the range of jS that leads to the formation of satisfactory fast jets is con
sidered to be g < j8 < g + 15 deg. 

From the curves in Fig. 9 which show the kinetic energy ratio as a function 
of the angles ^ and a, the same conclusions can be drawn as for the earlier 
case of a flat impact shown in Fig. 5. The highest energy ratios occur when g 
and 7 are equal (7 = 180 — j8). 
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FIG. 8—Velocity augmentation ratio for a droplet impact as a function of the angles a and /3. 

The concentration of energy ratio shown plotted in Fig. 10 is similar to that 
for a flat-faced jet (Fig. 6). It is again found that, as a approaches /3, so the 
energy ratio tends to infinity. Where values of a are small, the range of (8 over 
which the jet energy is highly concentrated is also small, but as a increases, 
so the width of the angle j3 over which a highly intensified jet is produced is 
also increased. It is interesting to note that the kinetic energy augmentation 
is at an optimum where a = 7 and that the energy intensification is at an op
timum where a = 0. Since 7 = 180 — j8, this suggests that the optimum 
energy augmentation with the most concentrated jet might occur when a = 
/3 = 7 = 90 deg. Under such circumstances the fast jet would be at greatest 
damage potential when the vertically impacting drop is at its maximum con
tact diameter. In this regard, investigators at Cambridge [5] have found that 
damage from impacting droplets is confined to the periphery of the droplet 
impact zone. The equivalence of the relationship between droplet flow and 
continuous jet flow is suggested by a corresponding result obtained at Rolla 
with a high-pressure continuous jet directed at an aluminum target located 
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FIG. 9—Kinetic energy augmentation ratio as a function of the impact angles a and 0for a 
droplet. 

2.5 cm from the jet nozzle (Fig. 11), where damage is also confined to the 
region at and beyond the jet impact periphery. 

Experiments have, however, concentrated on examining the zone of jet in
teraction farther down the jet stream where the flow has disrupted into 
droplets. Figure 12 shows a photograph of such a jet collision with an impact 
angle of a = 10 deg at 4 bar obtained by the strobe flash technique [10\. All 
the droplet components of each jet do not impact other droplets since there is 
no control over their spatial distribution and velocity. When two droplets do 
collide, however, the shock wave generated by the fast jet is clearly visible. 
The results are similar to those of a collapsing cavitation bubble, which pro
duces a Monroe jet with accompanying shock waves [6]. It is similar to the 
photographs obtained by Edney [7] of the explosive extrusion of the waterjet 
in a vacuum. 

In practice the structure of a high-pressure waterjet, particularly at 
velocities of the order of 300 m/s, is extremely sensitive to interference from 
adjacent bodies. For this reason, while waterjet impact on solid bodies 
can be used to generate augmented velocities, the diffuse structure around 
two continuous jets will interfere with the jet structure prior to impact and 
negate much of the proposed augmentation. Conversely, once the jet has 
disintegrated into droplets, this is no longer the case, although the target 
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FIG. 11—Aluminum targets after continuous jet impact at 680 bar stagnation pressure; 
damage is confined to an area on the periphery of the jet and beyond. 

location should be in the immediate vicinity of the impact point since the fast 
jets produced are extremely small and thus rapidly disrupted. Further 
research on the effectiveness of interfering jets, designed to interact beyond 
the jet collapse distance, is therefore required. 

Rock Cutting Experiments 

As a practical test of the potential effectiveness of converging jets, an ex
periment was carried out on Berea sandstone specimens, 15 cm diameter and 
30 cm long, with test nozzles placed 1.25 cm above the specimen. The jet 
pressure was 680 bar for this study, in which approximately 20 different noz
zle geometries were examined. Nozzles were constructed to produce two 
parallel jets of diameter 1 mm, separated by distances of 1.27, 1.78, and 3.0 
mm. Nozzles were also constructed to produce converging jets at included 
angles 1, 2, 5, 10, 15, and 20 deg. All the nozzles were machined from 
brass and the inside surfaces of the nozzles were lapped. 

The best results were obtained with the parallel nozzles having the 
1.27- and 1.78-mm spacing and the convergent nozzles with 1- and 2-deg in
cluded angle. The results from the 5, 10, 15, and 20-deg angle were poor, no 
cumulative effect being observed. The sandstone specimens were split after 
an exposure time of 10 to 15 s when either the 1- or 2-deg nozzles were tested 
(Fig. 13). 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MAZURKIEWICZ ET AL ON ROCK CUTTING 489 

W - . V ' 

. , ^ 

•'• ' ' ^ ? ' 

• ^ - ' • > ' 

• > • * • 

FIG. 12—View of water Jets at a pressure of 4 bar converging at an angle of 10 deg at the 
point where the jet turns into droplets: (a) top view showing the angle of impact, (b) side view 
showing shock waves generated by the small augmented Jet velocity. 
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FIG. 13—Cavity cut into Berea sandstone by a converging jet showing the narrow cut made by 
secondary jet action. 

Figure 14 shows one of the convergent nozzles located just above the sand
stone. Using the parallel nozzles with 1.27- and 1.78-mm spacing gave 
results similar to those of the 1- and 2-deg convergent nozzles. One reason 
postulated for this is the Coanda effect by which two jets flowing close 
together tend to merge into one jet [9]. 

Subsequent to the conclusion of this experiment the authors were engaged 
in research on a hydraulic mining unit in a surface mine in northern Missouri 
[8\. The seam of coal was being mined by waterjets at a pressure of 680 bar 
when it was discovered that the coal was interlayered with pyrite lenses, with 
a compressive strength of the order of 2000 bar. Under normal conditions the 
jets would not cut this material, so a set of converging jet nozzles was inserted 
into the cutting head. The jets produced cut the pyrite satisfactorily, allowing 
the mining machine to advance at a rate of 1.7 m/min. 

Conclusions 

The use of external augmentation techniques to improve waterjet cutting 
ability has been demonstrated to be an effective way of improving the cutting 
of rock and is a means of generating higher pressures than those extant 
within the preexisting flow. Because of the problems which arise in bringing 
two flat-ended jets together exactly symmetrically, it is proposed herein that 
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FIG. 14—Proposed geometry for augmented cutting using the enhanced velocity effects from 
colliding droplets. 

a more effective technique would be to converge the jets at a point where they 
have just broken into droplets. Photographic evidence of such an event shows 
that large velocity augmentation is possible. 
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Dual-OrifIce Waterjet Predictions 
and Experiments 

REFERENCE: Selberg, B. P. and Barker, C. R., "Dual Orifice Waterjet Predictions 
and Experiments," Erosion: Prevention and Useful Applications, ASTM STP 664, 
W. F. Adler, Ed., American Society for Testing and Materials, 1979, pp. 493-511. 

ABSTRACT: A simplified dual-orifice circular jet analysis is developed to predict 
maximum velocity and pressure profile capabilities of waterjets. The analysis is applied 
to nozzles having total exit diameters of 1.016 mm operating at stagnation pressures of 
2.812 MN/m2. These conditions result in flow rates of less than 2.27 X 10 ~'m3/s of 
water. Dual-orifice converging nozzles with 2- and 10-deg included convergence angles 
are analyzed as well as dual-orifice diverging nozzles with 8, 10, and 20-deg included 
divergence angles. The control-volume form of the conservation of mass and the con
servation of momentum equations is applied to the converging dual-jet case. Velocity 
profiles prior to jet mixing, after Schlichting and Tollmien, are used as profile input 
to the conservation equations. Profile shapes after Schlichting are used downstream of 
the jet mixing process. Linear jet diameter growth laws are applied to predict jet diam
eters before and after the mixing process. The merged jet profiles are calculated 
downstream of the nozzle at representative stations and compared with a single-orifice 
jet profile of the same energy input. Diverging dual-orifice jet profiles are generated 
using the same profile and diameter growth equations as for the converging dual-
orifice nozzle jet. Velocity and pressure profiles, generated at representative stations 
downstream of the nozzle exit, are compared with single-orifice nozzle profiles of the 
same total energy input. Experimental comparisons are made with 2- and 10-deg in-
cluded-convergence-angle converging nozzles and with 8, 10, and 20-deg included 
angle diverging nozzles at 2.812 MN/m2 stagnation pressure. All nozzle shapes con
sist of a 13-deg converging cone followed by a straight section of length 2.5 exit diam
eters. A pressure transducer, fixed to the traveling carriage of a lathe and oriented 
so that the nozzle axis is in line with the transducer axis, is used for profiling studies. 
A hardened steel shield with a 5.00 X 10 _ 1 mm central hole protects the transducer 
for the pressure profile studies. These pressure profile measurements are made at the 
same representative stations as the analytical results. Discussion of the agreement 
between analytical and experimental results is made with emphasis on limitations of 
the analytical model, the experimental tests, and on suggested improvements in nozzle 
design which will bring the analytical predictions and experimental results closer 
together. 

KEY WORDS: waterjets, dual-orifice jets, converging jets, diverging jets, nozzle 
surface roughness, jet coherence, jet cutting, erosion 
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Many researchers have investigated both theoretically and experimentally 
single-orifice waterjets [1-8] J From this work the most widely accepted 
nozzle has a conic convergent section with a 13-deg angle followed by a 
straight section of length 2.5 exit diameters. Generally, these single-orifice 
nozzles are capable of producing waterjets that remain coherent for a 
distance of 100 to 250 nozzle diameters [9]. Some improvement in these jet 
coherence lengths can be obtained by adding long-chain polymers to the 
water [10] or by changing nozzle geometry [3,11]. 

Whereas single-orifice nozzle design is well understood, there has been 
comparatively little work conducted on dual- or multiple-orifice design. 
Some work has been carried out by Nikonov [12] and Summers [13] et al. 
Nikonov found that a 15-deg-included-angle dual-orifice nozzle gave the 
most effective jet action whereas Summers et al obtained the best results 
with a 20-deg-included-angle dual-orifice diverging nozzle. It is the pur
pose of this paper to further develop the multiple-orifice nozzle base by 
investigating dual-orifice nozzles that are being fed by the same supply 
pipe. 

Theoretical Analysis 

A simplified turbulent-jet theory, due first to ToUmien [14], was applied 
to axisymmetric circular jets. This theory is for an airjet into air or a water-
jet into water and does not take into account the two-phase flow which will 
occur at the waterjet-air boundary. However, the application of this 
simplified turbulent-jet theory is consistent with the intent of trying to 
predict maximum possible pressure and velocity profiles prior to significant 
jet-air mixing or jet breakup. The theory assumes the jet width is propor
tional to axial length of the jet, x, and that the centerline velocity is 
proportiottal to 1/x. The linear jet width growth is in agreement with most 
experimental data of turbulent axisymmetric jets of water into air. Recent 
measurements of Yanaida [15] show a x'''' growth of the jet width. In 
addition, the kinematic momentum is taken a constant along the jet axis. 
These assumptions imply a constant virtual kinematic viscosity, eo, as well 
as ideiltical differential equations as for laminar jet flow. Schlichting's 
solution of these equations is 

3 K 1 
M — 

8x€oJc( l + l/4r,2)2 

=1 li Ik-
^ 4V^r Vx (1 + 1/417̂ )2 

1 [3 Ikr 
2 

l/4l7^ 

The italic numbers in brackets refer to the list of references appended to this paper. 

(1) 
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where 

u = axial velocity component, 
V = velocity component perpendicular to jet axis, 
X — distance in axial direction of jet, 
r = distance in direction perpendicular to axis, 

K = jet kinematic momentum divided by fluid density, and 
Co = virtual kinematic viscosity. 

These solutions were used to generate velocity profiles at various jet 
locations downstream of the nozzle exit. Input conditions to these profiles 
were obtained by first using Bernoulli's equation for incompressible flow 
to predict the maximum velocity point u max at the center of the jet and exit 
of the nozzle. Along the jet axis, the centerline velocity Ud was determined 
utilizing a form suggested by Hinze [16] 

"'•-'[Ttj^ <« 

where d is the jet diameter at the nozzle and A and B are constants. The 
constants A and B were solved for in Eq 2 from experimentally determined 
centerline velocity measurements at the x/d = 25 and x/d = 50 stations. 
For each axial location, Ud is calculated from the foregoing and then used 
with the u from Eq 1 to solve for the correct value of virtual kinematic 
viscosity, to, at each axial location. With the proper £o's, profiles of u can 
then be generated. System design constraints necessitated having a pipe 
6.35 mm inside diameter and 762 mm long upstream of the nozzle. With 
this supply pipe-nozzle configuration the flow into the nozzle would be 
fully developed pipe flow. Although the acceleration in the nozzle would 
thin the boundary layer and flatten the velocity profile at the nozzle exit, 
the exit flow conditions would more nearly be approximated by a modified 
pipe flow. Therefore a one-seventh power velocity profile was taken at the 
velocity exit. This compares well with turbulent smooth-pipe data for the 
Reynolds number in question [2]. The mean velocity can then be obtained 
from the one-seventh power law, u = 0.816 Wmax. The volume flow rate, Q, 
then becomes 

Q = TTR'^U^ 0.816 TR'um,. (3) 

The kinematic momentum can be calculated at the nozzle exit and is 

K = 2w\ u^rdr = 2TO2„,, I (^Y'rdr (4) 
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The kinematic momentum is then available as input into the foregoing 
velocity profile equations. Utilizing these equations, velocity data have 
been generated for the dual diverging jets and then transformed to nozzle 
axis, X, and to the coordinate normal to the nozzle axis, r. With the 
control-volume form of the momentum equation, the force on transducer 
orifice can be calculated. This force is then divided by the transducer 
orifice area to obtain the pressure. 

These same velocity profiles are used as input for the converging dual-jet 
analysis. The converging dual-jet analysis utilizes the control form of the 
momentum and mass equations. The momentum equation for a non-
moving control volume is 

EF= 1 lpV(V-7,)ti4+|- I 1 IpYdR (5) 
dt 

where 

EF = summation of external forces on control volume, 
p = fluid density, 
V = fluid velocity, 
ri = outward normal unit vector of cL4, 

dA = elemental surface element of control surface, cs, 
t = time, and 

dR — elemental volume element of control volume, cv. 

For steady flow the last term on the right-hand side is zero and for a free 
jet the pressure forces cancel, leaving 

pV(V-rj)d!/4=0 (6) 

This term, which is the momentum flux through the control surface, is 
nonzero only where the jet crosses the control surface. Figure 1 shows a 
typical merging jet with the control surface. The merging jets, 1 and 2, use 
the velocity profile due to Schlichting, given previously. The momentum 
equation can be rewritten for axisymmetric jets as 

pW3\3rdr= pViVirdr+ pW2\2rdr (7) 

Since the form of velocity is known, and the density remains constant for 
the pressure range considered, Eq 7 can be solved for Vi. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SELBERG AND BARKER ON DUAL-ORIFICE WATERJET 497 

J e t #1 

J e t #2 

Merged J e t #3 

Control Volume 

FIG. 1—Merging jets with control volume. 

Experimental Apparatus and Procedure 

The pressure profiling experiments were conducted on a modified lathe 
bed. The nozzle supply pipe was mounted onto the lathe chuck with the 
stagnation chamber located directly upstream of the lathe. Stagnation 
supply pressures were measured in this chamber. The stagnation chamber 
was connected to the 5.58 X 10'' J/s pump by a flexible high-pressure 
hose. The strain gage pressure transducer was mounted to a vertical 
milling attachment which in turn was mounted to the carriage of the lathe 
for axial and transverse movement. Transverse location was monitored 
with a linear potentiometer in conjunction with one channel of a chart 
recorder, with pressure recorded on the second channel of the recorder, 
yielding a plot of pressure versus transverse distance for each nozzle axial 
location of the transducer. The experimental setup is shown in Fig. 2. 

The pressure transducer itself was mounted inside a steel plug whose 
front surface was flat and about 38.1 mm in diameter. The surface of the 
plug was hardened with a small centered hole, 5.00 X 10~' mm in diameter, 
leading to the transducer. The transducer system was capable of measuring 
pressures up to 2.81 MN/m^. All nozzle tests, in which data close to the 
nozzle were to be taken, were conducted at a stagnation pressure of 2.81 
MN/m^. 

Test procedures involved aligning the pressure transducer in the vertical 
direction to maximize the signal from the water jet at a stagnation pressure 
of 4.22 X 10̂  N/m^, to ensure that the pressure orifice was at the maximum 
velocity plane in the vertical direction. The test runs were then conducted 
at the desired operating stagnation pressure. For each jet and axial location 
a minimum of two jet traverses were made to ensure data repeatability. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



498 EROSION: PREVENTION AND USEFUL APPLICATIONS 

FIG. 2—Pressure profiling apparatus. 

Results and Discussion 

All the dual-orifice nozzles were the same shape, a 13-deg converging 
cone followed by a 2.5-exit-diameter straight section. Each orifice had an 
exit diameter of 1.016 mm. Four of the nozzles—the 10 and 20-deg diverg
ing dual-orifice nozzles and the 10 and 2-deg converging nozzles—were 
machined out of brass and then nickel plated to prevent surface erosion 
effects. All the brass nozzles were machined by one technician using the 
same technique and were polished before plating. The 8-deg dual-orifice 
diverging jet nozzle is an electroformed nickel nozzle in which the nozzle is 
electroformed around a machined mandrel. The general contour of all the 
nozzles tested is shown in Fig. 3. Pressure-profiling results are presented 
in Fig. 4 for the 20-deg diverging nickel-plated dual-orifice nozzle that 
was machined of brass. The experimental profiles are the solid lines while 
the theory is shown by the solid circles. There is good agreement between 
theory and experiment at x/d = 25 and x/d = 50; however, at axial 
locations of x/d = 125 and larger, there is a rapid deterioration of the 
experimental data. Both jets are deteriorating at about the same rate, 
which is caused by an accelerated breakup of the jet core. This premature 
core breakup is due to some upstream pertubation on the jet which is 
setting up jet instabilities. 

Figure 5 shows theoretical and experimental pressure-profiling results for 
the 10-deg nickel-plated brass dual-orifice jet. The experimental results, 
solid line, agree with theory only for the x/d — 25 station. The jets are 
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FIG. 3—Generalized nozzle design. 

decaying rapidly, with the left jet 11 percent of its initial value and 25 
percent of the right jet's magnitude at x/d = 125. In order to explain 
this poor agreement, electron microscope photomicrographs were taken of 
the inside of both nickel-plated brass orifices. Figure 6 is a photomicro
graph of the interior surface of the left orifice. The surface finish appears 
to be uniform and rough. A qualitative estimate indicates roughness 
heights of 10"^ mm, which is approximately 33 times larger than acceptable 
typical nozzle finishes for nominal-size nozzles. Figure 7 is a photomicro
graph of the right orifice. In contrast to the left orifice, the right orifice 
interior finish is relatively smooth. Maximum roughness heights appear to 
be on the order of 5 X 10 ~̂  mm but constitute a small percentage of the 
total surface. However, the right orifice does show faint grooves in the 
circumferential direction. Figure 8 is a photomicrograph of the entire right 
orifice. The same circumferential grooves which appear in this figure 
appear in Fig. 7. The roughness results from these photomicrographs, 
namely, that the left orifice has larger roughness and that it exists over 
the entire surface, are consistent with the experimental data, which show 
the left jet decaying much more rapidly than the right jet. Roughness thus 
explains the experimental trends observed for the 10-deg diverging dual-
orifice brass nozzle. 

Converging dual-orifice theoretical and experimental results are shown 
in Fig. 9 for the 2-deg converging nickel-plated brass nozzle. Again agree
ment is excellent at x/d = 50. At x/d — 125 the right jet shows good 
agreement while the left jet is already breaking up. At x/d = 175 the two 
jets have merged and the agreement is good considering one of the con
verging jets was breaking up. Likewise at x/d = 250 the agreement is 
good. By x/d = 375, however, the merged jet is breaking up rapidly. 
The narrower experimental results can be attributed to the insufficient 
momentum input from the left jet to the final merged jet. Although the 
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FIG. 5—Pressure profiles for 10-deg diverging dual-orifice nickel-plated brass nozzle. 

FIG. 6—Photomicrograph of 10-deg dual-orifice nozzle—left orifice {X675). 
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FIG. 7—Photomicrograph of 10-deg dual-orifice nozzle—right orifice (,X675). 

FIG. 8—Photomicrograph of 10-deg dual-orifice nozzle—right orifice (X56). 
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FIG. 9—Pressure profiles for 2-deg converging dual-orifice nickel-plated brass nozzle. 

merged jet is broader than each of the individual jets, it does not appear 
to be as broad as a single jet of the same initial mass flow would be. A 
more significant observation is that the peak velocity of the merged experi
mental jet exceeds the analytical prediction at both x/d = 125 and x/d = 
250, indicating a slower center velocity decay rate for the merged jet. 
This may partially explain why merged dual-orifice waterjets are more 
effective in actual material cutting tests than diverging dual-orifice jets. 
Figure 10 is a photomicrograph of the right orifice interior surface. The 
majority of the surface is relatively smooth with a few large protrusions on 
the order of 10~^ mm and a few minor grooves. In contrast. Fig. 11 shows 
the left orifice surface, which is rough all over, having roughness heights 
on the order of 10 ~^ mm with a large circumferential groove on the order 
of 4 X 10 ~̂  mm high by at least an equal width. This circumferential 
groove along with others are shown clearly in Fig. 12, a photomicrograph 
of the entire interior surface of the left orifice exit. Each of these grooves, 
which lie transverse to the flow direction, will perturb the boundary-layer 
flow and tend to cause temporary boundary-layer separation or flow oscilla
tions, which will result in early jet breakup. Again there is consistency 
between the rough surface of the left jet and its early decay, and the 
smoother surface of the right jet and its good agreement with theory. 

Results of the 10-deg converging jet are shown in Fig. 13. At x/d = 25 
the jets are already merged. While good agreement exists initially, there is 
a rapid decay of the experimental jet. This rapid decay, which may in 
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FIG. 10—Photomicrograph of the 2-deg dual-orifice nozzle—right nozzle (X675). 

FIG. 11—Photomicrograph of the 2-deg dual-orifice nozzle—left orifice (X675). 
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FIG. 12—Photomicrograph of the 2-deg dual orifice nozzle—left orifice (X56). 

x/d = 25 
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d = l 016 mm 
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FIG. 13—Pressure profiles for 10-deg converging dual-orifice nickel-plated brass nozzle. 
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part be due to the surface finish of the nickel-plated brass nozzle, is 
probably also caused by the larger amount of momentum exchange that 
the two colliding jets are experiencing due to the larger converging angle 
between them. The theory does not account for this mixing in the sense 
of the resulting momentum losses. 

The results for the electroformed nickel 8-deg diverging dual-orifice 
nozzle are shown in Figs. 14 and 15. There is excellent agreement between 
theory and experiment, with minor jet decay occurring in the left jet at 
xld = 375, substantiating a linear growth law for the wake width. Figures 
16 and 17 exhibit photomicrographs of the left and right jet interior 
surfaces. Both figures show minimal surface roughness, which is not 
estimatable because of its small size. A few surface imperfections exist 
but these are not repetitive. Figure 18 shows the left side with a view of 
the entire orifice. Again there is an absence of surface imperfections. This 
lack of surface roughness along with the excellent agreement between 
theory and experiment confirms the postulation that excessive surface 
roughness in the nickel-plated brass nozzles was causing the boundary 
layer to locally separate or instabilities to be set up within the jet which led 
to its early decay, or both. 

\\m/m 
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x/d=25 

Analytical • 
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8 deg Diverging 

50 Duol Orifice Nozzle 

( Elec-froformed Nickel ) 

d= 1.016 mm 

R = 2.812 MN 

FIG. 14—Pressure profiles for 8-deg diverging dual-orifice electroformed nozzle. 
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FIG. \S—Pressure profiles for 8-deg diverging dual-orifice electroformed nozzle. 

FIG. 16—Photomicrograph of 8-deg electroformed nickel dual-orifice nozzle—left side 
(y.675). 
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{)<6?5) ^^~^''°^''"'''"'°S'-''Ph ofS-deg etectroformed nickel dual-orifice nozzle-right side 

. / ' ^ ' 1 8 - f >iotomicrograp/i of the 8-deg etectroformed nickel dual-orifice diverging nozzle-
left side {X67). 
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Conclusions 

The following conclusions are made concerning dual-orifice high-pressure 
waterjet predictions and experiments. 

1. The simplified theoretical analysis is capable of predicting waterjet 
pressure profiles for dual-orifice diverging nozzles prior to jet breakup. 

2. The control-volume analysis shows good promise of being a valid 
prediction technique for converging waterjets with small convergence 
angles prior to jet breakup. 

3. The experimental results reinforce the importance of manufacturing 
nozzles to close tolerances such that interior nozzle surface finishes are free 
of blemishes. 

4. Small-angle converging dual-orifice data indicate slower centerline 
maximum velocity decay rates than diverging jets, which explains the 
apparent superiority of converging jets to diverging jets in material cutting 
tests. 

5. The electroformed 8-deg dual-orifice nozzle tests substantiate a linear 
growth rate for the wake width. 
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DISCUSSION 

p. D. Lohn' {written discussion)—How were A and B chosen? Would 
normalizing to the merged jet diameter (in the convergent case) be more 
meaningful? Could the imperfections in the finish trigger a bistable flow 
favoring the smoother nozzle? (One of the diverging cases appeared not 
to be due to a bistable effect but to accelerated breakup.) 

B. P. Selberg and C. R. Barker (authors' closure)—The centerline 
velocity was determined experimentally at the x/D = 25 and the x/D = 50 
stations and these values were then used to calculate A and B from the 
centerline velocity decay equation. 

While normalizing to the merged jet might be useful in discussing jet 
properties, it would be difficult to apply since both different convergent 
angles and different initial converged jet diameters would provide different 
baseline diameters, which in turn would make the normalizing of jet data 
difficult to understand and compare. A more interesting approach might 
be normalizing to a jet equivalent diameter based on the total jet areas of 
the two converging jets at the nozzle exit. This would allow all converging 
nozzles to be compared to the equivalent-area single-orifice nozzle. 

One would expect that if surface finish imperfections were triggering a 
bistable flow condition, the smooth nozzles (orifice) would have a coherent 
jet for a greater distance than without the bistable flow. Subsequent tests 
with single-orifice nozzles having the same surface finish indicated a longer 
coherent jet than for the good orifice side of the diverging nozzle; hence 
the bistable hypothesis is not substantiated. 

A. F. Conn^ {written discussion)—Typical jet breakup lengths seen in 
the literature are in the range of 100 to 200 nozzle-orifice diameters, yet 
you report jets which have broken up by 375 diameters. Do you attribute 
these large stable distances to the very smooth surfaces inside the nozzle? 

B. P. Selberg and C. R. Barker {authors' closure)—Our nozzles, from 
which we achieved the 375 x/D coherent jet lengths, were the standard 
Leach-Walker design which have been used and reported on by many 

'TRW Systems & Energy, Inc., Redondo Beach, Calif. 
^Hydronautics, Inc., Pindell School Road, Laurel, Md. 20810. 
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investigators. The only difference is the new nozzle manufacturing process 
that yields extremely uniform and smooth nozzle surface finishes which 
are not attainable by standard manufacturing techniques for small nozzles. 
These coherent jet lengths may have been further increased if more attention 
had been given to better flow conditioning upstream of our nozzle. 
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Pressure Cavitating and Noncavitating Waterjets," Erosion: Prevention and Useful 
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Materials, 1979, pp. 512-529. 

ABSTRACT! A study was made of erosion by high-pressure noncavitating and cavita
ting waterjets issuing from five different arrangements of nozzles, consisting of (A) jet 
in air, (B) submerged jet, (C) jet surrounded by another of lower velocity, (D) jet from 
long nozzles, and (E) jet from a nozzle containing a cylindrical body insert. The 
purpose was to evaluate the two methods of erosion for jet cutting applications. 

Simple visual examination of the craters on specimens of copper showed distinct 
type (size, shape, depth, etc.) of erosion. However, microscopic examination did not 
reveal clearly any characteristics peculiar to cavitating or noncavitating jets. 

Quantitative experimental results were obtained by measuring the mass loss of lead 
specimens as a function of time of exposure for the conditions where either the nozzle 
pressure or the standoff distance was held constant. By comparing the different 
arrangements on the basis of material loss, it is concluded that Arrangement B 
performed best for all periods of exposure and standoff distances followed by Arrange
ment C for short periods of exposure, smaller standoff distance, and for certain flow 
conditions. 

KEY WORDS: erosion, high pressure, cavitating, noncavitating, water jet, jet cutting 
applications, nozzle, crater, mass loss, lead and copper specimens, time of exposure, 
nozzle pressure, nozzle diameter, standoff distance, submerged jet, arrangement, 
evaluation, comparison, material removal, penetration 

The application of waterjets for mining and other problems is well known 
and is quite well documented [l].2 However, because of the requirement of 
high pressures, waterjets alone are not adequate to fracture hard rocks 
which are encountered in tunneling and other operations. To overcome this 

'Research officer and technical officer, respectively, Gas Dynamics Laboratory, Mechanical 
Engineering Division, National Research Council of Canada, Ottawa, Ontario, Canada. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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problem of high pressures, methods recently have been proposed whereby 
the erosive power of a waterjet could be augmented by the generation of 
cavitation bubbles within the jet [2]. It was argued that since these bubbles 
create intense transient pressures at the points of collapse (thus fracturing 
the material), the actual pressure of waterjets could be reduced. While 
reports claiming their success in certain applications have appeared [3,4], 
some doubts regarding their usefulness have also been reported [5]. This 
investigation was undertaken to study the erosion caused by noncavitating 
and cavitating jets in detail and to compare their performance with regard 
to jet cutting applications. 

Qualitative and quantitative results are given to support the views ex
pressed in the paper. 

Experimental Facility and Procedoie 

The high-pressure experimental facility in our laboratory for jet cutting 
studies has been described in detail in an earlier publication [6]. The pump 
used for the tests was the Union Quintuplex pump rated at 69 MPa (10 000 
psia) and 50 litre/min (13 gal/min). All the experiments were conducted in 
a Plexiglas tank and the arrangements used to identify the tests are shown 
in Fig. 1. The nozzles employed (Fig. 1) were designed to meet the present 
requirements. The general features of each arrangement are as follows: 

(A) The tests done in this arrangement (with Type A nozzle) constitute 
the conventional noncavitating tests. 

(B) Submerged jet, Type A nozzle: the cavitating characteristics of a sub
merged jet have been clearly shown by Rouse [7] and Lichtarowicz [J]. 

(C) This arrangement was developed to simulate either (A) or (B) depend
ing upon the velocity (Vo) of the outer stream. As in Type (B), due to the 
high shear stress between the two jets, cavitation bubbles are expected to 
be generated at the interface of the two jets. 

(D) The long or straight nozzles (Type B) in this case have been investi
gated by Pearce and Lichtarowicz [8] and their cavitating characteristics 
are shown to depend on the ratio L/D. In the present study, nozzleŝ  of 
L/D = 5 to 50 were used for qualitative tests, whereas nozzles of L/D = 
5 to 20 were used for quantitative tests. The discharge coefficients of these 
nozzles were measured in the laboratory and were found to range from 
0.58 to 0.77 (depending on L/D). These were much lower than the value of 
0.98 measured for the Type A nozzles, suggesting the possibility of cavita
tion in the jet. 

(E) In this arangement, nozzles of Type C were tested. That these nozzles 
cavitate the jet has been shown by Johnson [2] and Beutin [5]. The results 
reported here are for a nozzle with a cylindrical pin insert across the flow. 
The cavitating characteristics of such flows were investigated extensively by 
Shal'nev et al [9]. 
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FIG. 1—Arrangement and type of nozzles. 

Initial trials were devoted to qualitative study of the erosion caused by 
these jets. Specimens of cold-rolled annealed copper (Rockwell hardness, 
B scale = 46 ± 2), aluminium, and brass plates of 2.29-mm (0.090 in.) 
thickness were used for this purpose. Since these materials work-harden 
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and also since the measured values of mass loss were small, for quantitative 
tests, cylindrical specimens of lead (Brinell hardness number = 4HB) of 
size 3.8 (diameter) by 3.6 cm (1.5 X 1.4 in) were employed. The homo
geneity of these specimens was ascertained by measuring the density (11.36 
+ 0.21 g/cm^). The range of experimental variables is summarized in 
Table 1. 

The temperature of the jet was measured by a copper-constantan thermo
couple which was located at about 0.76 m (2.5 ft) upstream of the nozzles. 
Though the temperature varied from day to day (depending on the season), 
it was maintained at a constant value during the period of the tests. 

The main dependent variable which was used to compare the perfor
mance of the nozzles was the mass loss, which was obtained by measuring 
the mass of the specimen before and after exposure to the jet. 

Experimental Results and Discussion 

The type (size, shape, depth, etc.) of erosion caused by the jets on copper 
and lead specimens is shown in Fig. 2/4-/? and Fig. 3A-R. As for the perfor
mance, comparison was made on the basis of mass loss with respect to time, 
taking Arrangement A as reference. This is plotted in Figs. 4 to 7. 

Figures 2 and 3 clearly show that each arrangement produces a distinct 
type of erosion, depending on the material and to a certain extent on the 
standoff distance (SD). For standoff distances less than 2.5 cm (1.0 in.), 
none of the arrangements produced any perceptible erosion on the copper 
plates. In such cases the flow was purely radial on the surface of the speci
men. The erosion started to become appreciable for values of SD > 5 cm 
(2 in.), as shown in Fig. 2A-D. The flow in this instance was initially radial, 
then changing instantaneously to conically upward flow, the pattern depend
ing on the type of crater formed. Figure 2/4, D, E, R and Fig. 3A show that 
the irregular or the ring type of erosion, well known in the case of brittle 
materials [10,11], also occurs for metals. This type of erosion of metals has 
also been observed by other investigators [12,13]. Although exact reasons 
are as yet unknown, it appears that it is caused by shear due to high-
velocity radial flow on the surface of the deformed (due to jet impact) 
specimen. A closer examination of the crater in Fig. 2D, however, reveals 
the presence of erosion at the point of impact. It is argued that this is 
caused by the cavitation bubbles which are generated within the jet due to the 
vena contracta effect. This is strongly supported by the fact that the same 
type of craters appeared for tests done in Arrangements B (Figs. 2B and 
3C, 3D), C (Figs. 2C. Hand 3E, F), and E (Fig. 3Q, R). For standoff distances 
greater than about 13 cm (5 in.), quite different results were obtained as 
shown in Figs. 2G—2M and Fig. 35. What exactly happens in these cases is 
hard to explain, but it appears that the liquid drops which form due to the 
breakup of the jet at large standoff distances contribute to the process of 
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FIG. 2—Photographs of craters caused by different arrangements. 
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FIG. 2—(Continued). 
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FIG. 3—Erosion of lead specimens by different arrangements. 
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FIG. 4—Comparison of Arrangements B and A. 
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FIG. 5a—Comparison of Arrangements C and A. 
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FIG. Sb—Comparison of Arrangements C and A. 
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FIG. 5c—Comparison of Arrangements C and A. 
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erosion (see Fig. 2M for shape of the dents on the surface). Figure 2E,R,Q,P, 
N, L shows vividly the effect ofSD on the nature of the craters produced. 

Figure 2 / shows a magnified (X 50) view of the crater shown in Fig. 2H. 
Such microscopic examinations did not reveal clearly any characteristics 
peculiar to cavitating or noncavitating jets. It should be mentioned, however, 
that the crater produced by a cavitating jet was much rougher than that 
caused by a noncavitating jet. 

Figure 2H, K and Fig. 3E, G, J show the effect of Va on erosion. Since the 
probability of generation of the cavitation bubbles is a function of the 
interfacial shear stress, higher Va implies lower shear stress and hence less 
bubbles in the jet, resulting in reduced erosion. 

The mass loss of the lead specimens in Arrangement B is compared 
against Arrangement A in Fig. 4. Since the specimens were completely 
penetrated within a short period of time, the data do not represent the true 
mass loss; however, the figure, clearly shows the high destructive power of 
the cavitating jet. 

Figure 5a-c compares the performance of Arrangement C with Arrange
ment A. In Fig. 5a, the results obtained at 6.9 and 13.8 MPa (1000 and 
2000 psi) and SD = 7.6 cm (3.0 in.) are plotted. As discussed earlier, the 
plots show increased mass loss for short periods of exposure and for low 
values of Va. Figure 5b shows the same trends at a pressure of 34.5 MPa 
(5000 psi). In this instance many specimens were penetrated as indicated in 
the figure and therefore the true mass loss would be much higher. Plotted 
in Fig. 5c are the results of SD = 15.2 cm (6.0 in.). In this case, though 
the mass losses were much lower, the depths of penetration were higher 
compared with the conventional noncavitating jet. 

Figure 6a, 6b and Fig. 7 compare the performance of Arrangements 
D and E against Arrangement A. From the point of view of mass loss, they 
were inferior to the noncavitating jet. Surprisingly, the standoff distance 
did not have any significant effect on erosion. The depth of penetration 
caused by these jets was, as before, much deeper. 

The results obtained show strongly that erosive power of the cavitating 
jets is intense for short times of exposure. This suggests that they would be 
very effective for applications where it is necessary to employ high traversing 
speeds of the jet or the specimens. 

Conclusions 

Tests conducted at moderate standoff distances (= 7.6 cm) show that it 
is possible to recognize the cavitating or noncavitating nature of jets by a 
visual examination of the craters formed on metals. Erosion was impercep
tible for standoff distances less than about 2.5 cm. At standoffs greater 
than about 15 cm, erosion by droplets was predominant. 

On the basis of material loss. Arrangement B performed best for all 
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FIG. 6a—Comparison of Arrangements D and A, L/D = 5. 
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FIG. db—Comparison of arrangements D and A, L/D = 20. 
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FIG. 7—Comparison of Arrangements E and A. 
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periods of exposure and standoff distances. This was followed by Arrange
ment C for short periods of exposure, smaller standoffs, and for low values 
of V„. 

The results suggest that the cavitating jets would be attractive for mate
rial removal or for deeper penetration at high traverse speeds. However, to 
fully assess their capabilities, further study on erosion of brittle materials 
is required. 
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ABSTRACT: A submerged cavitating jet is used to erode a specimen placed in its path. 
The erosion depends primarily on the jet velocity, the downstream pressure, and the 
standoff distance of the specimen. An apparatus for erosion testing based on this princi
ple is described. Results are presented showing the effect of these parameters on 
erosion. They indicate that scaling should be carried out on the basis of constant 
cavitation number. The results show that the method is suitable for cavitation erosion 
testing and that testing time and jet velocity (and hence the upstream pressure) can be 
traded one against the other provided that the cavitation number remains constant. In 
this method, all of the variables can be controlled independently. The method offers the 
advantages associated with flow-induced cavitation together with the short testing time 
offered by magnetostriction devices. 

KEY WORDS: erosion, cavitation, liquid jet cutting, scaling 

Various test techniques are used to investigate the resistance of materials 
to cavitation erosion. In one of these, a test specimen is vibrated at a high fre
quency (20 kHz) in an appropriate fluid. Cavitation occurs at the surface of 
the specimen as a result of the high accelerations produced. In this test the 
cavitation number (a) cannot be defined, because the velocity is not involved 
at all. This method provides a simple and not very expensive way for relative 
grading of different materials, but the results are difficult to correlate with 
flow situations usually met in practice. The testing times are relatively short 
and are measured in hours. In other methods, cavitation is produced in a 
low-pressure region of a venturi, or behind a bluff object placed in a water 
tunnel or even on a rotating disk immersed in a chamber which can be 
pressurized. In these methods both the velocity and the surrounding pressure 

'Senior lecturer, Department of Mechanical Engineering, University of Nottingham, Not
tingham, U.K. 
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can be changed independently so that the cavitation number can be controll
ed at will. The test conditions are much more closely related to the conditions 
occurring in practice. The flow velocities are not very high (up to say 40 to 50 
m/s); consequently tests take a long time and the apparatus tends to be 
bulky. This paper describes a new method of testing recently proposed by 
the author [l,2y which uses a high-velocity (greater than 100 m/s) sub
merged liquid jet. In such a jet, cavitation occurs in shear layers provided that 
the velocity is sufficiently high, and the back pressure not too large. If a 
target is placed within this cavitating region, considerable cavitation erosion 
will occur. 

For the past three years, work has been going on at Nottingham University 
to develop this new method. Some of the results are given by Nolan [3], 
Stawski [4] and Munton [5]. Recently Kleinbreuer [6] published a paper in 
which a similar testing technique is proposed. 

Principle of Operation 

In a long orifice (or a short tube) the flow after separation at the sharp inlet 
corner reattaches itself to the orifice bore and encloses a separation region. 
As the pressure difference across the orifice is increased, the pressure in the 
separated region decreases until eventually cavitation occurs when the vapor 
pressure is reached. As the pressure difference is further increased, the now 
cavitating separation region will extend in length till eventually it will 
outgrow the orifice length and will emerge as a cavitation tail outside the 
orifice. The flow is now choked, because it depends only on the upstream 
pressure (and on the vapor pressure, which is constant and usually very 
small) and is independent of the downstream pressure [7]. The orifice is said 
to be "supercavitating." As the upstream pressure is increased or the down
stream pressure is reduced, cavitation intensity increases. 

It should be noted here that since the cavitation bubbles collapse 
downstream of the nozzle there is no damage to the orifice. This is confirmed 
by the fact that the same nozzle has been used throughout all the tests carried 
out at Nottingham and, as yet, no detectable change in the nozzle 
characteristics have been found. 

The cavitating tail emerging from the orifice appears to the eye to be very 
steady in both space and time. Its appearance and the noise produced de
pend very much on the cavitation number and on the air content of the liquid 
used. A full discussion of these effects is given by Lichtarowicz and Pearce 
[8]. 

A specimen placed in the region where cavitation bubbles collapse will be 
quickly eroded and the erosion can be quantified by measuring the mass lost 
in a given time. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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The cavitation number is usually defined as 

a=^ 
Vipv^ 

and can be modified to 

_ Pd ~ Pv _ Pd ~ Pv 
a — — —:— 

Pu — Pd Ap 
where 

Pu, Pd, Pv = upstream, downstream, and vapor pressures, respectively, 
V = velocity through the orifice, and 
p = density of the fluid. 

All pressures are absolute. In many cases the vapor pressure is negligibly 
small when compared with other pressures, so that the cavitation number 
reduces to 

Pu 

The function of the orifice bore, which must be at least one diameter long, 
is to stabilize the cavitation bubble especially at high cavitation numbers 
near cavitation inception [7]. 

Apparatus 

Figure 1 shows an arrangement of the test chamber. A cavitating jet sup
plied from a pressure source p„ discharges into the test chamber held at the 
required constant pressurepj, A circular specimen (Fig. 2) is mounted coax-
ially with the jet in such a way that the separation between the nozzle and the 
target can be set to any desired value by adjusting the screws locating the 
holder. The nozzle itself (Fig. 3) consists of a synthetic sapphire orifice jewel 
clamped in position by the nozzle holder. The sapphire was chosen as it pro
vides cheaply a well-finished nozzle. The conical entry increases its discharge 
coefficient without affecting its general cavitating performance. 

Windows were provided on both sides of the chamber so that cavitation 
could be observed. The whole assembly was designed to withstand 35-MPa 
pressure, and it is suitable for use with water or with oil. 

Pressures were measured by appropriate test gages while the temperature 
was measured by a mercury in glass thermometer located in a well just 
downstream of the chamber exit. 

A test chamber assembly which would be required for routine test work 
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FIG. 2—Specimen for cavitation erosion. 

can be considerably simplified, as the existing unit incorporated additional 
features that enabled it to be used for other purposes. 

The unit was supplied from an existing laboratory facility; hence only the 
essential features of the system will be specified. Both upstream and 
downstream pressures are held constant during the test, but their settings 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



534 EROSION: PREVENTION AND USEFUL APPLICATIONS 

u 

[ 
^A / / 
/./ 

h 1 

sv y// 
h-tyyy 
AY/A 

Q= 3 6 i m m 

b= 183 •• 

c= 150 '• 
d = 0-477 •• 

FIG. 3—Nozzle details. 

may be varied from one test to the other. An oil cooler was fitted in the high-
pressure supply line to allow for temperature control. Supply to the nozzle 
was well filtered (5 /t) so that neither the nozzle nor the specimen would be 
damaged by particle erosion. Furthermore, an efficient debris-removal 
system was provided on the downstream side so that the pressure control 
valve would not be affected by small eroded particles blocking the flow 
passages. A fine wire mesh was'found to be sufficient on the rig used. 
Facilities for a quick buildup and cutoff of the supply to the test chamber 
and for automatic test timing were provided to enable short test runs to be 
made. 

As the hydraulic power pack available could use only hydraulic oil, all the 
tests to date have been carried out using Esso NUTO H32 hydraulic oil. The 
exact specification of the oil is given in the Appendix. 

Testing Procedure 

Before each test a dummy specimen was inserted in the test chamber and 
the machine run so that all the controls could be preset to the desired values 
and a steady temperature could be reached. A previously weighed specimen 
was then inserted, the automatic timing was preset, and the rig started up 
with the flow to the test chamber shut off. As soon as the required pressure 
built up, the valve was opened and the timer started. Usually, small ad
justments had to be made to the settings. Some adjustments were also re
quired to the cooling water flow since there was no thermostatic control. 
After the machine had stopped the specimen was weighed again to determine 
mass loss and the cumulative erosion rate (CER). CER is defined as the total 
mass loss divided by the elapsed time t. 

All specimens were weighed down to 0.1 mg, but in a few cases a machine 
capable of weighing down to 0.01 mg was used to determine the initial ero-
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sion. In some tests the eroded surface was photographed. The specimen then 
was inserted again, taking care to locate it in the same position. This was en
sured by alignment of two marks, one on the specimen and one on the 
holder. Tests were also made where the standoff distance / was altered. 

All testing so far has been done to determine the characteristics of the ap
paratus; consequently aluminium specimens were used throughout to keep 
the testing times shorter. A few specimens of other materials were tested to il
lustrate the practicability of the method. All aluminium specimens were heat 
treated to ensure uniform hardness (see the Appendix). 

Experimental Work 

Test program 

The cavitation intensity, and hence the erosion, depends on a number of 
parameters which can be conveniently divided into a number of groups. As 
the number of parameters is large, it was possible to test the effects of only 
some of them. 

The first group of variables consists of geometrical parameters describing 
the size of the unit. These comprise the nozzle diameter d, standoff distance 
/, specimen diameter D, and the chamber size. The nozzle size was deter
mined mainly by the capacity of the available pumping equipment and was 
kept constant throughout all the work. Only the standoff distance / was 
changed to test for optimum distance. The chamber size (Fig. 1), that is, 
both the diameter and width, were made sufficiently large so as not to 
affect the flow pattern as the standoff distance was altered of the flow pattern 
changed as the erosion of the test specimen progressed. It was hoped that the 
10-mm-diameter specimens would be sufficiently large for erosion not to be 
affected by the specimen diameter, but it was found later that at higher 
upstream pressures the eroded area covered the whole of the specimen face. 
Additional tests were made which indicated that the diameter had to be in
creased to 12 mm. 

The second group of variables describes operating conditions and com
prises the upstream and downstream pressures as well as the operating 
temperature and the air content of the liquid. Air content was not in
vestigated here at all. It is known that, for vibratory tests, erosion rate peaks 
with a relatively flat plateau between 40 and 70°C; thus most of the current 
tests were carried out within this temperature range. 

The main part of this work describes the effects of various pressure 
changes on erosion. Tests were made at 

1. constant cavitation number = pd/pu, 
2. constant downstream pressure, and 
3. constant upstream pressure. 
The last group comprises "materials" parameters, that is, the variation of 
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the specimen material and its state and the type of liquid used. As mentioned 
previously, only one aluminium and one liquid were used. A few steel 
specimens were tested to demonstrate that the method is suitable for other 
materials. 

Experimental Results 

As the jet leaves the nozzle, cavitation is confined to its circumference and, 
as it travels along, cavitation spreads both into and out of the jet. Eventually 
it will decay. When a jet strikes a plate target placed normal to its axis, the 
flow is deflected radially outward and a stagnation region is formed at the 
center. Thus erosion on a target will occur in a ring around the central 
uneroded area. If the standoff distance / is increased, the central area will 
diminish. Similar effects can be obtained by increasing a and holding / con
stant. Figure 4 shows the test rig in operation. The jet is made visible by the 
cavitation cloud surrounding it. The erosion pattern can be seen in Fig. 5, 
which shows various stages of erosion of an aluminium specimen. Machining 
marks at the center remain visible for a very long time and they disappear 
only as the center region is slowly eroded away from the rim inwards as the 
specimen surface geometry changes. The absence of cavitation at the center 
was confirmed by viewing a similar, but scaled up, cavitating jet through a 
transparent Perspex specimen mounted in a rig used for other tests. 

Figure 6 shows the mass loss (Am) and the cumulative erosion rate (CER) 
time graph for Specimen 7. The shape of both curves is very typical of all the 
results obtained. Figure 5 shows the photographs of the eroded surface of 
this specimen at various stages of erosion. The feature already mentioned is 
the ring pattern of erosion which gradually extends inwards and outwards. 
At longer erosion times, deep pits are visible and the central noneroded core 
has disappeared, leaving a rather large hole in the center. Under these cir
cumstances the flow pattern around the specimen is affected, because the 
flow no longer leaves the surface radially but is deflected backwards. This oc
curs after approximately 1200 s exposure in this particular case. The effective 
standoff distance has by now increased, but as this occurs at the exposure 
times considerably longer than the time required to reach the peak erosion 
rate, it does not further affect correlations. For example, the mean depth of 
erosion for Specimen 7 shown in Figs. 5 and 6 is only the order of 0.15 mm at 
the time of peak erosion rate. 

Figure 7 shows a set of cumulative erosion rate curves obtained at constant 
cavitation number a = 0.025. As the upstream pressure is increased from 8 
MPa upwards, the flat plateau associated with the steady-state zone becomes 
shorter until eventually it disappears altogether, leaving a peak which 
becomes more pointed as the pressure is further raised. It should be noted 
here that the maximum pressure used in all this work was only 20 MPa, while 
the ultimate tensile strength of aluminium is 67 MPa. 
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FIG. 4—Cavitating jet in operation. 

Figure 8 shows initial mass loss for two specimens. In both these cases a 
more sensitive weighing machine was used to illustrate that, in the incuba
tion zone, material loss occurs at very early stages. A photograph of the 
specimen (No. 19) in the early stages of erosion is shown in Fig. 5. Here a is 
larger and consequently the central uneroded area is much smaller. 

As suggested by Thiruvengadam [9], the erosion rate versus time curves 
were normalized, taking as the reference values the peak erosion rate and the 
time to reach that peak. All of the relevant erosion rate curves obtained in 
this study were so correlated. Figure 9 shows most of the results plotted in 
this way. Other data which are not shown also fall within the two bounding 
curves drawn around these points. Table 1 gives the peak erosion rates and 
the actual times to reach that peak. Thus, it is possible from the graph and 
the erosion rate table to calculate the actual time taken to reach that rate and 
hence the mass lost. The region around the incubation zone is not sufficiently 
well covered, since the balance used in most of the tests was not sufficiently 
sensitive at these small erosion rates. 

Tests at Constant Cavitation Number and at Constant Bacii Pressure 

The peak erosion rate for two constant values of the cavitation number is 
shown plotted against the upstream pressure in Fig. 10, and Fig. 11 shows 
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FIG. 5—Stages of erosion in aluminum specimens. 

750 S 

the time to reach the peak, plotted also against the upstream pressure. It can 
be seen that 

peak erosion rate oc upstream pressure" « jet velocity^" 

and that the time to reach the peak T is nearly linearly related to the 
upstream pressure. The value of n and the slope of the linear graph both de
pend on the cavitation number. The present tests show that for pure 
aluminium 

n = 4.2 for a = 0.0143 
n = 3.5 for a = 0.025 

On the same graphs the corresponding values obtained at constant back 
pressure are also shown. These do not form simple relationships, because 
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FIG. 6—Typical mass loss and cumulative erosion rate time graphs. 
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they were not taken under dynamically similar conditions and because some 
scale effects are present. 
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Effect of Back Pressure 

The next two sets of tests were conducted with upstream pressure kept con
stant (at two different values) while the downstream pressure was changed. 
For each pressure the peak erosion rate was established; these rates are 
shown in Fig. 12 as functions of the back pressure. As expected (Knapp et al 
[10]), there is an optimum back pressure to give maximum erosion rate and 
there is a corresponding minimum time to reach that peak. These results, 
like all others so far, were obtained at a constant standoff distance. 

Effect of the Standoff Distance 

A number of tests were also made where pressures were kept constant and 
the standoff distance was varied from 5 to 18 mm. The peak erosion rate ob
tained at each standoff distance is shown plotted against the standoff 
distance in Fig. 13. As expected, there is an optimum separation at which the 
erosion rate is a maximum, but this distance depends on flow conditions as 
shown by Kleinbreuer [5]. Kleinbreuer kept the upstream pressure constant 
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and altered the downstream pressure, and for each value of the downstream 
pressure he varied the standoff distance. At each distance he measured the 
material loss occurring in a fixed time (17 h in his case). His results show that 
for each value of the standoff there is an optimum downstream pressure to 
give maximum erosion in a specified time. 

Tests on Other Materials 

To show that the test rig is suitable for use with other materials, a few 
specimens of mild steel (ENS) were tested; the results are shown in Fig. 14. In 
8 h, about 62 mg of steel were eroded with a jet having a stagnation pressure 
of 20 MPa. Tests on a similar material carried out elsewhere in a vibratory 
apparatus working at its maximum power resulted in a mass loss of less than 
50 mg in the same time. 

Discussion 

The tests described show some of the characteristics of the cavitating jet 
testing apparatus. They indicate that the method is suitable for testing of 
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materials for their resistance to cavitation erosion. The method offers many 
advantages over existing methods. The apparatus is small and utilizes flow 
effects to produce cavitation; hence it offers all the advantages of venturi and 
tunnel-type devices without their main drawbacks of size and long testing 
times. The testing times can easily be adjusted by choosing a suitable 
upstream pressure, and the results can then be scaled up or down easily as 
long as the cavitation number is kept constant. 

Care must be taken, however, not to use too high pressures for erosion 
testing, as the material can be damaged by the jet or even cut by it. If one is 
in doubt, cavitation can easily be suppressed by raising both the upstream 
and downstream pressures. It must be remembered, however, that since in 
jet cutting it is the velocity which is important, the velocities under non-
cavitating and cavitating conditions should be the same. This results in 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LICHTAROWICZ ON CAVITATING JET APPARATUS 545 

ZtJUU 

ID 

^^2000 
2 
O 
(/) 
gl600 
LU 

U1200 a. 

o 

u j800 

1-

400 

F— r — < 1 [ 1 

\ 

\ a=0025 

\ 

V5 

-

-

o- = 0-0U3 

U S , 12 16 20 2A 
PRESSURE q.-p^ MPQ 

FIG. 11—Time to reach peak erosion rate. 

\pu P</̂ noncavitating \Pu /^v/cavitating 

^^ Pttcavitating 

The importance of scaling laws has been emphasized by the constant-
cavitation-number and constant-back-pressure tests (Fig. 10). 

Further tests should be carried out to extend the range of the test results 
and to investigate the effect of nozzle size. This is especially important since 
the power required to drive the rig is proportional to the nozzl^ cross-
sectional area. In the present unit the maximum power dissipated by the jet 
was only 620 W. Thus a 2-kW power pack would be sufficient to drive the 
unit. ' 

As a testing device, the unit should be simple to use and preferably the 
number of variable parameters should be minimized. Therefore, it is sug
gested that testing be done at a fixed standoff distance as was done in these 
tests, irrespective of whether it is optimum or not for the particular flow con
dition. The geometrical similarity essential for scaling is also retained. 
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FIG. 12—Effect of downstream pressure on peak erosion rate and on time to reach the peak. 

Good-quality pressure-regulating valves must be used in the testing 
because the erosion is very sensitive to changes in both pressures. 

Conclusions 

The tests described show that the cavitating jet methsd of testing provides 
a viable alternative to the existing methods of cavitatidh erosion testing. The 
apparatus is simple, pressures requifid ^ e withitl eutf ent industrial practice 
(20 MPa) and, above all, the flow parametiW eah be easily controlled hi-
dependently. 

The importance of testing at a cOflltatit cavitation number to avoid scale 
effects was clearly demonstrated. 
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This type of apparatus is also suitable for more basic studies on cavitating 
flows and on cavitation erosion. 
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APPENDIX 

Properties 

Aluminium (99.6 percent pure) 

Ultimate tensile strength, 67.4 MN/m^ 
Vickers Hardness Number range, 21.5 to 23.8 
Heat treatment: heat for 2 h @ 400 °C. Cool in air. 

Steel 

Low-carbon mild steel, EN 3 
Ultimate tensile strength, 460 MN/m 

Oil 

Esso NUTO H32 hydraulic oil 

Temperature 
38 °C 
93 °C 

Temperature 
30°C 
50°C 

Vapor pressure 
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Kinematic viscosity 
4.53 mmVs 
1.55 mmVs 

Density, kg/m' 
843 
831 

@ 38°C 2.26 Pa 

[/] Lichtarowicz, A., "Use of a Simple Cavitating Nozzle for Cavitation Erosion Testing and 
Cutting," Nature: Physical Science, VoL 239, No. 91,25 Sept. 1972, pp. 63-64. 

[2] Lichtarowicz, A., "Experiments with Cavitating Jets," Proceedings, Second International 
Symposium on Jet Cutting Technology, Paper Dl, British Hydromechanics Research 
Association, Fluid Engineering, Cambridge, U.K., 1974. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DISCUSSION ON CAVITATING JET APPARATUS 549 

[3] Nolan, M. D., "New Methods of Cavitation Erosion Testing," B.S. thesis, Department of 
Mechanical Engineering, University of Nottingham, Nottingham, U.K., 1975. 

[4] Stawski, T. S., "Cavitation Erosion Testing," B.S. thesis. Department of Mechanical 
Engineering, University of Nottingham, Nottingham, U.K., 1976. 

[5] Munton, R. I., "The Effect of Flow Parameters on Cavitation Erosion," B.S. thesis. 
Department of Mechanical Engineering, University of Nottingham, Nottingham, U.K., 
1977. 

[6] Kleinbreuer, W., "WerkstoffzerstSrung durch Kavitation in Olhydralishen Systemen," 
Industrie-Anzeiger, Vol. 98, No. 61, 28 July 1976, pp. 1096-1100. 

[7] Pearce, I. D. and Lichtarowicz, A., "Discharge Performance of Long Orifices with 
Cavitating Flow," Proceedings, Second Fluid Power Symposium, Paper D2, British 
Hydromechanics Research Association, Fluid Engineering, Guildford, U.K., 1971. 

[8] Lichtarowicz, A. and Pearce, I. D., "Cavitation and Aeration Effects in Long Orifices," 
Conference on Cavitation, The Institution of Mechanical Engineers, London, U.K., 1974. 

[9] Thiruvengadam, A., "Scaling Laws for Cavitation Erosion," Hydronautics Inc. Technical 
Report 233-15, Laurel, Md., Dec. 1971. 

[10] Knapp, R. T., Daily, 1. W., and Hammitt, F. G., Cavitation, McGraw-Hill, New York, 
1970, p. 369. 

DISCUSSION 

A. F. Conn^ {written discussion)—Did you examine the interaction be
tween optimum standoff distance and chamber pressure? We have done 
some limited elevated ambient pressure tests, in the Cavijet, and found that 
the optimum standoff decreases with increasing ambient pressure. 

A. Lichtarowicz (author's closure)—I have done a few tests at higher 
downstream pressure and I have found, as you have, that the optimum 
standoff distance decreases as the pressure is increased. For constant 
upstream pressure the erosion decreases at optimum standoff as the ambient 
pressure is raised. Some more information on the subject can be found in Ref 
6 of the paper. 

'Hydronautics, Inc., Pindell School Road, Laurel, Md. 20810. 
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Michael Hood1 

Mechanism of Fracture of Hard Rock 
Using a Drag Bit Assisted 
by Waterjets 

REFERENCE: Hood, Michael, "Mechanism of Fracture of Hard Rock Using a Drag 
Bit Assisted by Waterjets," Erosion: Prevention and Useful Applications, ASTM STP 
664, W. F. Adler, Ed., American Society for Testing and Materials, 1979, pp. 553-561. 

ABSTRACT: It is shown that the mechanism of rock fracture is similar both when a 
blunt drag bit is used to cut strong rock and when a flat-bottomed punch is pressed into 
the rock surface. In order to study this fracture mechanism an experimental technique 
was developed which involved indenting the rock specimen in a quasi-static manner, 
using a drag bit as the punch. The effect of directing waterjets adjacent to the bit was 
investigated and it was found that these jets caused a rock chip to form with lower than 
normal forces applied to the bit. This finding agrees with results of previous experiments 
where lower forces were applied to the bit during the cutting operation when waterjets 
were used. A hypothesis is proposed to explain the action of the waterjets on the rock 
to produce this reduction in the indentation force. 

KEY WORDS: drag bits, waterjets, hard rock, cutting, indentation, rock fracture, ero
sion 

In recent years considerable attention has been paid to the development of 
techniques for cutting in hard rock, for application both in the mining and 
tunneling fields. 

This work has concentrated largely on improvements to roller cutter 
technology, but drag bit cutting tools have been employed successfully in cer
tain applications. For example, drag bits are used both on the Atlas-Copco 
tunneling machine and on the rock-cutting machines developed by the 
Chamber of Mines of South Africa [2]. Research work related to this latter 
project has shown that when a blunt drag bit was used to cut in hard rock, 
the forces acting on the bit were reduced dramatically when coherent water-

1 Assistant professor, Department of Materials Science and Mineral Engineering, University 
of California, Berkeley, Calif. 94720; previously, project leader, Mining Technology Laboratory, 
Chamber of Mines of South Africa. 
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jets at moderate pressures (50 MPa) were directed immediately ahead of the 
bit [1]^. These reductions in the bit forces were greater than had been ex
pected in the light of existing knowledge that waterjets by themselves, at 
these moderate pressures, would not cause damage to the rock [3]. An in
teresting aspect of the influence of waterjets on these reductions in the bit 
forces was that the force normal to the direction of cutting, known as the bit 
penetrating force (Fig. 1), was more sensitive to parameters such as the 
pressure of the waterjets or the point of impingement of the jets relative to the 
bit than was the force in the direction of cutting, known as the bit cutting 
force. An explanation of this behavior was sought. This paper discusses the 
results of an investigation directed toward establishing details of the action of 
waterjets on the rock adjacent to a drag bit. 

Mechanism of Fracture of Strong Rock, Using a Drag Bit with No Waterjets. 

In order to understand how waterjets assist a drag bit when cutting in hard 
rock, it is necessary first to examine the mechanism of rock fracture caused 
by drag bits without waterjets. 

Previous research work [4], has suggested that a drag bit cutting in strong 
rock acts in a fashion similar to a flat indentor moving through the rock. The 
results of this work indicated that the rock spalled ahead of the leading face 
of the bit and that this leading face, therefore, did not affect the rock break
ing process. 

In order to investigate this proposal, experiments were designed by the 
author to determine whether the leading face of the bit was ever in contact 
with the rock during the cutting operation. A series of high-speed films was 
made of a bit cutting in a block of Witwatersrand quartzite in order to study, 
in a slow motion, the method of fracture of the rock adjacent to the bit. 
These films, which were taken at 3000 frames a second using a revolving-
prism type camera showed that initial fracture was caused by indentation of 
the rock by the bit wearflat. A rock chip was formed ahead of the bit and this 
was observed to rotate while being ejected at a high velocity in the cutting 
direction. 

It was observed also that the cemented tungsten carbide inserts deformed 
plastically ahead of the leading face of the bit (Fig. 1). If this leading face 
had functioned as a cutting surface, it would not have been possible for 
plastic deformation of the tungsten carbide to occur by flowing ahead of the 
bit. It was concluded, therefore, that the leading face of the bit was not in 
contact with the rock at any time during the cutting process. 

It was concluded from these tests that the mechanism of rock failure dur
ing the cutting operation might be similar to that produced by a flat-
bottomed indentor pressing into a rock surface. This proposal was in-

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Magnified section of a cemented tungsten carbide bit insert, showing plastic defor
mation of the insert ahead of the leading face. 

vestigated further by conducting experiments to find out whether the rock 
chip that was formed when a quasi-static indentation force was applied to a 
rock surface (using a drag bit as the punch) resembled the rock chips that 
were formed during the cutting operation. It was considered that if rock 
chips of similar geometry could be produced by these two different methods, 
then this would be a strong indication that rock fracture during the cutting 
process could be simulated, in a controlled fashion, by conducting a suite of 
indentation tests. 

A stiff, 2-MN compression testing machine was used for these ex
periments. A detailed description of this machine has been given in Ref. 5. The 
bit was placed between the machine loading piston and the cylindrical rock 
specimen, with the bit wearflat in contact with the rock (Fig. 2). Force was 
applied to the rock specimen using a fixed rate of displacement of the 
machine loading piston. 

Small rock chips about 2 mm in diameter and 0.5 mm thick were observed 
to form next to the comers of the bit when the force applied was between 100 
and 150 kN. Increasing this load produced a situation where a major rock 
chip was formed immediately ahead of the leading face of the bit. No damage 
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FIG. 2—Diagram illustrating the method used to mount the bit and the rock in the compres
sion testing machine. 

to the specimen in tlie form of cracking, other than the minor chipping in the 
vicinity of the bit comers, was visible until this major chip was formed. This 
large chip in front of the bit extended across the full 35-mm thickness of the 
bit and for some 10 to 15 mm ahead of the bit. The force required to form 
this rock chip, in both the norite and the quartzite specimens, was between 
250 and 350 kN. Examples of curves showing the applied load plotted against 
bit penetration for a norite specimen is given in Fig. 3. 

Rock chips would be expected to form symmetrically on either side of a 
flat-bottomed rectangular punch which was pressed against a flat rock sur
face. With all of the specimens tested during this experimental program, 
however, the large rock chips were formed always on one side of the bit and 
ahead of the leading face. The reason for this preferential cracking ahead of 
the bit is found in the asymmetrical bit geometry which permits the steel bit 
body behind the rear face of the tungsten carbide insert to press against the 
rock, thereby applying a confming force in this region during the indentation 
process. 

Examination of the rock chips which formed ahead of the bit during these 
quasi-static indentation tests showed that geometrically they resembled very 
closely the rock chips that were formed during the cutting process (Fig. 4). It 
was concluded that rock fracture while cutting was duplicated reasonably 
well by these indentation tests. 
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FIG. 3—A typical curve taken from the indentation test series showing the indentation force 
plotted against the bit penetration. 

Rock chip formed 
by cutting 

FIG. 4—Geometric similarity beteen rock chips formed during the cutting operation and 
those formed during indentation tests. 

Rock Fracture Adjacent to a Blunt Drag Bit 

In order to examine the cracks as they were developed in the rock, a fur
ther series of tests was carried out where the indentation was stopped at 
predetermined intervals during the loading operation prior to the formation 
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of a rock chip. The rock specimens then were sectioned with a diamond saw 
and the fractured zones adjacent to the bit were studied using a scanning 
electron microscope (SEM). 

A section through one of the quartzite specimens from the indentation 
tests (Fig. 5) shows that the rock immediately underneath the bit wear flat 
was crushed intensely to a depth of several millimetres. The crack which in
dicates the formation of a major rock chip ahead of the leading edge of the 
bit is marked "A" in Fig. 5. Other major cracks, "B" and "C" in Fig. 5, ex
tended from the crushed rock zone to the side of the specimen. A crack ohce 
initiated develops toward a free surface to form a rock chip. Therefore the 
prominence of Cracks B and C was attributed to the limited size of the 
specimen. In a massive block of rock the only available free surface would be 
the face in contact with the bit wearflat and, consequently. Crack A Would be 
expected to develop in preference to Cracks B and C. 

A more detailed study of the propagation of cracks adjacent to the bit was 
conducted using four rock specimens, two of norite and two of quartzite. A 
bit was used to indent the rock surface and the compression was stopped at 
selected levels of the applied load. The rock specimens were sectioned in a 
manner similar to that illustrated in Fig. 5 and the region of intei-est, im
mediately underneath the bit wearflat and ahead of the leading face of the 
bit, was mounted on an SEM specimen holder. 

Figure 6 is an SEM micrograph of a section through one of the norite 

FIG. 5—Section through a rock specimen illustrating the cracks which formed during the in
dentation tests. 
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specimens. The most clearly defined fracture in Fig. 6 is that closest to the 
rock surface. If the force applied to the bit had not been removed but in
creased, this crack would have extended to form a large rock chip. The 
geometric similarity between this chip and those from other indentation and 
cutting experiments (Fig. 4) is apparent. 

Indentation Tests Using High-Ptessaie Wateijets 

A series of indentation tests was then conducted with waterjets at 50-MPa 
pressure directed 2 mm ahead of the leading face of the bit, toward the cor
ners of the cemented tungsten carbide cutting elements (Fig. 7). The tests 
were performed with both norite and quartzite rock specimens. 

The procedure followed was to apply the load slowly to a level approx
imately half that required to form a rock chip ahead of the bit, that is, be
tween 150 and 2(X) kN. The stress in the rock at the comers of the bit with 
this applied force was sufficient to form small rock chips in this region. At 
this juncture the waterjets were applied at 50-MPa pressure with a flow rate 
of 0.5 litres/s. When these jets struck the rock surface the rock chip formed 
ahead of the bit almost immediately. Since the water spray prevented direct 
observations of the formation of the rock chip, this was sensed by a fall in 
pressure of the hydraulic fluid in the press. 

This experiment was repeated a number of times and the results were con
sistent in demonstrating that when waterjets were used, the indentation force 
necessary to form a rock chip ahead of the bit was reduced by a factor of 
about two. Additional tests, with waterjets directed 10 mm ahead of the bit, 
showed that the indentation force was not measurably reduced. Limitations 
of the test equipment made it impractical to carry out more detailed ex
periments. Nevertheless it is felt that these tests have demonstrated clearly 
that when suitable waterjets are used to assist the rock breaking operation, 

Nozzle 

Woter jets 

Tool diode 

Drog bit 

Two jets directed 2mm oheod of the 
tungsten corbide inserts, inside ttie 
corners of the inserts 

FIG. 7—Diagram illustrating the position and point of impingement of the waterjets relative 
to the bit. 
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the force normal to the rock surface required to form a rock chip ahead of the 
bit is reduced substantially. 

The mechanism for this force reduction appears to be that cracks, initiated 
ahead of the bit with a relatively low applied force, are propagated when the 
water is forced into them to form a rock chip. 

Conclusions 

The investigation of the mechanism of fracture of strong rock using blunt 
drag bits showed that the bit penetrating force caused the bit to indent the 
rock and form rock chips ahead of the leading face of the bit. In addition, it 
was shown that the leading face of the bit is not in contact with the rock dur
ing the cutting operation. 

A series of indentation tests showed that when 50-MPa waterjets were 
directed immediately ahead of the bit, the force required to form a rock chip 
was reduced by a factor of at least two. Previous experiments cutting the rock 
[1] had shown that the most effective point of impingement of the jets was 
immediately ahead of the leading face of the bit. It was in this region that 
cracks were initiated in the rock. Taken together, these experiments indicate 
that the mechanism by which the waterjets assist the rock breaking process is 
by the water penetrating and then propagating the cracks which develop 
ahead of the bit. 
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ABSTRACT: Laboratory coal-cutting experiments with CAVIJET cavitating waterjets 
have demonstrated the feasibility of this technology for hydraulic coal mining applica
tions. The objective of the first phase of a developmental program, as described in this 
paper, was to determine the system and operating parameters required to cut coal with 
CAVIJETS, and to compare the results with those observed for noncavitating jets. 

Comparable coal cutting was achieved with the CAVIJET, relative to high-pressure, 
noncavitating jets, using one-fifth the pressure and one-half the specific energy. These 
results suggest that CAVIJET-augmented mining devices can be developed with com
pact, low-pressure pumps. Thus, CAVIJET should be capable of operating with safer, 
lighter, more suitable support equipment, while providing all of the advantages {reduc
tion of dust and sparks; decreased damage to cutters) of conventional hydraulic mining 
methods. 

KEY WORDS: CAVIJET, cavitation, waterjets, coal, hydraulic mining, erosion 

There is growing interest in the use of waterjets for mining, drilling, and 
cutting applications because of the high levels of deliverable power, the 
potential for reducing tool damage, the elimination of spark creation which 
might ignite gas deposits, and considerable reduction in dust levels [I].2 

Most of the hydraulic mining has been done either with low-pressure, very-
high-flow sluicing jets, high-pressure waterjets [68.9 to 689.0 MPa (10 000 to 
100 000 psi)], or with pulsating waterjets in which there is an intermittent 
ejection of slugs of water [2]. In contrast to these jets a unique, cavitating 
waterjet called the CAVIJET3 is now being developed. This device is one of 
the very few successful techniques in which the destructive power of cavita
tion is harnessed to do useful work. The basic difference between a cavitating 
waterjet and a high-pressure steady or pulsating waterjet is that the damage 

'Principal research scientist and head, and associate research scientist, respectively, Material 
Sciences Division, Hydronautics, Inc., Laurel, Md. 20810. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
3CAVIJET is a trademark of Hydronautics, Incorporated, Laurel, Md. 
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in the former case is amplified by the collapse of cavitation bubbles and is not 
merely due to the high pressure or velocity of the jet. The CAVIJET method 
has been successfully demonstrated for various cutting, cleaning, and drill
ing applications [3]. 

The experiments reported herein were undertaken in order to investigate 
the feasibility and energy effectiveness of using the CAVIJET method for cut
ting coal. The ultimate objective of this investigation is the design, fabrica
tion, testing, and evaluation of prototype equipment capable of use in the 
field to cut coal by the CAVIJET method. Under the first-phase contract a 
laboratory experimental program was defined to provide controlled test con
ditions, so that feasibility may be established and values determined of the 
parameters required for CAVIJET coal-cutting devices. 

The CAVIJET method and the Hydronautics CAVIJET test facility are 
described in the next section. The acquisition and preparation of test 
specimens are then outlined, followed by a summary of the experimental pro
cedures and parameters. Some typical test results are presented, and the per
formance of CAVIJET is compared with noncavitating waterjets for coal-
cutting applications. 

The CAVIJET Cavitating Watetjet Method 

CAVIJET is a turbulent waterjet in which vapor and gas cavities are 
stimulated to grow in order to enhance the destructive power of a relatively 
low-velocity steady jet. By proper adjustment of the distance between the 
nozzle and the surface to be fragmented, these cavities are permitted to grow 
from the point of formation and then to collapse on that surface in the high-
pressure stagnation region where the jet impacts the solid material. Because 
the collapse energy is concentrated over many very small areas at collapse, 
extremely high, very localized stresses are produced. This local amplification 
of pressure provides the cavitating waterjet with a great advantage over 
steady noncavitating jets, which are operated at the same pump pressure and 
flow rate. Further details about the basic principles for the operation of a 
cavitating waterjet may be found in Ref 4. 

The CAVIJET Test Facility 

The primary components to this facility (see Fig. la) include a pump, 
reservoirs to recover and store the water, suitable filters, controls, pressure 
and temperature gages, flow measuring devices for precisely measuring all 
system parameters, and a new large test chamber with the means for transla
tion of the CAVIJET nozzle relative to test specimens either in air or in a 
submerged configuration. During this program, because of the large coal 
specimens which were to be used, it was decided to design and build a new 
test chamber. The overall dimensions of this test chamber (Fig. 2) are length 
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FIG, lb—Typical cavitating waterjet nozzle configurations. 

1.8 m (6 ft), width 1.5 m (5 ft), and height 1.8 m (6 ft) from the floor of the 
chamber to the ceiling of the roll-away cover. The height of the lower, water-
containing section of the test chamber is 1.2 m (4 ft). Further details about 
this facility are given in Ref 5. Some typical CAVIJET nozzle configurations 
are shown in Fig. \b. 

Acquisition and Preparation of Test Specimens 

Coal segments were acquired from the Fire Creek Coal Seam near Anjean, 
W. Va. The medium-hard, low-sulfur bituminous coal seam in this location 
lies below an overburden of sand stone which is about 9.1 to 10.7 m (29.8 to 
35.1 ft) thick. The seam has an average thickness of 1.5 m (4.9 ft). 

The test specimen developed for these tests consisted of as many as nine 
coal segments, each roughly a cube about 0.3 m (0.98 ft) on a side. The coal 
segments were imbedded in concrete, to provide an overall testing area of 
about 0.7 m̂  (7.5 ft^), as seen in Figs. 2 and 3. A steel "girdle" was 
fabricated to surround the coal-and-concrete specimen to provide com
pressive loading, and hence some simulation of the actual overburden load
ing on the coal seam. Thus, any given test run involved cutting across several 
pieces of coal. The concrete block with imbedded coal specimens was 0.76 by 
0.91 m (2.49 by 2.98 ft) by at least 0.25 m (0.82 ft) deep and weighed about 
3.5 to 4.0 kN (800 to 900 lb). 

Experimental Procedm« and Parameters 

After the concrete block, containing several coal specimens, was placed in 
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FIG. 2—Test chamber of CAVIJET cavitating waterjet facility. 

the test chamber, it was properly oriented so that the bedding planes were 
either parallel or perpendicular to the direction of translation of the CAVI
JET. To begin each test, the chamber cover was closed and, with no pressure 
at the nozzle, trial runs were made to set the desired translation velocity. 
Once these settings were established for the hydraulic system, the required 
nozzle pressure was set by adjusting the amount of bypass flow. A single pass 
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( a ) Overa l l View 

( b ) Close-up: Upper right-hdnd corner 

FIG. i—Specimen 4; tests with 3.2-mm ('/sin.) and 6.4-mm ('/4in.) CAVIJET. 
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was then made across the specimen; then the pressure was reduced and the 
cover opened so that measurements of the slots cut in the coal could be made. 
Sketches were also made of the shape and position of each coal segment, and 
the location and configuration of each slot. 

For each test run the following system parameters were noted: nozzle size, 
nozzle type, number of nozzles, and relative placement of multiple nozzles; 
as well as operating parameters: translation velocity, v; angle of impinge
ment, 6; nozzle pressure, p; flow rate, Q; standoff distance, that is, the 
distance between the nozzle face and the coal surface, /; and the mode of 
operation, which was in-air for all of these tests. At the completion of each 
test run the slot depth, Z, and the slot width, W, were measured. 

From these dependent and independent variables, the following perfor
mance parameters were determined: 

Rate of area cutting, A = Z-v 
Rate of volume removal, V = Z-W-v 

Kerfing effectiveness, e„ = A/P 
Volume removal effectiveness, Cv = V/P 

where P is hydraulic power, and ê  and Cv are the measures of area of slot 
created per unit energy and volume of coal removal per unit energy, respec
tively. 

As is evident from Fig. 3a, b, the slots were very clearly defmed in almost 
all the tests, thereby making it quite easy to measure the widths and depths. 
Several measurements along the length of the slot were made to establish a 
"typical" or "modal" value, and this value is used for analyses in the next 
section. Maximum and minimum were also recorded. The slot depths were 
measured to within ±6.4 mm {V* in.), and the widths to within ±3.2 mm (i/s 
in.). The translation velocity was measured over a predetermined distance of 
0.616 m (24.25 in.). Microswitches at two positions started and stopped an 
electric timer, measuring the time of travel to within ±0.02 s. 

Although no attempt was made to control the moisture content of most 
of the coal segments used in this study, a few tests were run to assess the im
portance of this parameter. A batch of coal blocks was removed from the 
mine, kept continuously moist by completely covering them in wet 
newpapers, and encased into the concrete specimen format within 48 h after 
being mined. Testing was done after the concrete block was cured for two 
days under several inches of water in the mold. The experimental data 
showed that the widths and depths for these tests were well within the scatter 
for comparable tests without any moisture control. 

Test Results 

In this section a summary of the experimental results for coal cutting with 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CONN AND RUDY ON CAVIJET COAL-CUTTING PARAMETERS 569 

single and dual CAVIJET nozzles is presented. Three nozzle orifice 
diameters were utilized, namely, 2.2, 3.2, and 6.4 mm (0.086, 'A, and Vi 
in.), and for each, the centerbody CAVIJET configuration was utilized (see 
Fig. lb). The centerbody was cylindrical in shape, flat ended, and had a 
diameter one half of the nozzle orifice diameter in each case. The 
measurements were made over a translation velocity range of 5 cm/s (12.7 
in./s) to about 100 cm/s (254 in./s). Three nozzle pressures were utilized in 
the tests, namely, 10.3, 13.2, and 14.8 MPa (1500, 1910, and 2150 psi). 

The standoff distance was varied from 1.3 to 6.4 cm (0.5 to 2.5 in.) for the 
3.2-mm ('/s in.) CAVIJET, and from 1.3 to 12.7 cm (0.5 to 5 in.) for the 
6.4-mm (Vi in.) CAVIJET. Over these ranges of standoff, the slot dimen
sions were constant to within measurable accuracy. Thus, all subsequent 
tests were run at a standoff of 3.8 cm (1.5 in.) for the 3.2-mm ('/s in.) nozzle, 
and 10.8 cm (4.25 in.) for the 6.4-mm (Vi in.) nozzle. The angle of impinge
ment parameter was varied from 0 deg (perpendicular to the surface of the 
coal) to 30 deg, in increments of 10 deg. These tests were run with the 
3.2-mm (Vs in.) nozzle, and over this range no measurable differences (see 
tolerances given in the foregoing) were detected. Thus, all subsequent tests 
were run at normal incidence to the surface of the coal. 

Data Reduction 

Before deriving the various performance parameters, it was first necessary 
to define the variation of slot depth, Z, and slot width, W, with respect to 
nozzle size, d, nozzle pressure, p, and translation velocity, v. In order to 
reduce the uncertainty due to the inherent variations in the coal properties 
and the randomness associated with the statistical processes that cause 
cavitation erosion, kinematic scaling concepts were used to process the raw 
data for Z. The raw data were plotted for different nozzle sizes, but at the 
same pressure, by introducing the variables: nondimensional slot depth, 
Z = Z/d, and nondimensional translation velocity, v = vr/d, where T 
is the "intrinsic erosion time" for coal, which is assumed to be constant. 
Thus a large set of data points was used to estimate the average slot 
depth as a function of translation velocity. A typical nondimensional 
plot of Z versus v is presented in Fig. 4. Since the intrinsic erosion time 
T is taken to be constant for a particular material, it was arbitrarily set 
at one second for these analyses. The solid curve in Fig. 4 was faired 
through the average values of all the data points at each nondimensional 
velocity. Thus, by this method of pooling the data, the uncertainty in deter
mining the mean value of the slot depth at each translation velocity was 
reduced. The dependence of mean slot depth, Z, on the jet translation veloc
ity, V, for each nozzle size_was then obtained from these nondimensional 
curves by multiplying each Z and v by the respective nozzle diameter, d. A 
typical set of curves derived by this procedure is shown in Fig. 5. 

It should be noted that over the range of translation velocities covered in 
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FIG. S—Effect of pressure on slot depth: 3.2-mm ('/sin.) CAVIJET. 

these tests the slot widths were found to be essentially constant. Moreover, 
the slot width was the same when cutting was done either parallel or perpen
dicular to the bedding planes. The width of the slot for the 3.2-mm ('A in.) 
jet at 14.8 MPa (2150 psi) was 8.9 mm (0.35 in.), slightly bigger than the 
7.9-mm (0.316 in.) width at 13.2 MPa (1910 psi). The width was 16 mm (0.64 
in.) for the 6.4-mm (Vi in.) jet at 13.2 MPa (1910 psi). Hence, in all the 
derivations of performance parameters, the slot width was a fixed value over 
the entire velocity range for each test pressure and nozzle size. 

Performance Parameters 

Typical curves showing the effects of pressure, nozzle size, and translation 
velocity on volume removal rate are given in Figs. 6 and 7. Results for each 
nozzle size, showing the effects of the operating parameters on V and A, were 
obtained [5]. A compilation of some results for volume removal effectiveness, 
Cv (or specific energy, Ev, which is the inverse of Cv), is shown in Fig. 8. 
These data indicate that larger nozzles provide larger ejs, but an inverse 
dependence on pressure is observed at velocities below 65 cm/s (25 in./s). 
A similar pressure effect was seen for the kerfing effectiveness, e<,; that is, 
lower pressures correlate with higher e„'s. However, smaller nozzles were 
observed to allow higher ê  values (see also Fig. 11). 
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FIG. 6—Effect of pressure on volume removal rate for 3.2-mm ('/? in.) CAVIJET. 

Testing with Dual Nozzles 

Tests were also conducted with two 3.2-mm ('/s in.) CAVIJET nozzles 
"side-by-side," and with one jet following immediately after the other along 
the same slot. The center-to-center distance between the two jets was varied 
from 3.18 to 3.81 cm (1.25 to 1.50 in.). Based upon the results of more than 
40 tests [4] in the side-by-side operation, there exists a strong possibility for 
consistent removal of the lands between the kerfs, particularly if one or both 
of the jets are suitably angled inward to provide a cutting action and removal 
force on the base of the land. 

The optimum orientation of two side-by-side 3.2-mm CAVIJETS, at 
suitable angles and center-to-center spacings, might be expected to produce 
volume removal rates of 2.8 to 5.7 m^/h (100 to 200 ft^/h). Using a density 
for the Fire Creek coal of 12.9 kN/m^ (82 Ib/ft^), this extrapolates to a cut-
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FIG. 7—Effect of nozzle size on volume removal rate at 13.2 MPa (1910 psi). 

ting rate of 0.6 to 1.2 kN/min (0.07 to 0.13 tons/min), and energy re
quirements of 0.33 to 0.67 kWh/kN (3 to 6 kWh/ton). 

To compare the performance of dual-nozzle cutting with the analogous 
cutting by a nonsimultaneous jet, the results of cutting parallel slots with a 
single jet, when the land width between the fresh slot and the previous slot 
was smaller than 3.18 cm, were studied. It was found that the blowout for the 
land, for side-by-side cutting by a single jet, occurred about 35 percent of the 
time. This should be compared with the results for simultaneous dual-
CAVIJET tests, where blowouts occurred 49 percent of the time over the full 
velocity range, and even more frequently for lower velocities [6 cm/s (2.36 
in./s)]. Thus, these results suggest that there may be an advantage to using 
dual simultaneous jets for optimizing coal removal rates. These dual-nozzle 
tests were not extensive, and further tests, preferably on in situ coal, should 
be performed before final conclusions can be drawn. 
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In contrast to these simultaneous dual-nozzle, side-by-side tests, the 
results from simultaneous testing of two 3.2-mm ('/s in.) CA VUETS, 
operated so that one jet followed the other at a distance of 3.18 cm (1.25 in.), 
do not indicate any advantage over tests with a single jet when the second 
pass is made at a later time by the same nozzle along the same slot. 

Evaluations of Test Results 

Coal Cutting Comparisons 

In this section the results of the coal-cutting tests with the CAVIJET 
method, as summarized in the previous section, are compared with similar 
tests conducted with noncavitating jets. The noncavitating jet data are from 
two sources: (1) tests run in the HYDRONAUTICS laboratory during the 
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present program, using a nozzle with a 1.78-mm (0.070 in.) orifice diameter 
at 12.2 MPa (1910 psi), and (2) a recent coal-cutting study by Summers and 
Mazurkiewicz [6], using an 0.80-mm-diameter (0.035 in.) jet at 68.9 MPa 
(10 000 psi). Although the nozzle geometry was not described in Ref 6, 
discussions with the authors indicated it was similar to the so-called Leach 
and Walker [7] configuration we used for the 1.78-mm nozzle, namely, a 
conical transition with an included angle of 14 deg, followed by a cylindrical 
exit section with a length equal to 2.6 orifice diameters. 

It should be emphasized that the following comparisons between CAVI
JET coal cutting and the noncavitating jet studies by Summers and 
Mazurkiewicz are not on identical coal under identical conditions. These 
comparisons are made in order to indicate that the CAVIJET method shows 
the capability, at much lower pressures, of creating similar slot depths, and 
with lower specific energies. However, any more exact comparisons can only 
be obtained for tests in the same pieces of coal, and preferably under actual 
mining conditions. 

In Figs. 9 and 10 we have plotted slot depth and rate of area cutting versus 
translation velocity, respectively, both for the CAVIJETS [6.4 and 3.2 mm 
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(Vi and '/« in.)] and the noncavitating jets [0.89 and 1.78 mm (0.035 and 
0.071 in.)]. It is seen that the performance of an 0.89-mm (0.035 in.) non
cavitating jet operating at 68.9 MPa (10 000 psi) is comparable to that for the 
6.4-mm {V* in.) CAVIJET operating at only 13.2 MPa (1910 psi), which is 
less than one fifth of the pressure used in the noncavitating jet. The slot 
depth and area cutting rate by the 1.78-mm (0.071 in.) noncavitating jet are 
less than those provided by the 3.2-mm (Vs in.) CAVIJET at the same oper
ating pressure. It should be noted, however, that the flow rate and hydraulic 
horsepower for the 1.78-mm (0.07 in.) noncavitating jet are only about one 
half of the corresponding values for the 3.2-mm (Vs in.) CAVIJET. 

The curves for kerfing (or area cutting) effectiveness are plotted in Fig. 11 
for the two CAVIJETS and the two noncavitating jets. Here we observe the 
trend mentioned earlier of smaller-diameter jets providing more area cutting 
effectiveness. The slot width is not a factor in deriving this particular 
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FIG. 11—Area cutting effectiveness, comparing CAVIJET with noncavitating jets (in air). 

parameter. However, because the slot width was only about 3.5 times the 
0.89-mm (0.035 in.) noncavitating nozzle diameter, or about 3.1 mm (0.12 
in.) wide, this width was too narrow for subsequent mechanical fracturing. 
Thus, a dual nozzle was developed [6] which, of course, requires twice the 
power and hence halves the kerfing effectiveness for this noncavitating jet 
configuration. The slot width for the 1.78-mm (0.071 in.) noncavitating jet 
was 4.83 mm (0.19 in.), or 2.7 times the nozzle diameter. As cited earlier, 
this factor is about 2.5 for the CAVIJET nozzles. The curves plotted in Fig. 
12 compare the specific energies (or volume removal effectiveness) for the 
CAVIJETS and the noncavitating jets. It is seen, over this range of velocities, 
that the CAVIJET is more than twice as effective in volume removal, despite 
operation at less than one-fifth the pressure used for the 0.89-mm (0.035 in.) 
noncavitating water jet. The 1.78-mm (0.071 in.) noncavitating jet at 13.2 
MPa (1910 psi) produces a more effective volume removal as compared with 
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an 0.89-mm (0.035 in.) jet operating at 68.9 MPa (10 000 psi). These trends 
seem to be consistent with earlier coal-cutting work by Summers and Peters 
m. 

Coal Removal Comparisons 

In a review paper on hydraulic mining, Frank [9] summarized a variety of 
coal mining projects using noncavitating waterjets, at pressures up to 34.5 
MPa (5000 psi). The removal rates in these tests ranged from 0.9 to 7.7 
kN/min (0.10 to 0.87 tons/min). Although these removal rates are somewhat 
higher than those mentioned earlier for the slot-plus-land removal by two 
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3.2-mm (Vs in.) CAVIJETS, namely, 0.6 to 1.2 kN/min (0.07 to 0.13 
ton/min), it should be noted that the overall power, and hence the energy per 
unit of coal, is considerably lower for these CAVIJET tests. For instance, to 
achieve the 7.7-kN/min (0.87 tons/min), a pump rated for 34.5 MPa (5000 
psi) at 19 litres/s~' (300 gal/min), or 625 kW (875 hp), was used. This 
removal rate was therefore produced at an energy per unit weight of 1.5 
kWh/kN (13.3 kWh/ton) whereas the corresponding values for dual 3.2-mm 
(1/8 in.) CAVIJETS are 24 kW (32 hp) and 0.33 to 0.67 kWh/kN (3 to 6 
kWh/ton). 

Conclusions 

The following conclusions have been drawn from this investigation: 
1. Over the translation velocity range studied: 

Slot depths are scalable by the CAVIJET diameter. 
Effects of standoff are negligible in the range of 4 to 20 nozzle 
diameters. 
Effects of impingement angle are negligible, from 0 to 30 deg, and 
The performance parameters (rate of area cutting, rate of volume 
removal, kerfing effectiveness, and volume removal effectiveness) 
all improve with increasing translation velocity. 

2. Kerfing effectiveness varies inversely with CAVIJET diameter. 
3. Volume removal effectiveness increases with CAVIJET diameter. 
4. In comparison with laboratory tests of small (< 1 mm), high-pressure, 

noncavitating jets, the CAVIJET: 
Cut slots of comparable depths, with larger widths, using one fifth 
of the pressure, 
Has smaller kerfing effectiveness, and 
Has larger volume removal effectiveness. 

5. In comparison with coal mining tests with large [up to 9.5 mm (0.38 
in.)], high-pressure, noncavitating jets, the dual-CAVIJET laboratory tests: 

Produced comparable coal-removal rates with much lower 
pressure and input power, and 
Required about one-half the energy per unit weight of coal cut. 

These conclusions suggest that a CAVIJET-augmented coal-cutting device 
will be able to operate in a coal mine, with lighter and safer hardware, and 
still produce effective cutting rates with the same advantages of conventional 
hydraulic mining machines currently in use. In addition, utilization of lower 
system pressures should yield an increase in pumping-hardware life and 
reliability, and allow for a reduction of the energy consumption required to 
reach any given coal mining objective. 
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DISCUSSION 

D. A. Summers1 (written discussion)—One of the controversial problems 
which crops up with the use of cavitating jets is the comparison of like with 
like. This is, I am afraid, true again here since in the comparison of Dr. 
Conn's results with those we got at University of Missouri-Rolla, we are not 
comparing equivalent items. In a paper we gave in 1974 [8] we indicated the 
benefits of increasing nozzle diameter as opposed to increasing jet pressure 
for obtaining more effective cutting at higher horsepower. (To put it crudely, 
if you double the jet energy by increasing pressure, you approximately double 
the material removed; if you double the energy by increasing the diameter, 
you quadruple the material removed). However, under the constraints of a 
system to fit into an existing underground operation with perhaps water-
sensitive material in the vicinity, we imposed an upper limit of 3 litres/s"' (50 
gal/min) through the system or perhaps 0.31 litres/s-1 (5 gal/min) per 
orifice. Thus, while a comparison with our data can be made, it should be 
understood that at lower pressures and higher flow rates such as those used 
by Dr. Conn, the specific energy of jet cutting without cavitation would be at 
equivalent or possibly lower levels. 

A. F. Conn and S. L. Rudy (authors' closure)—We appreciate the obser
vations of Dr. Summers, which emphasize the importance of making 
"apples-to-apples" comparisons. We are well aware of the flow limitations 
inherent to his specific application, namely, the "Hydrominer," and did not 
intend in our comparisons to imply that this was the best specific energy 
which he could produce. As stated in our paper, however, the objectives of 
this CAVIJET study were much broader; that is, we were not limited to a 
particular mining device. This program required us to examine the feasibility 
and effectiveness of using much lower pump pressures plus cavitation 
phenomena to cut coal. We succeeded in reaching these objectives, and the 
comparisons made with Dr. Summers' earlier work serve only as an example 
of the results of our investigation. 

University of Missouri-Rolla, Rolla, Mo. 
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/ . A. Hilaris1 and T. J. Labus2 

Marine Applications of 
High-Pressure Waterjets 

REFERENCE: Hilaris, I. A. and Labus, T. J., "Marine Applications of Hlgh-
Preuure Wsterjets," Erosion: Prevention and Useful Applications, ASTM STP 664, 
W. F. Adler, Ed., American Society for Testing and Materials, 1979, pp. 582-596. 

ABSTRACT! High-pressure waterjets were investigated for hull cleaning, metal 
cutting, and concrete weight coating removal from submarine pipelines. All testing 
was performed in the submerged condition and a selective material removal capability 
was observed for the hull cleaning operation. This selective material removal capability 
was a sensitive function of jet pressure and jet angle at fixed cleaning rates. Results for 
the metal cutting indicated that positive jet angles and low concentrations of polymers 
could increase depth of cut significantly. Projected concrete weight coating removal 
rates were five times that achieved by conventional methods. 

KEY WORDS: jet cutting, hull cleaning, metal cutting, underwater cutting operations, 
high-pressure waterjets, erosion 

Offshore construction activities have increased dramatically as the energy 
industry continues to develop various ocean resources. This activity has 
defined the need for improved underwater construction tools and techniques 
to increase the efficiency of the working diver, and where possible introduce 
automation for cost reduction. Waterjets hold the potential for achieving 
these goals over a broad range of marine activities. Currently, waterjets 
are used for ship hull cleaning in drydock operation [7],3 offshore rigv 

structural cleaning, cable trenching operations, and heat-exchanger de
scaling. This investigation deals with underwater ship hull cleaning, metal 
cutting, and the removal of concrete weight coatings from submarine 
pipelines. 

The hull cleaning studies were aimed at establishing the proper jet pa
rameter combinations that would allow the removal of marine fouling from 
metal surfaces having an antifouling coating, without damaging this coating. 

'Associate research engineer, IIT Research Institute, Chicago, 111. 60616. 
Engineering consultant, SCIRE Corporation, Downers Grove, 111. 60515. 
3The italic numbers in brackets refer to the list of references appended to this paper. 
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A basic investigation of underwater metal cutting by waterjet was under
taken to establish performance levels for this method. The influence of 
nozzle size, jet pressure, cutting rate, jet angle, abrasive injection, and 
fluid additives was evaluated with the goal of increasing the cutting rate 
for a given power input. Abrasives were evaluated both in the submerged 
and ambient condition to establish the influence of the water environment. 

Concrete weight coating removal studies were aimed at establishing the 
performance of the jet as compared with conventional methods, and to 
determine if a nonpenetrating nozzle could be used to achieve complete 
coating penetration. This process and the hull cleaning operation can be 
automated to greatly enhance the diver's work efficiency for a given bottom 
time. 

Experimental Operations 

The underwater testing for the cleaning and metal cutting studies was 
performed in the test tank shown in Fig. 1. A specimen carriage is mounted 
in the bottom of the tank and driven through a timing belt arrangement 
by a hydraulic cylinder. Limit switches were provided at the extreme points 
in the travel to provide automatic reversing of the carriage. The nozzle was 
mounted on a rigid bar with standoff distance maintained at 12.69 mm 
throughout the test programs. For the cleaning studies, two groups of test 
specimens were utilized: (1) plain steel specimens and (2) steel specimens 

FIG. 1—Underwater test tank. 
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with an antifouling paint coating. An accumulator system was used for the 
cleaning studies. A 82.7-MPa pump was used to charge a large-volume 
accumulator to the appropriate test pressure. The accumulator was then 
discharged through a lance containing the cleaning nozzle, producing a 
high-pressure jet. 

The main high-pressure laboratory intensifier was employed for the metal 
cutting and concrete weight removal studies. This unit is a gas-backed 
linear intensifier capable of 1379-MPa bars pressure and power outputs 
in excess of 447 kW. A detailed description of this unit is given in Ref 2. 

Cleaning Test Results 

The initial criteria established for evaluating the results of the cleaning 
tests were mass loss and damage caused to antifouling coating for specified 
test conditions. Areal exposure rates which relate to cleaning applications 
were not determined. Figure 2 shows the effects of jet pressure and jet 
angle on the mass loss for both coated and uncoated specimens (that is, 
with and without antifouling paint). Test pressures ranged from 51.7 to 
65.5 MPa and jet angles from 0 (normal impact) to a positive 45 deg. 
Figure 3 shows a similar plot but with cleaning rate as the major independent 
variable. The uncoated specimens show the highest weight loss because the 
fouling, in general, was much greater on these specimens. The fouling was 
generated by exposing the specimens in a marine environment at the Naval 
Coastal Systems Laboratory in Panama City, Florida. Much of the scatter 
in the data for the uncoated specimens was due to nonuniform fouling 
distribution. The coated specimens were prepared using the standard 
anti-fouling paint and standard application procedures. The marine fouling 
consisted of barnacles and other marine growth. As shown on these plots, 
increased mass loss occurred with increasing jet pressure, cleaning rate, 
and shallow jet angles. This must be qualified in the case of the coated 
specimens, since jet angles less than 45 deg produced damage to the anti
fouling paint undercoat. Figures 4 and 5 show typical coated specimens 
cleaned by a wateijet. Figure 4 shows a specimen damaged by the waterjet 
when the jet angle was less than 45 deg, while Fig. 5 shows a cleaned specimen 
without damage to the undercoating. The test conditions for the specimens 
shown in Figs. 4 and 5 were 

jet pressure: 65.5 MPa 
nozzle diameter: 0.4 mm 
cleaning rate: 30.5 cm/s 
jet angles: 0 and 45 deg, respectively 

The initial testing was performed with circular nozzles, but a rectangular 
slit nozzle was also tested. The rectangular nozzle had an opening of 1.52 
by 0.25 mm with an initial entry angle of 13 deg and exit angle of 0 deg. 
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FIG. 2—Weight loss versus jet pressure for coated and uncoated specimens at various jet 
angles. 

Testing was performed with the long dimension parallel and perpendicular 
to the direction of cleaning. This alternative design produced a 275 percent 
increase in mass loss as compared with the circular nozzles, but both 
designs had equivalent specific energies. This increase occurred regardless 
of the nozzle orientation since the jet was oscillated while it was moved 
across the fouled surface. Thus, both nozzles are approximately equal in 
mass removal efficiency at equivalent operating conditions, and the judgment 
on which nozzle to use will be based on other considerations such as cost, 
wear, thrust, areal exposure rate, and exposure rate/kilowatt-hour of 
energy input. 

From the foregoing results, the operating conditions of a cleaning system 
should be at a rapid cleaning rate, a low jet angle, and an operating pressure 
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FIG. 3—Weight loss versus cleaning rate for coated and uncoated specimens for various 
jet angles and pressures. 

consistent with power availability and the requirements for fouling removal. 
These conditions must be modified when cleaning hulls with anti-fouling 
paint, in that the jet angle should not be below 30 to 45 deg to insure 
consistent removal of the marine growth without causing damage to the 
antifouling undercoat. By keeping the antifouling undercoat intact, the 
benefits of low power consumption due to reduced fouling of the ship hull 
could be realized without the need for a repainting of the hull. 

Metal Cutting Studies 

In a second experimental study, the influence of the various jet parameters 
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FIG. 4—Coated specimen damaged by waterjet. 

FIG. 5—Coated specimen cleaned and undamaged by waterjet. 
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on underwater cutting of steel was investigated. Initial testing was performed 
on specimens of 1020 steel (ay = 552 MPa). The parameters varied in
cluded traverse rate, jet pressure, nozzle diameter, jet angle, fluid properties, 
and abrasive injection. Figure 6 shows the variation in penetration with 
traverse rate for 1020 steel specimens. The trends of the curves are similar 
to those observed for other materials. Using these results, the cutting rate 
was fixed at 0.635 cm/s and the effects of jet angle investigated. Figure 7 
shows the variation in h/d (h is the penetration and d the nozzle diameter) 
with jet angle. All jet angles are positive (that is, the jet velocity component 
parallel to the cutting surface is in the same direction as the motion of 
the nozzle). There is a 23 and 27 percent increase in penetration over the 
normal impact condition for the 0.4- and 0.5-mm curves, respectively. 
For both nozzles the optimum jet angle was approximately 15 deg, hence 
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FIG. 6—Penetration versus cutting rate for 1020 steel at various nozzle diameters and 
jet pressures. 
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for the remainder of the testing on HY80 this jet angle would be used. 
Prior to beginning testing on the HY80, the effects of fluid additives and 
abrasive injection were also evaluated. 

Figure 8 shows the effect of abrasive particles contained in the jet on 
the total penetration achieved. From this plot it could be inferred that 
the abrasives are only potentially beneficial at elevated pressures, but the 
method of injection plays an important role. For the data in Fig. 8, a layer 
of the particular abrasive (0.32 cm thick for fiber glass and 1.27 cm thick 
for transite) was placed directly over the metal surface through which the 
jet passed before impacting the target. Thus, there was a relatively short 
distance in which the particles could be accelerated before impact, and, 
at the slow cutting rates used, the concentration of particles would not be 
very great. This injection method would be similar to using an abrasive-

I02C STEEL 
STANDOFF DIST-12.7cm 

% 

10 15 

JET ANGLE deg's 

FIG. 7—h/d versus jet angle for 1020 steel. 
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ladened tape on the surface of the metal along the cut path. The effects 
of standoff distance, which is a significant parameter in metal cutting, 
and abrasive effectiveness are illustrated in Fig. 9. For the current inves
tigation, d/s {s is the standoff distance) lies in the range of 0.032 to 0.39, 
which is at the low end of the curve. All of the curves shown are for water 
only, except the water-sand curve, which illustrates the effect of sand 
particles (nominally 0.25 in mm size, rounded profile) injected into the jet 
stream at the exit of the nozzle, as opposed to cutting through a sacrificial 
material directly at the surface. Using the nozzle method of injection, the 
abrasive jet outperformed the water-only jet by 25 percent. This change 
was obtained at an increase of the power requirements by 0.13 percent. 
The data in Fig. 9 are for testing in air, hence they must be qualified for 
submerged operation. But past experience has shown that the trends are 
generally not altered substantially, hence the conclusions drawn should 
still be valid. 
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FIG. 8—Penetration versus jet pressure for 1020 steel and various abrasives. 
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Fluid additives have been investigated previously for other materials and 
have been found to contribute to the cutting capabilities of the jet. Figure 10 
shows the effect of various concentrations of additive BX-254 (NALCO 
Chemical Co.) on the penetration. Similar tests were run on the 0.5-mm 
nozzle with similar results, but not as large as for the 0.4-mm nozzle. This 
decrease in additive effect with increasing nozzle size has been observed 
by other investigators [3], 

Combining all these results together, a series of tests was performed 
on HY80 using various combinations of these best parameters. Figure 11 
shows the results for the HY80 test specimens. As previously indicated, 
the additive augmented jet at a jet angle of 15 deg should give the best 
results, which Fig. 11 verifies. Note also that the abrasive jet does not 
enhance the cutting for HY80. This may be caused by the change in material 
properties of the HY80 versus the 1020 steel. (The abrasive was not changed.) 

/Or -

ALUMINUM'RE/r-S 
. WATER-ONLY 

1.0 

"^h 

0.1 

STEEL 
WATER-SAND 

STEEL 
WATER-ONLY 

.01 
I 1 i I I [ I 

0.1 

FIG. 9—h/d versus d/s for steel and aluminum. 
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The combined additive-abrasive jet was the least successful, indicating 
that these two augmentation techniques are not mutually beneficial under 
the stated operating conditions. 

Concrete Weight Coating Removal Studies 

Maintenance and construction of submarine pipelines present some 
unique problems due to the hostile work environment. Conventional methods 
of removal of concrete weight coatings are time-consuming, costly, and can 
cause physical damage to the pipelines. Jet cutting systems may provide 
a more cost-effective method of attacking these coatings. Figure 12 shows 
the required number of passes to achieve a full-depth cut (that is, to the 
surface of the steel pipe) for two typical concrete weight coatings. Coating 
No. 1 was a relatively weak concrete with a chicken wire reinforcing used. 
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FIG. 10—Penetration versus jet pressure for 1020 steel and various jet augumentation 
combinations. 
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The almost uniform depth of cut per pass reflects this condition. Coating 
No. 2 was higher-strength concrete with 0.54-cm steel reinforcing rods. 
Note that the 0.5-mm nozzle takes one less pass to achieve full penetration, 
but requires 3.3 times the power of the 0.4-mm curve. Although more 
power is required by the larger nozzle, it may still be more cost-effective 
since the economics of this particular application are dictated by labor 
costs and overall time requirements. If an automated approach is taken, 
then the smaller nozzle diameter system would be the most cost-effective, 
since only the cycle-time would influence the operational costs significantly. 
Capital costs would also be less for the small system if a full 100 percent 
duty cycle were utilized. The performance curve shown in Fig. 12 is for 
a nonpenetrating nozzle (that is, a nozzle remaining outside the kerf, as 
opposed to a penetrating type, which follows into the kerf). 

A bottom-operated system would provide the greatest flexibility of opera
tion, but space and weight restrictions would most probably limit it to a 
duty-cycle type of operation. The intensification would take place on the 
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FIG. 11—Penetration versus jet pressure for HY80. 
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bottom with the high pressure transmitted to the work station via rigid 
tubing and swivel joint connections. The power source could be surface or 
bottom mounted. For buried or partially buried pipelines a manually 
operated low-pressure system could be used to remove the backfill from 
around the pipe prior to attaching the automated system to the pipe. 

From the data in Fig. 12 the average exposure rate is 25.4 cm^/s (Coating 
No. 1); thus for the particular pipe tested (that is, outside diameter = 0.78 
m with a 12.7-cm concrete/asphalt coating) a cutting time of 567 s per 
linear metre at continuous operating pressure is anticipated. The geometry 
of the cut is shown in Fig. 13. For a duty-cycle operation, the cutting 
time is given in Table 1 for various power levels. For a 2.43-m-long section 
of pipe, and working at an average power level of 22.4 kW, 177 min (2.95 h) 
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FIG. 12—Accumulated depth versus number of passes for concrete weight coatings. 
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TEN PIECES 
33x30.5x12.7 cm 

mULD BE 
GENERATED 

30.5 cm 

FIG. 13—Concrete weight coating cut geometry. 

TABLE 1—Power requirements/cutting time summary for different duty 
cycles. 

Average Power, 
kW 

176 
112 
75 
37 
22 
15 

Duty Cycle, 

% 

100 
63 
42 
21 
13 
8 

Cutting Time per 
30.5 cm Length, s 

173 
274 
412 
823 

1330 
2162 

would be required to cut the length into 33 by 30.5 by 12.7-cm blocks. 
The actual cutting time would be slightly longer since the jet would dwell 
at the intersection of the reinforcing bars to enlarge this area to create a 
tool access for cutting the bars. This projected cutting time compares 
favorably with the reported 16 h [4] for the same conditions using mech
anical saws and chipping hammers. 

One additional point is worthy of note, and that concerns the safety 
of this approach with respect to potential damage to the pipeline. Referring 
to Fig. 6, the cutting rate for steel is in the range of 0.64 to 1.29 cm/s 
and for the weight coatings 20.3 cm/s. This wide difference in cutting 
rate precludes any damage to the pipeline since the cutting of steel, even 
at elevated pressures, is restricted to slow cutting rates. At high cutting 
rates, the dwell time of the jet is insufficient to cause penetration. Thus 
the jet cutting system is inherently safe and allows complete material re
moval down to the surface of the pipeline. 

Conclusions 

The use of waterjets for submerged cleaning of ship hulls and other 
structures has been clearly demonstrated. Integration of the jet systems 
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with an automated traversing system should produce a viable technique 
for cost-effective cleaning of submerged structures. A selective removal 
capability has also been demonstrated, which is not currently available 
in present mechanical systems. Jet angle and pressure have been shown to 
be significant parameters in controlling the removal of marine growth 
without damaging the antifouling undercoating. 

Results from the metal cutting studies are inconclusive to determine 
its commercial application, but the test data indicate that the process 
would be limited to thin sections. Also, positive jet angles and fluid ad
ditives increased penetration, while abrasive injection using a sacrificial 
material at the surface of the metal did not enhance penetration. In its 
present state, the continuous jet is not competitive with conventional tech
niques on an economic basis, but may be justified if an explosive environ
ment exists where conventional techniques cannot be utilized safely. 

A significant reduction in process time was established for stripping 
of weight coatings from submarine pipelines by using waterjets. The safety 
of the system should be also much greater due to the mutually exclusive 
cutting regimes for each material. Full penetration of the coating could be 
achieved using a nonpenetrating nozzle, which can simplify the operation 
considerably. The economics of the system are yet to be established, but at 
this point are worthy of serious consideration. 
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ABSTRACT: During the past several years, waterjets with pressures up to 408 MPa 
have become a reliable tool for industry and have been used for a variety of factory 
applications. In addition, waterjets have been tested for rock cutting in mining and 
tunnel applications. The utility industries do a considerable amount of work that 
requires excavation in rock and concrete. The potential of using high-pressure 
waterjets to meet their field needs has been considered. To date, the telephone, 
electrical power, and gas industries have conducted studies on the use of high-pressure 
waterjets. This paper contains descriptions of the various applications of waterjets in 
the utility industry, descriptions of the appropriate equipment and cutting techniques, 
discussions of some possible systems and their operating parameters, and an economic 
analysis of waterjet methods for trenching and pole-hole drilling. 

A study was conducted to examine the use of waterjets in utility industry applica
tions. The study was a three-phase program. In the first phase, the possible applica
tions and their significance to utility company operations were examined. In the 
second phase, a strategy for cutting rock and concrete with waterjets as well as a 
conceptual system design was developed. Various rock types were tested, and rates 
were predicted for two specific applications: trenching and pole-hole drilling. In the 
third phase an economic analysis of the cost of using waterjet methods for trenching 
and pole-hole drilling was performed and costs were compared with current methods 
on a per-hole or per-foot of trench basis. In addition, the advantages and disadvantages 
of waterjet methods on a system basis were compared with those of existing methods. 

The study has demonstrated that there is a wide variety of applications for high-
pressure waterjets in the utility industry. The study further shows that waterjet devices 
are both technically and economically feasible. The predicted rates and the costs 
indicate that, in rock, the waterjet system is better than current methods. 

A detailed overview of this study as well as the results are presented in this paper. 

KEY WORDS: high-pressure waterjets, utility applications, trenching, pole-hole 
drilling, deep-kerfing, hard rock, erosion 
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Background 

In North America, utilities such as power, telephone, water and sewer, 
gas, and more recently cable television deal with at least one common 
element in the construction of their distribution systems: the ground. 
Depending on the location, the ground can provide the ideal medium for 
cost-effectively constructing distribution systems, or it can be the major 
cause of high construction costs and inefficiency. 

In order to fully appreciate the impact of ground conditions on utility 
construction, it is important to become aware of two basic facts. First, 
in recent years public and political pressure in both the United States and 
Canada has forced the power and communications utilities to construct 
more and more of their distribution systems below ground as opposed to 
aerial. This policy of "out-of-sight" distribution systems has had a major 
impact on both construction and maintenance costs, especially in areas 
where the ground is predominantly rock. 

Secondly, from a geological point of view, only about one third of the 
populated areas of Canada and the United States can be considered to be 
good burying areas. These areas consist generally of the Canadian Prairies 
and the Midwestern and Southeastern parts of the United States. The rest 
of the continent is either bare rock or a mixture of rock and soil in various 
proportions. An example of the impact of these ground conditions on 
below-ground telephone cable installation costs is found by comparing 
cable installation costs in the Canadian Prairies with those in Eastern 
Canada. In the Canadian Prairies, cable can be installed by plowing at a 
cost of approximately 66 to 164 cents per metre. The cost of installing the 
same cable in the eastern part of Canada, where the ground is predominantly 
hard rock, can be as high as 49.2 dollars per metre. 

These two prime considerations have forced utilities to reevaluate the 
construction methods which have traditionally been used to construct 
below-ground distribution systems. Obviously, cheaper and faster installation 
methods for poor ground conditions such as bouldery soil, hardpan, soft, 
and hard rock are essential requirements for reducing utility construction 
costs. High-pressure waterjetting, as applied to cutting rock for various 
utility construction applications, is one technology which may result in new 
space-age construction tools capable of meeting these requirements. 

Waterjetting: Utility Construction Applications 

Based on the present and predicted future capabilities of waterjets, 
several aspects of utility construction appear to qualify as potential users 
of this technology. A number of these, together with a system concept, 
are described in the following. It should be remembered that none of the 
tools described herein have yet been developed. Therefore, it is difficult to 
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ascertain the specific operational characteristics of each concept at this 
time. 

Drilling Pole-Holes in Bedrock—A rotating nozzle head or waterjet-
mechanical cutter, using one or more nozzles, could be used to cut a 
circular slot in bedrock to any diameter. The remaining rock cylinder 
would be mechanically fractured and removed, leaving a hole slightly 
larger than the pole diameter. The space around the pole could be efficiently 
backfilled with an expanding semiridged urethane foam. 

Drilling Guy Rod Anchor Holes—The drilling device used for this appli
cation would probably be similar to the pole-hole cutting equipment just 
described. Most anchor holes need be only 5.08 cm (2 in.) in diameter 
and 45.72 cm (18 in.) deep. A hybrid system, combining wateijets with a 
mechanical cutter, would significantly increase penetration rates compared 
with standard drilling devices. 

Frozen Soil Excavation—In most of Canada and the Northern United 
States, the extension of construction activities into the winter months is 
always a primary objective. To meet this objective, a waterjet system 
combined with a conventional frost saw or blade may be feasible. This 
type of hybrid system would not only increase the cutting speed, but also 
reduce both wear and general maintenance costs. Furthermore, this type 
of cutting operation would result in fewer cleanup problems. 

Rock Trenching—A hybrid waterjet-mechanical cutter or rotating nozzle 
head system could be used for this application. The hybrid cutter would 
consist of a rolling-disk cutter assisted by watetjets located ahead of the 
cutting edges. The jets would cut narrow slots into the rock face, allowing 
the disk cutter to easily break to the unconfined rock kerfs. A mucking 
system incorporated into the unit would remove the fractured rock particles 
from the trench. Alternatively, a rotating nozzle head (or heads) could 
cut 1.27- to 2.54-cm (Vi to 1 in.)-wide parallel slots into the rock surface 
to a depth which would allow a loaded wheel to break the remaining rock 
ridges between the slots. After removing the broken rock, the process 
would be repeated until the desired depth is achieved. 

Road Crossings—Two alternatives appear feasible. The first method 
requires the waterjet to "slice" the concrete or asphalt into pieces, which 
are then removed by hand. A mechanical trencher or backhoe is then used 
to excavate the base material to the required depth. As with normal road 
crossings, only one lane at a time need be closed to traffic. 

The second method would necessitate the digging of a pit if existing 
ditches were not deep enough or ditches were not present at all. If the 
road bed material was well compacted, the waterjet would be able to cut 
without fear of the hole collapsing. In the case of loose material, a pipe 
could be pushed behind the watetjets as it advanced. 

Ice Cutting to Access and Install Submarine Cable—A low-pressure 
waterjet unit 69 to 138 MPa (10 000 to 20 000 psi) with a hand-held nozzle 
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head could be used to cut through ice buildups on rivers and lakes. This 
technique would be faster as well as less tedious than cutting with chain 
saws. 

Concrete Cutting—Present research has shown that waterjets can be 
used effectively to clean and cut concrete surfaces. The jet erodes away 
the cement and fine aggregate content of the concrete, without cutting 
through the larger aggregate. The large aggregate can be cut, but the 
erosion method allows the use of lower pressures to penetrate any strength 
concrete. 

A waterjet capable of cutting concrete would have useful application for 
cutting duct entrances in manholes or building walls or even removing 
entire wall sections to allow for building expansion. 

Large-Diameter Tunneling (Utilidor)—This application would have an 
effect not only on utility construction, but also on subway construction and 
the mining industry. The large tunnel sizes dictate the use of many jets 
working simultaneously with mechanical cutters. The main advantages this 
method would have over drilling and blasting include higher productivity, 
and a reduction in the safety and health hazards, and weakened tunnel 
roofs due to blasting. 

Duct Cleaning—Waterjetting machinery is available which is capable of 
cleaning and scouring cable ducts. Obstructions can be dislodged and soil 
buildup on duct walls removed. The nozzle head advances under its own 
power by means of low-pressure, high-volume jets directed backwards 
against the duct wall. At the front of the nozzle head, a high-pressure, 
low-volume jet cuts through obstructions, while radial high-pressure jets 
scour the duct walls. Dislodged material is carried out of the duct when 
the nozzle head is retrieved. 

Research Scope and Objectives 

In an effort to evaluate the technical feasibility of using high-pressure 
waterjets for utility construction, a study was conducted aimed specifically 
at rock trenching and pole-hole cutting. Cutting tests on nine different 
specimens of rock were performed. These rocks were representative of 
the types commonly found in Eastern Canada. They include limestone, 
sandstone, granite pegmatite, biotite granite, quartzite, and granite-quartz. 
Based on the cutting characteristics of these rocks, conceptual designs of a 
wateijet rock trencher and pole-hole cutter were developed. Details of the 
research program are presented in the following section. 

In addition to the technical evaluations, the operational requirements 
and economics of waterjet construction tools were studied. This was 
achieved through a field survey which identified the field requirements 
and present construction costs commonly experienced in Eastern Canada. 
The results of this part of the investigation are also discussed. 
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System Concepts 

Method of Cutting 

Continuous waterjets can be used in two ways for the applications of 
interest to the utility industry. In the first method, waterjets can be used to 
cut narrow slots which assist mechanical cutters. In the second, a combina
tion of jets, oscillating or rotating, can cut a wide, deep slot which com
pletely defines the shape of material to be removed. The remaining material 
can then be removed by energy efficient mechanical means. For the study 
conducted by Bell-Northern Research Ltd. and Flow Industries, Inc., 
the wide-slot, deep-kerf method was examined. The applications considered 
were pole-hole drilling and trenching in soft and hard rocks. 

To demonstrate the technical and economic feasibility of waterjet trench
ing and pole-hole drilling, it was necessary to conduct test cutting experi
ments to determine operational parameters and operating rates. It is 
only with data such as these that estimates of cost per foot or cost per 
hole can be made. To determine deep-kerfing rates, linear cutting experi
ments must be conducted. Typically, jet pressure Po, nozzle diameter do, 
and traverse velocity v, are varied so that optimum cutting can be determined 
and scaling factors established. Figures 1-3 show typical linear cutting 
curves for some of the rocks tested. The standoff distance, /» is also indi
cated on these figures. 

The method chosen to cut the deep kerf utilizes a nozzle with two angled 
jets. The jets are angled so that they cut a slot that is wider than the nozzle. 
The wide slot enables the nozzle to enter the slot and to maintain an 
effective standoff distance for both cutting rate and slot shape. In order 
to cover the material in the slot, the nozzle is oscillated. The resultant 
coverage pattern is shown in Fig. 4. The method of motion chosen was 
oscillation because, by applying a torsional force to a length of tubing, the 
necessary motion can be obtained without the use of any dynamic seals 
or swivels. The cut made by this device is shown in Fig. 5. 

For an oscillating nozzle, the conditions for the jet can be determined 
from linear cutting tests. The oscillation frequency is directly related to 
the traverse velocity v,; pressure and diameter of the jets are determined 
by the rock to be cut and available power. The cutting parameter that 
must then be optimized is the nozzle feed rate v/. Such optimization curves 
are shown in Fig. 6 for different conditions. 

From tests such as the linear cutting tests and the kerfing tests pre
viously described, the cutting rates for the nine rock types indigenous to 
Eastern Canada were determined. These rates were incorporated into 
cutting schemes so that projected operational rates could be determined. 
The cutting equipment and rates are presented next. 
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FIG. 1—Effect of pressure on depth of cut. 

Operating Systems 

Figure 7 shows a system concept for trenching and for driUing pole-holes 
with waterjets in rugged off-road terrain. The basic system components 
consist of a hydraulic power trailer, a water truck, a tractor, a trencher, 
and a pole-hole drilling device. Each component is described in the following. 
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FIG. 2—Effect of traverse velocity on depth of cut. 

The hydraulic power trailer consists of a diesel engine and hydraulic 
oil pump to power the intensifier, as well as an oil reservoir and oil cooler. 
The trailer also has space to place the tractor for transportation between 
sites. The engine on the trailer that is chosen must be able to power a 
188-kW intensifier, which will be mounted on a tractor. These 188-kW 
intensifiers have been field-tested and have proven to be reliable pieces of 
equipment. 

The tractor is used to carry the high-pressure intensifier and all trenching 
and drilling equipment, and to move it along the work area. The tractor 
is attached to the trailer by an umbilical cord, which contains an oil 
powerline, an oil-return line, and a water line. The umbilical cord is 
flexible and allows the tractor to move independently of the trailer, thus 
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FIG. 3—Effect of traverse velocity on area removal rate. 

minimizing the number of times the entire system must be moved. The 
intensifier is separated from the hydraulic power package for two reasons. 
First, flexible tubing can be used between the trailer and tractor instead 
of the rigid tubing that would be necessary if the intensifier were mounted 
on the trailer. Second, if both the hydraulic power package and the 
intensifier were mounted on the tractor, the tractor would have to be large, 
and its ability to move over very rugged terrain and to work in confined 
areas would be hampered. 

The tractor and the hydraulic trailer form the heart of the system. With 
these two components, waterjet cutting systems for various applications 
can be mounted on the tractor to do the desired job. Devices for trenching 
and pole-hole drilling have been conceptually designed. Both systems, 
mounted on a tractor, are shown in Fig. 7. The details of these systems 
are presented in the following subsections. 

The final component of the system is the water truck-trailer. This 
component supplies the water for the jets and the oil cooling water. It 
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FIG. 4—Deep-ketf nozzle coverage pattern. 

would require 0.028 m^ of water per minute to provide 188 kW and a 
waterjet pressure of 374 MPa. Based on a running time of 6 h/day, 10 m^ 
of water per day would be necessary. Since water may not be available at 
the work site, this amount of water can be supplied best by a water truck. 

These three components—the water trailer, the tractor, and the hydraulic 
power trailer—make up the waterjet cutting system. When used in con
junction with special devices, this system can be used for trenching and 
hole drilling in addition to other applications. 

Waterjet Trenching Device—Both the waterjet trenching device and the 
pole-hole drilling device operate on the same principle of cutting. Both 
devices use an oscillating deep-kerf device to cut the slot. In addition, both 
have a mechanical breakout device which removes large pieces of material. 
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(a) Deep-Kerfing Cut 

(b) Three Parallel Cuts (Multiple Pass) 

(Clear Slot Depth = 51 mm) 

FIG. 5—Oscillating kerfing cuts and parallel linear cuts. 
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FIG. 6—Effect of horsepower on cutting performance. 

thus minimizing the amount of material that must be excavated by the 
oscillating deep-kerf device. From laboratory and field experience, a 
combination waterjet and mechanical system is the most efficient system 
from both energy and time considerations. 

Figure 8 is a conceptual drawing of the waterjet trenching device, which 
consists of a pair of oscillating nozzles, each of which is capable of delivering 
up to 94 kW to the rock. The nozzles are located on a frame, which gives 
them the necessary motion. Each nozzle has controls that allow x-y-z 
motion in order to cut a trench of a desired depth and width. The x-y-z 
motion is controlled hydraulically from controls located on the tractor. The 
nozzle oscillation is supplied by a rotating hydraulic motor which converts 
the rotation to oscillation by a cam-type arrangement. 

The frame, as shown in Fig. 7, is attached to the tractor by hydraulic 
cylinders which can raise and lower the frame. This movement is used for 
adjusting the position of the frame and for leveling. Once the frame is in 
place, the trenching operation is controlled from the tractor. The trench 
is cut to the length allowed by the traverse mechanism. Upon completion 
of a given length of trench, the tractor raises the frame and moves forward 
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to the new position. While the tractor is being moved, a hydraulic breakout 
tool is used to break out the rock sections left by the waterjet trencher. 
One such handheld device is shown in Fig. 7. The basic progression just 
described will be followed until the trench has been cut the desired length. 
The trench cutting process with the waterjets will probably be slower than 
the breakout process. If so, the cutting will be the controlling factor in 
the advance rate. Consequently, optimizing the cutting process will increase 
the trenching rate. 

At the present time, a trenching method that uses two pairs of nozzles 
is being considered. The two nozzles will cut both sides of the trench in 
one motion. After the sides have been cut to the desired depth, the nozzles 
will then move sideways across the trench and form blocks along the 
length of the trench. The blocks will then be removed by the hydraulic 
breakout tool. 

The conceptual design in Fig. 8 includes some possible drive mechanisms 
and indicates various components. This design is by no means a detailed 
one; however, it is meant to be a realistic conceptual design that, with 
additional detailing, could be built. Changes to the design will have to be 
based upon considerations of the terrain, environment, and actual operating 
parameters. 

Waterjet Pole-Hole Driller—As in the trencher, the basic cutting mecha
nism for the pole-hole driller is the oscillating deep-kerf nozzle. The deep-
kerf nozzles are used to cut a core, which is then removed by a mechanical 
breakout tool. The resulting hole is slightly larger than the pole so that 
minimum work is required to secure the pole in the ground. The conceptual 
design for a waterjet pole-hole driller is shown in Fig. 9. 

The pole-hole driller is mounted in the rear of the tractor and can be 
raised and lowered during moves from placement site to placement site. 
When the device is located over the desired spot, it is leveled by the tractor 
hydraulics, and three legs are put in place to form a secure tripod base for 
the hole driller. Once the tripod is in place, drilling with the waterjet 
begins. The watetjet cuts the circumference of the hole, leaving a core, 
which is then removed by a special breakout tool. 

The device shown in Fig. 9 has been proposed to cut the core for the 
pole-hole. This device has two oscillating deep-kerf nozzles to cut the 
kerf and has, in addition, a secondary oscillating device which slowly 
oscillates the deep-kerf nozzles (180 deg) so that they cover the entire 
circumference. This approach was decided upon instead of a swivel because 
the oscillating device is more reliable. If a reliable high-pressure swivel is 
developed, then the swivel would be an alternative to oscillation. A third 
motion is required to cut the core. This third motion, the downward 
motion of the core barrel, is achieved by a motor that raises and lowers 
the device with a screw device. This device can drill only one size hole; if a 
larger or smaller hole is desired, then a new barrel would be required. 
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Projected Cutting Rates 

Based on the experimental data, rates can be predicted for cutting pole-
holes and trenches. In the laboratory tests, the kerfing nozzle delivered 
approximately 22.5 kW to the rock. In the proposed trenching machine, 
188 kW would be available to power the nozzles. If two pairs of nozzles 
were used, then each kerfing nozzle would have 94 kW to power it. The 
depth of cut is determined by direct linear scaling of the cutting data. An 
estimate of the field cutting rates is presented next. 

Trenching—A typical trench would consist of two parallel cuts and a 
cross cut. Rates for two trench sizes are as follows. 

1. Trench dimensions: 100 mm wide by 150 mm deep 
Kerf spacing: 150 mm 
2 nozzle pairs: 94 kW/pair 
Nozzle traverse rate: 100 mm/s 
Nozzle cutting rate: 3.75 mm/pass 
Number of passes to cut: 150 mm = 40 
Side cuts: 40 passes by 3 s/pass = 6.67 min/m 
Cross cuts: 40 passes by 1 s/pass = 2.22 min/m 

Total cutting time: 9 min/m 
Advance rate: 6.67 m/h 

2. Trench dimensions: 250 by 300 mm 
Kerf spacing: 150 mm 
Side cuts: 80 passes by 3 s/pass = 12 min/m 
Cross cuts: 6 cuts/m by 80 passes by 2.5 s/pass = 20 min/m 

Total cutting time: 33 min/m 
Advance rate: 1.8 m/h 

Pole-Hole Drilling—The pole-hole drilling consists of cutting a core of a 
given diameter to a specified depth. Rates for two hole diameters are 

1. Diameter: 0.355 m; depth: 0.915 m 
2 nozzle pairs: 94 kW/pair 
Nozzle traverse rate: 100 mm/s 
Nozzle cutting rate: 3.8 mm/pass 
Path for each nozzle: 0.56 m (half the circumference) 

_. ,. , 560mm ^ 240 passes ._ . 
Time/hole: -TITZ ; - X ^ = 22 mm 

100 mm/s 60 

Drill advance rate: 2.5 m/h 
2. Diameter: 0.5 m; depth: 0.915 m 

Path for each nozzle: 0.8 m 

^- /u T 0.8 m ^ 240 passes . 
Time/hole: 7-^7:^—;- X f- = 32 min 

0.100 m/s 60 

Drill advance rate: 1.75 m/h 
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Operational Requirements and Economics 

Operational Requirements 

If high-pressure waterjets are to become practical construction tools for 
use in the field, they must be capable of meeting certain operational 
requirements. These requirements will of course vary with the specific 
application and field conditions. For example, in most of Canada and 
northern parts of the United States, waterjet tools should be capable of 
operating under winter conditions. This requirement is obviously not so 
important in the southern parts of the continent. Similarly, rock cutting 
tools may have to be capable of cutting a wide variety of rock types and 
strengths in some geographical locations, whereas in other locations the 
variation in rock properties over large areas may be relatively insignificant. 
Some of the more general operational requirements are as follows. 

1. As a utility construction tool, the waterjet unit must be easily trans
portable and maneuverable. 

2. Certain applications such as rock trenching, pole-hole cutting, frozen 
soil trenching, and guy anchor drilling will require the waterjet unit to have 
an all-terrain capability. This is particularly important in areas where 
large amounts of rural distribution systems exist. 

3. The equipment must be capable of operating in all weather conditions. 
This implies that north of the 40 deg parallel the equipment should be 
operable in the temperature range of — 30°C to +35°C. 

4. Additions to the water supply, such as deicers, must be nonpolluting. 
5. The equipment must be designed so that a utility company crafts-

person can operate and maintain the equipment after a nominal training 
period. 

There are, of course, many other operational requirements specific to 
each application. From a utility construction viewpoint, however, one of 
the most important ingredients to the successful implementation of waterjet 
tools is public acceptance. Since utilities find themselves working virtually 
in the front lawns and backyards of the general public, the environmental 
impact of this technology is a major consideration. In fact, this aspect 
is deemed to be one of the major advantages of waterjet tools. Compared 
with jackhammers, concrete saws, and blasting, waterjet tools should 
create considerably less noise and air pollution. Furthermore, when used in 
a populated environment, waterjets impose considerably less physical 
danger and discomfort to the general public. 

Economics 

Since none of the waterjet tools described in this paper have yet been 
developed on a commercial basis, it is very difficult to establish a factual 
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economic history. The best one can do at this stage is to compare the 
present-day cost for various types of utility construction to the predicted 
or estimated cost of achieving the same end result using the appropriate 
waterjet concept. It is important to recognize that in this type of economic 
analysis the construction methods used in achieving the same goals, using 
conventional methods or the waterjet method, may be quite different. For 
example, trenching small cables in rock will normally require the excavation 
of a comparatively large trench using conventional blasting techniques. 
This is due to limitations on the smallest size of trench that can be practi
cably blasted. Using the waterjet kerfing technique, however, allows one to 
cut trenches proportionate to the size of cable being placed. Therefore, 
although the same size of cable is placed, the total amount of rock excavated 
may be substantially less with the waterjet than by blasting. An economic 
comparison based strictly on conventional trench sizes is therefore mislead
ing. 

An analysis of rock trenching for distribution cable installations reveals 
that in Eastern Canada the total cost for installing small-diameter (less 
than 50 mm) cables is approximately $15 to $24 per metre. Based on the 
cutting rates described earlier and on the following assumptions. 

1. A three-man operation—that is, one man operating the waterjet, and 
two men the water truck—preclean the trench, break rock kerfs, and 
place and backfill cables. 

2. The trenching rate per hour is limited by the cutting rate of the 
waterjet. This means that precleaning and breaking rock kerfs can be 
performed while the trench is being cut. 

3. The trenching rate is approximately 6 m/h; therefore, the labor cost 
for trenching at $15 per man-hour is $45 per 6 m or $7.50 per metre. 
The cost of placing cable and backfill is estimated at $4.00 per metre. 
Finally, the cost of moving and setting up the machine is estimated at 
$0.50 per metre. This results in a total cost of approximately $12 per metre 
for waterjet kerfing. For larger cables and pipes requiring larger trenches, 
that is, for greater than 0.05 m^ in cross section, conventional blasting 
techniques are generally less costly than the waterjet kerfing technique. 
There is, however, some indication that a combination of waterjet kerfing 
and controlled blasting could result in a cost-effective method of creating 
larger trenches in rock. This technique has yet to be investigated. 

The average cost for installing telephone or hydro utility poles by blasting 
in hard rock is $180 per pole in Eastern Canada. In soft rock (for example, 
limestone, shale, sandstone), the present installation method costs approxi
mately $100 per pole. These costs do not include the price of the pole. 
The cost of installing poles in hard rock using the waterjet technique is 
broken down as follows. 

1. Assume it is a three-man operation—that is, one man operating and 
cleaning the sites and two men placing and backfilling poles: 
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Preclean and set up 
Drill 1.22 m 
Excavate 
Place pole and backfill 
Move machine 

30 min 
30 min 
15 min 
0 min 

10 min 

Total time per installation 85 min 

2. The labor cost per installation at $15 per man hour is 

(3 X 15) X ^ = $63.75 

Operating expenses: 
Gas and oil 

Cost of moving machine/pole 
Cost of backfill material 

$ 3.50 
$ 9.50 
$12.00 

The total cost per installation using the waterjet is $88.75. 
These costs will of course vary across the continent. The relative cost 

difference between present construction methods and the waterjet methods 
should, however, remain approximately the same. These cost comparisons 
illustrate that substantial cost reductions can be achieved with high-
pressure waterjet tools. What remains to be proven is the technical and 
practical capability of waterjet tools under field conditions. 

Conclusions 

The results of this research indicate the following: 
1. Waterjetting technology has reached the stage where cutting various 

types of hard and soft rocks is a technically and economically viable appli
cation. 

2. More specifically, to the utility industry, waterjetting can impact on 
the following applications: pole and anchor hole cutting, rock trenching, 
frozen ground excavation, ice cutting, and concrete cutting. 

3. The use of waterjets for rock cutting applications could yield economic 
payoffs in the order of 20 to 50 percent over present methods. 

4. Waterjets are cleaner, safer, and generally less destructive to the 
environment than existing rock cutting or excavating tools. 

5. Waterjet systems have proven to be reliable and easy to operate in 
factory applications. 

6. Using waterjets, the productivity rates for trenching and pole-hole 
cutting are an improvement over rates achieved with conventional methods. 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Summary 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STP664-EB/Feb. 1979 

Summary 

The field of erosion encompasses a diversity of problem areas, and 
studies are initiated for a variety of reasons. The investigation of erosion 
phenomena has been motivated mainly by the appearance of a critical 
problem in a system which adversely affects the operation or minimum 
performance levels of that system. Excessive operating costs associated 
with helicopter roter blades in sandy terrains, ingestion of particulates 
into gas turbines, liquid drop erosion in steam turbines, and cavitation 
erosion of ships' propellers have stimulated a fair amount of research 
into ways of reducing or eliminating the resulting erosive damage. Thus 
erosion of materials has not been investigated in a very organized manner. 
When the erosion problem becomes severe enough, something is done 
about it; but, once the need is satisfied or the initial requirements change, 
the ongoing investigations are terminated. Specialized equipment is 
constructed and used to get one result, then abandoned; testing programs 
are initiated for screening purposes, but the types of materials evaluated 
are far-ranging and so a coherent trend within a class of materials cannot 
usually be established. This lack of a continuing effort in relation to a 
particular erosive environment or material category has resulted in a fairly 
disjointed literature. 

This trend is reflected in the contents of the four previous ASTM sympo
sia on erosion [/-4].1 The first STP on erosion [1] contained six papers 
with liquid drop, solid particle, and cavitation erosion about equally repre
sented. The contents of the next three STP's [2—4] are equally divided 
between papers on topics in liquid impingment and cavitation erosion. 
During the period covered by these three volumes (1966 to 1974), only 
one paper was included on solid particle erosion [5]. These observations 
are interesting in relation to the contents of the present STP, in which 
more than a third of the papers are devoted to solid particle erosion, fol
lowed by liquid drop erosion, with a much smaller representation of cavi
tation erosion investigations. The present volume also contains a significant 
number of papers covering waterjet technology and waterjet applications. 
These topics are included as constructive uses of controlled erosion dam
age. 

Thus it would appear on the basis of this limited sampling that a de-

1 The italic numbers in brackets refer to the list of references appended to this paper. 
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cisive shift in the problem areas of major concern has taken place over the 
past few years. This is due in part to recognition and engineering experi
ence in the magnitude of the erosion problems which will be encountered 
in coal conversion processes [6] and the need for improved mining pro
cedures using liquid jets [7]. 

The objective of an erosion investigation is an important consideration 
in the research adopted and the level of effort required. For example, the 
erosion rates for specific materials may be needed to implement semi-em
pirical correlations for design purposes; screening of state-of-the-art or 
developmental materials or both may be required in order to select the 
best material for a particular application; or a material development 
program may be required to improve the erosion resistance of a restricted 
class of materials as dictated by other engineering considerations. 

Material screening with respect to an erosive environment is represented 
in the papers by Hansen [8], Schmitt [9], and to a lesser extent in the 
papers by Gulden [10] and Barkalow et al [i/]. Many of the general mate
rial screening programs in the past were based on the use of specialized 
erosion equipment which was not readily available. Therefore a consid
erable amount of the data generated are unique to the erosive environment 
utilized for the application of interest. The ASTM G-2 Committe has been 
active in trying to standardize the test conditions for widely used erosive 
devices and, when this is not possible, to at least standardize the data 
reporting procedure. These efforts should make the data obtained have 
more general utility than would otherwise be possible. 

An important aspect of material screening, if it is to be reasonably 
independent of the laboratory conducting the tests, is characterization 
of the erosive environment. The paper by Maji and Sheldon [12] indicates 
that the initial characteristics of the solid particles used in a blast tube 
apparatus can be significantly modified in the apparatus itself before 
reaching the specimen's surface. This effect is dependent on the properites 
of the particles used, but it points out the need for detailed characteriza
tion of the erosive environment a specimen actually experiences even for a 
widely used test configuration. These effects are important with respect to 
establishing accurate correlations with the material properties of the mate
rial being tested. 

Along these same lines one notes that there is a much stronger materials 
orientation represented in this volume compared with the previous vol
umes [1-4]. More work is devoted to examining the eroding material micro
scopically and to undertaking more basic investigations of the changes 
which occur in the material as well as identification of the microstructural 
features which may contribute to the onset and development of the erosion 
damage. The work of Ives and Ruff [13] provides understanding of the 
changing character of the eroding surface of copper specimens subjected to 
solid-particle impacts. Using metallographic procedures, they were able 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SUMMARY 621 

to observe the role of particle embedding as a function of attack angle and 
length of exposure as well as the subsurface damage produced. On the basis 
of these observations a model is proposed to describe the embedding process. 
Their results emphasize the fact that the surface layer of highly ductile 
materials is transformed into a composite material as the erosion process 
proceeds, with properties which can be quite distinct from those of the 
initial material. The range of materials for which particle embedding is a 
significant effect and a quantitative evaluation of how it may influence 
the erosion rates for the initial target material require further investigation. 
The latter consideration may have important implications in attempts to 
correlate the measured erosion rates with the original thermomechanical 
properties of the target materials. 

A number of conceptual models have been used as the basis for the 
development of analytical descriptions of erosion processes. Generally these 
models do not incorporate an accurate experimentally based representation 
of the material removal process into the analytical formulation. The mode 
of material removal is simply a conjecture or is not specified at all in 
several of these analyses. Within the past few years, however, experimental 
studies pertaining to erosion mechanisms have been pursued, so a better 
indication of what is actually responsible for material removal can be 
obtained. These approaches are represented in a number of the papers 
in this volume. 

Finnic et al [14] and Hutchings [15] have provided reviews of much of 
the work on modeling solid-particle impact damage and the range of 
erosion mechanisms which have been proposed in the past. Professor 
Finnic's discourse on his modeling efforts over the past 20 years was a 
significant contribution to the symposium which was instructive to all in 
attendance. His perspectives are incorporated in the paper by Finnic et al 
[14], which explains recent extensions of his notable early contributions to 
the solid particle erosion literature. 

Hutchings [15], on the other hand, idealizes the solid particle erosion 
process in a series of clever single-particle impact experiments which can 
be used to model the mechanics of particle impacts on metallic surfaces. 
This work is quite innovative in the field of solid particle erosion and a 
much needed new approach to advance understanding of the particle/tar
get interactions, which are extremely difficult to identify for more conven
tional solid particle erosion test conditons. 

Adler and Evans [16] have constructed a reasonably complete descrip
tion of the impact process and the potential sources for the damage associ
ated with hypersonic solid-particle impacts on carbon-carbon composite 
materials. This is the first time that a number of observations derived from 
microscopic examinations of the impacted specimens, high-speed photo
graphic records of the impact event, idealized experimental conditions, 
and relevant analyses of the transient response of the target have been 
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ature erosion rate, and that the corrosive environment can also cause 
the results obtained are of limited interest, the scope of the investigative 
procedures used to obtain them is instructive as a productive methodology 
for wider-ranging problem areas in the field of particulate erosion. 

The paper by Preece and co-workers [17\ is somewhat unique in the 
field of cavitation erosion in that it examines the process by which material 
removal develops on metallographically prepared specimens of pure metals 
exposed to the cavitation field generated by an ultrasonic horn system. 
The influence of the microstructure of these metals, primarily grain size, 
on the material removal process is evaluated. An important conclusion 
from this work is that there is probably no simple correlation between bulk 
quasi-static mechanical properties and cavitation erosion resistance as was 
so often thought to be the case in the past [18]. This general conclusion— 
that any correlations between erosion resistance and material properties 
must also include the microstructural characteristics of the material and in 
some cases the surface condition—is becoming more widely recognized in 
the field of liquid drop impingement. These findings from detailed investi
gations of liquid drop and cavitation erosion mechanisms cast doubt on the 
universality of the correlations developed by Thiruvengadam [19,20] and 
Springer [21,22] based exclusively on mechanical properties of the material. 
The success of these latter approaches is that they consider a generic 
representation for a class of materials, emphasizing that a definite trend is 
established for an extensive range of materials. There are also more basic 
conceptual errors inherent in these correlations as pointed out by Adler 
[23]. Those investigators concerned with identifying actual erosion mech
anisms and trying to improve the erosion resistance of a particular material 
are looking at a much more restrictive class of materials. The work of 
Preece et al is an example, among several, which demonstrates the magni
tude of the change in the erosion rate which may result from modifications 
in the basic material. The data base is still too restricted to obtain an 
accurate quantitative estimate of how much the fabrication process, sur
face finish, microstructural features, and bulk mechanical properties can 
affect erosion resistance; however, the effect can be significant for both 
metals and nonmetals. 

Relatively little of the solid particle erosion data pertain to elevated-
temperature test conditions. However, the major impetus for the develop
ment of elevated temperature and corrosive environmental testing capa
bilities and procedures is the need for these data in the cost-effective opera
tion of coal conversion plants [6]. The work presented by Finnie et al [14], 
Tabakoff and Wakeman [24] and Barkalow et al [11] is a small sampling 
of the work which will be appearing in these areas over the next few years. 
It is seen from these preliminary studies that elevated temperatures can 
increase the erosion rate for some metals compared with the room temper-
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incorporated into a coherent picture of the crater formation process. While 
significant changes to occur, with the magnitude of the enhancement effect 
dependent on the size and properties of the erosive particles. 

The addition of elevated temperatures and corrosive environments to 
the list of test parameters which must be considered in solid particle ero
sion testing expands to unmanageable proportions the screening test ma
trix to evaluate the effects of the test conditions on the erosion rate for a 
single material. Consideration should therefore be given to the information 
required and an organized and coordinated program should be established 
as soon as possible to optimize the data collection activities which may be 
required [6]. There are several functions the ASTM G-2 Committee can 
provide for this purpose: round-robin testing for evaluating the variability 
in test results due to the test procedures in different laboratories and for 
developing a broader data base than otherwise would be possible; stan
dardization of the test reporting procedures for enhanced data interchange; 
and establishment of study groups to resolve general issues concerning a 
range of erosion/corrosion problem areas and to serve as a focal point 
for interaction among active workers in various erosion-related fields. 
Moreover, the magnitude of the erosion/corrosive conditions which may 
have to be considered warrants support for more detailed materials-orien
ted investigations for the purpose of identifying the commonality of erosion 
mechanisms and dominant material properties influencing the erosion 
rates. These investigations should provide guidance for the development of 
materials with improved erosion resistance and contribute to limiting the 
scope of the test evaluation required. 

The work of Menguturk and Sverdrup [25] illustrates the steps required 
to use erosion (and ultimately erosion/corrosion) data for practical applica
tions. A number of questionable assumptions are made in their analysis 
of particulate erosion of the blading in a gas turbine, however, in going 
through the available flow analyses and incorporating the available erosion 
data, although not completely relevant, they have demonstrated the weak
nesses in the existing erosion data base. This paper represents an example 
of how much of the work contained in the other papers on solid particle 
erosion in this STP will be utilized and provides some idea of the directions 
for improving the form these data must have to be useful for design pur
poses. 

The water drop impact damage modeling carried out by Rosenblatt et al [26] 
raises several interesting issues. For example, how well are the material 
properties controlling liquid impact damage in the subsonic regime repre
sented in these computations? How much can be learned from a computer 
modeling effort of this type for improving the erosion resistance of a specific 
material, such as zinc selenide? Is the cost of these computations, which 
increases as more of the microstructural features of the material are in-
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eluded in the computer model, justified in comparison with a more direct 
materials-oriented approach? 

Numerical analyses of particle impact have been extensively developed 
for the hypersonic velocity regime where a hydrodynamic response of the 
material is assumed. A strong interaction between the impacting particle 
and penetration of the target material takes place; the final crater dimen
sions are to be determined. At subsonic impact velocities the water drop is 
much less damaging and subtle changes occur within the target material 
governed to a large extent by its microstructure and defects in its micro-
structure. Computational representations for a polycrystalline target 
material with an average grain size on the order of to two orders of magni
tude less than the drop diameter become exceedingly complex if they are to 
simulate the microstructural features of the target, such as textural 
variations, solid inclusions, grain orientations, and grain boundary 
strengths. One therefore questions if the investigation of the contribution 
of these features to damage initiation can be more productively accomplished 
by well-conceived experiments and detailed materials characterization. 
Rosenblatt and co-workers have made a significant contribution to the 
evaluation of the spatial "and temporal distributions of pressure for a water 
drop impacting rigid or elastically deformable surfaces at subsonic velocities. 
This pressure distribution, as described in their paper [26], can be used to 
provide some idea of the temporal development of the stresses in a homog
enous and isotropic elastic body as a guide in identifying those regions 
within the target where critical stress conditions are likely to occur; how
ever, caution is advised in going beyond this basic model in that the 
novelty of the explicit computational results may overshadow the physical 
aspects of the actual fracture initiation and propagation process. Numerous 
computations can be made, but these have to be balanced against the real 
extent to which the numerical results contribute to improvement of the 
erosion resistance for a particular material. 

The foregoing perspective on the role of finite-difference models in 
subsonic water drop impact damage would not be necessary if Rosenblatt 
et al [26] did not stipulate that one objective of their work is to identify 
the mechanisms responsible for internal crack formation and propagation 
in infrared windows subjected to subsonic rain erosion. However, there 
is nothing in the paper which is directed toward this objective. The rele
vance of a numerical analysis is to describe and provide quantitative 
data for a physically observed mechanism. A considerably more detailed 
computational model would be required before a crack formation me
chanism could be identified in zinc selenide via a numerical simulation. 
The authors have not identified any mechanisms but have assumed a 
particular model and a critical crack length for their computer analysis 
of the damage due to a single water drop impacting a zinc selenide target. 
Once the model is accepted, then the sensitivity of the fracture response 
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can be computed in terms of the relatively few material parameters and 
the impact parameters entering the numerical analysis. 

It is difficult to rectify on physical grounds the nature of the crack 
patterns shown in Fig. 19 and 22 of Ref 26, especially Fig. 22. (A question 
about this was raised by N. MacMillan (p. 000) and does not appear to 
have been adequately addressed by the authors.) The cracks produced in a 
real material would be discrete with a quantity of undamaged material 
separating these cracks. The numerical results imply that a large quantity 
of material would be highly fragmented and would in essence be free to fall 
loose from the specimen. This does not seem to be the case for actual drop 
impacts at velocities below 342 m/s (1120 ft/s). The manner in which the 
failure criteria are introduced in the numerical computations and the way 
in which the stress is redistributed in the computer code once a cell is 
fractured appear questionable. The cell size may be too large for the 
fracture response which is to be described. Therefore the stated fracture 
trends for the grain size and flaw size variations have no significance until 
the fracture patterns can be properly interpreted. 

Furthermore, the final crack formations are on a scale such that com
parisons with experimental data are almost meaningless. The authors 
have been adjusting their results to compare with experimentally ob
served fracture patterns as they become available [27\. In essence, they 
are simply describing general observations and not providing directions for 
optimization of material properties for increased erosion resistance. 
Modeling the dynamic fracture response of a polycrystalline material 
and the onset of fracture in homogeneous brittle materials due to water 
drop impingement are complex problems if the computational models are 
to reflect a realistic picture of the material and its surface condition 
[28,29]. 

There are many aspects to erosion modeling. The most prominent is the 
development of a predictive model. A predictive model provides the capa
bility to prescribe the rate of material removal from a particular material 
exposed to a specified eî osive environment. Although several examples of 
semi-empirical correlations can be found in the literature [14,15] and 
several attempts to derive definitive predictive models can be cited [30,31], 
it seems doubtful that a definitive predictive model will be forthcoming in 
the near future. A predictive model implies that the erosion rates can be 
determined entirely from data independent of erosion test data. All the 
models proposed for this purpose invoke empirical correlations at some 
point in their implementation. However, computer simulations (models) 
can be helpful in obtaining quantitative information on various aspects of 
the material removal process in all fields of erosion. In contrast to the 
approach of Rosenblatt et al [26], the computer analyses should be formu
lated on the basis of materials-oriented models which characterize the 
dominant failure modes that can occur in a particular material or class of 
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materials [30,31]. With more investigators examining erosion damage on a 
microscopic scale, there is excellent potential for developing physically 
realistic computer analyses for small portions of the general erosion process. 

The papers herein pertaining to waterjets are concerned with concepts 
to improve their cutting or fragmentation capability [32—34] and with 
some of the applications for waterjets [35—37]. At the present time there 
is considerable emphasis on the development of systems for particular 
areas of application. The general approach is thus the reverse of that 
described in relation to particulate and cavitation erosion, where the 
response of the material and ways to improve its erosion resistance are of 
prime concern, since it is now the creation of a more effective erosive 
environment which is the major consideration. There is considerable 
breadth exhibited in the innovative systems for enhancing, concentrating, 
or pulsating a jet. However, the measure of its effectiveness is typically 
evaluated in terms of its gross cutting rate. To date, there does not appear 
to be any concentration of effort on just what is happening to the material 
as the jet penetrates or cuts it. Detailed investigations of the jet/material 
interaction should certainly contribute to customizing or selecting the jet 
configuration which would be most efficient for a particular material. 
Some initial evaluations along these lines were described by Vijay and 
Brierly [38]. 

There is a problem, however, in comparing one waterjet system with 
another in that criteria must be established which are acceptable to most 
workers in the field for making such a comparison. The ASTM G2 Com
mittee is presently addressing this critical issue. A second area under con
sideration is the selection of standardized materials for specifying cutting 
rates. 

In summary, there are several areas of erosion receiving attention at the 
present time which represent a change in emphasis from the recent past 
based on the contributions to this publication. The areas of current interest 
are solid particle erosion at ambient and elevated temperatures and in 
corrosive environments for metals and ceramic^, limited applications of 
liquid drop impingement primarily for nonmetallic materials for high
speed aircraft and coupled erosion/ablation of reentry vehicles, with rela
tively little activity in cavitation erosion. The background of an increasing 
number of contributors to the erosion literature is in metallurgy or mate
rials science, so basic materials investigations of erosion are becoming 
more prevalent. The identification of the damage modes in real materials 
coupled with accurate representations of the mechanics of the erosion 
process should be productive in advancing basic understanding of the 
of the erosion of materials. This general level of activity in severial erosion 
problem areas (different from the past) is once again becoming substan
tial, so the prospects for many important advances in combating the erosion 
process in certain material systems and for the development of improved 
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erosion-resistant materials are most encouraging. It is hoped these new 
investigations will be undertaken in a more organized manner than in the 
past. 

Waterjet technology is increasing at a rapid pace to meet the demands in 
the growing number of application areas for waterjets, although a sizable 
portion of the current support is connected with mining operations. 
Considerable emphasis is being placed on the development of more efficient 
waterjet systems; however, it is envisioned that once optimization of the 
general system parameters has been achieved, the material damage mecha
nisms will be considered in more depth to determine additional directions 
for improving jet operating efficiencies. The erosion process due to cavitat-
ing fields and water drop impingement may be helpful in understanding 
the damage produced in the material by various waterjet systems. 

W. F. Adler 
Effects Technology, Inc., Santa Barbara, 

Calif. 93111; editor. 
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Index 

Ablation, 392, 400 
Ablation-erosion, 400 
Abrasion test, 38 
Acoustic impedance, 104, 117, 228, 

250 
Mismatch, 294 

Carbon-carbon composites 
Cracks, 363 
Density, 347, 390 
Fiber bundle, 387 

Dimensions, 347, 369, 386, 390 
Kinking, 350, 351, 354, 355, 

357, 361, 372, 373 
Critical shear stress, 374 
Density, 357 

Matrix interface, 357, 363, 370 
Volume fraction, 393-395 

Interfiber shear, 369 
Lateral fiber bundles, 348 

Flexure, 369 
Kinking, 355, 357, 367 
Tension, 369 
Transverse shear, 369 

Longitudinal fiber bundles 
Flexure, 369 
Fragmentation, 368 
Kinking, 355, 357, 368-370 
Tension, 369 

Transverse shear, 369 
Matrix pockets, 356, 369 
Particle impact 

Crater dimensions, 368 
Cratering process, 346,351,362, 

365 ff., 621 
Erosion resistance, 368, 392 
Mass loss, 346, 351, 385, 387, 

389, 392-397, 399 
Material ranking, 385,386, 389, 

391, 395, 398, 405 
Material removal process, 346, 

368, 374 
Material removal rate, 381,383-

386, 389, 391, 392, 399, 
405 

Pressure, 363 
Porosity, 363, 369 
Processing, 394, 400 

Chemical vapor deposition, 392, 
396 

Graphitization temperature, 
396 

Impregnation cycles, 396 
Matrix materials, 392 

Unit cell, 347, 386, 392, 393, 400 
Weave, 347, 383, 384, 387, 390, 

394, 400 
Cavitation, 435 

Back pressure, 530, 532, 540, 545 
Bubbles, 431, 432, 513, 515, 525 
Cloud, 432, 448 
Dynamic stresses, 410 
Flow velocity, 530-532 
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Intensity, 454, 531, 535 
Number, 530-532, 535-538, 544-

546 
Pressure, 530, 535, 536, 541 

Vapor, 532 
Cavitation erosion, 531, 541, 548, 

562, 569, 622, 625 
Component lifetime, 409 
Mass loss, 454 

Acceleration period, 435, 448, 
450, 454 

Attenuation period, 435, 448, 
450, 454 

Incubation period, 411, 421, 
424, 427, 435, 436, 439, 
448, 450, 454 

Steady-state period, 435, 448, 
450, 454 

Mechanisms, 410, 411, 418, 419, 
422, 423, 427, 429, 435 

Rate, 410, 419, 429, 447, 535-537, 
540 

Temperature dependence, 535 
Cavitation erosion resistance, 530, 

544 
Armco iron, 437 
Body-centered cubic metals, 415 

ff., 429 
Evaluation, 434, 435 
Face-centered cubic metals, 411 

ff., 429, 430 
Hexagonal close-packed metals, 

421 ff., 429, 430 
Mechanical property correlations, 

409, 410, 430, 435, 622 
Mild steel, 437 
Nodular graphite cast iron, 437 

Cavitation erosion testing, 530, 544, 
546 

Cavitating waterjet device, 532, 
534,541,454,546 

Erosion pattern, 536 
Magnetostrictive vibratory horn, 

410, 434, 443-445, 447, 

454-456, 530, 535, 541, 
622 

Elevated temperature, 447 
Vibration amplitude, 447, 449-

451 
Vibration frequency, 444, 445, 

450, 454 
Rotating disk, 530 
Venturi, 530, 544 
Water tunnel, 436, 443, 444, 451, 

454, 530, 544 
Cleaning, 536, 582 ff., 595, 600 
Coal conversion, 34, 36, 52, 54, 148, 

149, 156, 157, 163, 165, 
190, 191, 194, 218, 219 

Column buckling, 372, 373 
Corrosion (see also Oxidation), 49, 

52, 162, 182, 449, 450, 
454, 458 

Hot, 163, 164, 166, 189, 191 
Protective scales, 164, 166, 167, 

170, 171, 173, 174, 188-
190 

Scale removal, 165 
Test, 52, 55 

Crack (see also Fracture), 282, 288 
Blunting, 119 
Circumferential, 326, 330 
Configuration, 244, 246 
Flaw size, 113-115, 117, 228, 244, 

246, 315, 624 
Distribution, 115,117,121,246, 

249 
Glass, 79, 80 
Weibull distribution, 85, 117, 

118 
Intersection, 37 
Lateral, 109, 118, 120 
Nucleation, 227, 228, 280, 422, 

424, 429, 623 
Pattern, 228, 246-249, 251-253, 

624 
Propagation, 37, 227, 228, 280, 

422, 623 
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Radial, 109, 112, 116, 118, 120 
Subsurface, 57 
Tension, 228, 235, 236, 246, 250 
Velocity, 316 

Crater 
Cavitation erosion, 411 
Liquid impact, 309 
Solid particle impact, 12, 15, 25, 

39,42,62-65,67-71,73, 
145,173,189, 349 ff. 

Waterjet erosion, 515-519 
Cratering process, 346, 621 

In carbon-carbon composites, 349, 
351, 362 

Penetration phase, 365, 367, 369, 
370, 374 

Crystalline solid 
Body-centered cubic metals, 415 

Twin boundaries, 418, 429 
Twinning, 418 
Strain-rate sensitivity, 415 

Deformation twins, 22, 25, 29, 429 
Dislocations, 22, 24, 29, 413 

Barriers, 415, 433 
Cell structure, 24 
Concentration, 29 
Density, 22, 24, 25, 30 
Distribution, 24 
Generation, 25, 109 
Motion, 24, 25, 421, 430 
Network, 57 
Pile up, 413, 415 
Source, 415 
Type, 24 

Face-centered cubic metals, 411 
Grain 

Aspect ratio, 427 
Boundary, 119, 411, 413, 418, 

419, 421, 422, 424, 429, 
432 

Boundary triple points, 113, 422 
Deformed, 29 
Orientation, 411, 422 
Size, 7, 108, 115, 228, 244, 

286-288, 295, 410, 411, 
413, 415, 419, 421, 424, 
427, 429, 430, 432, 622 

Linear intercept determina
tion, 79, 86 

Structure, 28, 294 
Guinier-Preston zone precipitates, 

49 
Hexagonal close-packed metals, 

421 
Slip density, 422 
Twin density, 422 
Twinning, 427, 529, 432, 433 

Slip, 24, 109, 413, 421, 427, 432 
Band, 244 
Density, 422 

Stacking fault energy, 24, 413, 432 
Structure, 411, 430, 443 
Twinning, 418, 427, 429, 432, 433 

Band, 244 
Boundary, 418, 429 
Deformation, 22, 25, 29 
Density, 422 

Cutting, 300, 473, 474, 480, 490, 
513, 544, 553, 554, 562, 
563, 568 ff., 586 ff., 
592 ff., 599, 600, 613-
615 

D 

Deformation {see also Target ma
terial deformation) 

Elastic, 204 
Elastic-plastic, 86, 87, 99, 102 
Plastic, 72, 89,109, 113, 118, 119, 

122, 204, 322-324, 326, 
333, 337, 429, 436, 438, 
439, 445, 452, 554 

Shear, 29, 72, 323 
Degraded strength measurement 

Hydraulic device, 299, 315, 317 
Residual strength, 310 ff. 
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Calcium aluminate glass, 314, 
315 

Soda lime glass, 312, 313 
Silicon nitride, 314, 315 

Drag bit 
Cutting process, 556, 560, 561 
Penetrating force, 554, 561 

E 

Electron channeling, 21, 24, 25 
Electron diffraction, 25, 28 
Energy consumption, 579 
Erosion-corrosion, 50, 52, 163, 165, 

167, 185, 188, 622, 623, 
625 

Exploding foil particle acceleration, 
348, 398 

Fiber reinforced composites, 320, 
321, 326-339 

Fluid dynamics 
Bernoulli's equation, 495 
Conservation of energy, 474 
Conservation of mass, 474, 476, 

496 
Conservation of momentum, 474, 

476, 496 
Equations of motion, 462 
Fluid density, 532 
Helmholtz instabilities, 471, 498, 

506 
Shear gradient, 471 
Stagnation pressure, 321, 471, 

497 
Stoke's law, 195 
Turbulent jets, theory, 494 

Fluid flow 
Boundary layer, 134, 170, 183, 

185, 204, 221, 462, 495, 
503 

Laminar to turbulent transition, 
34 

Separation, 506 
Turbulent, 134 

Choked, 471, 531 
Laminar, 134, 476, 494 
Pipe, 495 
Reynold's number, 34, 195, 196, 

495 
Separated, 531 
Turbulent, 134 

Fluctuations, 470 
Fracture (see also Crack) 

Antireflectant coatings, 290 
Auerbach's law, 86, 87, 95, 97-99 
Brittle, 78, 89, 204, 415, 422, 

429, 430, 437, 442, 445, 
447, 448 

Cleavage, 288, 419, 421, 458 
Conchoidal, 316 
Critical stress intensity factor, 

86, 104, 113, 115, 117, 
119, 120, 316, 329 

Ductile, 50, 411, 413, 429, 439, 
445, 447, 448, 458 

Ductile to brittle transition, 418, 
422, 427, 439, 443, 451, 
454, 458 

Hertzian 
Ring, 79, 85, 87, 89, 102, 113, 

117, 118, 120, 282, 286, 
288, 290, 324, 340, 373 

Test, 79, 86, 95 
Intergranular, 286 
Microfracture, 324 
Pattern, 109 
Rock, 554-557, 561 
Strength, 72, 74, 105, 113, 115, 

116, 121, 122, 293 
Dynamic, 74, 86 
Elevated temperature, 50 

Tensile, 324, 356 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



INDEX 633 

stress, 280, 293 
Test 

Four-point bend, 85 
Tension, 55 
Three-point bend, 85, 105, 113 

Toughness, 86,104,113,115,117, 
119, 120, 316, 329 

Transgranular, 286-288 
Zinc sulfide layers, 293 

Fragmentation, 563 
Friction, 64, 76 

Gas turbines, 34, 38, 102, 122-125, 
135, 163-165, 167, 190, 
191, 193, 194, 198, 200, 
209, 218-221 

H 

Hardness, 24, 65, 71, 86, 103, 117-
120 

Brinell, 143, 515 
Indentation, 32, 86, 102 
Knoop, 257 
Rockwell, 140, 514 
Test, 63, 72 
Vicker's 38, 39, 47-50, 60, 104, 

437-439, 443 
High-speed photography, 60-62, 

130-134, 137, 198, 299, 
302, 305-307, 316, 321, 
324, 334, 341, 346, 361, 
366, 554 

Hugoniot 
Equations of state, 364, 374, 375 
Pressure (see also Waterhammer 

pressure), 231, 233, 248, 
321, 363 

Indentation evaluations, 554-556, 
558, 560, 561 

Infrared transparent materials, 102, 
255, 623 

Antireflection coatings, 280, 288, 
290 

Gallium arsenide, 262 ff., 280, 
281, 289 

Zinc selenide, 262 ff., 280, 281 
Zinc sulfide, 262 ff., 280-286 

Infrared microscopy, 288 

M 

Material properties 
Acoustic impedance, 104,117, 257 
Bulk modulus, 71 
Coefficient of thermal expansion, 

71, 156, 294, 296 
Coefficient of friction, 64 
Density, 71, 107, 119, 157, 257 
Enthalpy of melting, 71 
Fracture toughness, 86, 104, 113, 

115, 117, 119, 120 
Hardness, 65, 71,86,103,117-120 
Homologous temperature, 50, 53, 

54 
Index of reflection, 288 
Interatomic bond energy, 71 
Molecular weight, 71 
Poisson's ratio, 257, 315, 323 
Porosity, 107, 109, 112, 119, 154, 

363, 369 
Specific heat, 71 
Strength, 50, 72, 74, 105, 113, 

115, 116, 121, 122, 257, 
265, 275, 536 

Thermal conductivity, 71 
Yield stress, 48, 49, 324 
Young's modulus, 71, 86, 103, 

104, 117, 257, 294, 315 
Material property measurements 

Fracture 
Four-point bend test, 85 
Three-point bend test, 85, 105, 

113 
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Hardness test, 65, 72 
Temperature, infrared pyrometer, 

150 
Tension test, 55 

Mean depth of erosion, 536 
Mean depth of penetration rate, 

381, 383-386, 389, 391, 
392, 405 

Metals 
Cold-working, 48, 49, 410 
Heat-treatment, 48, 49, 410 
Strain hardening, 48, 49, 438, 

443, 451 
Microscopy 

Infrared, 288 
Optical, 79, 105, 282, 525 
Optical, 79, 105, 282, 525 
Scanning electron, 6, 8, 11, 15-

18, 29-31, 33, 34, 42, 
48, 50, 60, 68-70, 79, 
81, 89-91, 94, 105, 110-
112, 122, 137, 143, 167, 
173, 174, 180, 348, 411, 
427, 436, 442, 447, 499, 
503, 558 

Transmission electron, 6, 8, 11, 
22-27, 29, 33, 105, 427 

Mining operations, 300, 317, 461, 
490, 512, 553, 562, 563, 
578, 579, 626 

Monroe jet, 304, 386 

N 

Nozzle 
Air-injected shroud, 463, 464,470, 

471 
Air velocity, 463, 467 

Aspirating shroud, 467, 471 
Convergent-divergent, 472 
Design, 461 
Diameter, 462, 532, 535, 545, 

568, 569, 571, 577, 579, 
581, 583, 588 

Discharge coefficient, 513, 532 
Dual-orifice, 494, 498, 499, 510 
Multiple-orifice, 494 
Nonpenetrating, 583, 593, 596 
Number, 568 
Oscillating, 601, 605, 607 
Oscillating-deep kerf, 605, 607, 

610 
Penetrating, 593 
Pressure, 473, 569, 571, 583 
Rectangular slit, 584 
Rotating, 599, 601 
Shape, 462 
Supercavitating, 531 
Supersonic, 472 
Surface erosion, 498 
Surface finish, 499, 503, 506, 

509, 511 
Type, 568 

O 

Oxidation (see also Corrosion), 50, 
52, 164-167, 171, 174, 
180, 187, 191, 219 

Erosion, 170-172, 174, 176, 179, 
180, 185, 187, 189, 191 

Photography (see High-speed photo
graphy) 

Plastic deformation (see Deforma
tion) 

Plasticity 
Flow, 25, 415, 424 
Flow pressure, 37, 40, 48, 55, 57, 

64,70 
Flow stress, 24, 48, 178 
Slip line analysis, 75, 76 

Pressure transducer, 310, 317, 496, 
497 

Profilometer trace, 43-46, 307, 309, 
324 
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R 

Radome, 102, 298, 392 
Rain erosion 

Anti-reflection coating, 288, 290-
292 

Carbon-carbon composites, 346, 
385-387, 389, 392-397, 
399, 405 

Gallium arsenide, 262, 263, 269, 
271, 275, 276, 278, 280-
281, 289 

Graphite, 389, 391 
Infrared transmission loss, 262, 

263, 276, 279, 280, 292, 
293 

Layered window constructions, 
280, 296 

Mean depth of penetration rate, 
381, 383-386, 389, 391, 
392, 405 

Zinc selenide, 262, 263, 269, 271, 
275, 276, 278, 280, 281 

Zinc sulfide, 262, 263, 269, 271, 
275, 276, 278, 280-286 

Rainfield characterization param
eters, 381, 382, 385, 399 

Reentry vehicle nosetips, 345, 385-
387, 389, 392, 400 

Rock fracture, 555, 557 
Indentation, 555-557 
Mechanism, 554, 561 
Spallation, 554 

Screening tests 
Cavitation erosion damage, 434 
Multiple water drop impact, 395 
Waterjet impact, 338 

Shear, 370 
Adiabatic, 373 
Band, 72 
Deformation, 29, 72, 323 

Stress, 324 
Transverse, 367 

Shock waves, 365, 367, 369, 373, 
374, 386 

Air, 303, 322 
Elastic precursor, 366, 374 
Hugoniot 

Equations of state, 364, 374, 
375 

Pressure, 231, 233, 248, 321 
Impedance, 322 
Pressure, 258, 432 
Rarefaction, 366, 367 
Reflection, 366 
Release wave for liquid impact, 

321, 341 
Water, 321 

Single solid particle impact, 6, 12, 
60, 103, 105, 112, 113, 
120, 621 

Contact area, 117-119 
Crater, 42, 69, 110, H I , 120, 173, 

189, 349 ff. 
Energy loss, 65, 67, 71 
Formation, 12, 145 
Lip, 15, 25, 39, 43, 62, 67, 71 

73, 173 
Profile, 43-47, 60, 76, 341 
Volume, 62-65, 67-71 

Elevated temperature, 346, 351 
357, 384 

Energy balance, 39, 83 
Equations of motion, 39, 64, 70 

Numerical computations, 64, 
66, 138, 361, 373 

Exploding foil particle accelerator, 
348, 398 

Fracture during target penetra
tion, 366 

Gas gun accelerator, 60 
Hertzian analysis 

Contact radius, 108, 109 
Indentation, 15, 22, 38, 62, 63 
Mass loss, 346, 351 
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Material crushing, 109, 366, 367 
Material ejection, 348, 361, 366, 

368, 370 
Material ranking, 398, 405 
Material removal, 14, 22, 67, 

72, 102, 349-357, 374 
Models, 5, 37, 57, 70, 83, 98, 102, 

105, 117-119, 124, 136, 
176, 179, 192, 194, 204, 
206, 210, 212, 621 

Particle-target interaction, 366-
368, 374, 375 

Plastic flow, 15, 24, 25, 37, 40, 
48, 55, 57, 64, 70, 178 

Subsurface damage, 21, 24, 341-
348 

Testing, 346 
Theory, 63-67, 70, 164 
Velocity, 346, 356 
Volume removal, 37, 38, 40-42, 

49, 50, 83, 86, 106-108, 
112, 119 

Single water drop impact 
Analytical loading model, 235 
Contact area, 236, 250 
Contact radius, 232-235, 248, 250 
Contact velocity, 232-234 
Damage on gallium arsenide, 259, 

260, 275, 277 
Damage on polymethylmethacry

late, 259, 260 
Damage on zinc selenide, 259-262, 

275, 276 
Damage on zinc sulfide, 259-262, 

275, 276 
Dynamic stresses in target, 236, 

241-245, 256, 258, 265, 
268, 271-278, 293, 294 

Finite difference computations, 
623, 624 

Crack patterns in zinc selenide, 
244, 246-254 

Elastic half-space, 235 ff. 
Rigid half-space, 229 ff., 250 

Fracture, 259-268, 275-278 

Gas gun/suspended drop arrange
ment, 299, 316, 321, 
341 

Lateral outflow jetting, 322, 324-
326, 330, 340, 341 

Rotating arm, 257-259 
Waterjet simulation, 299, 305, 

309, 316, 320, 340 
Apparatus, 300 ff., 321 
Basis for comparison, 306-310 
Damage on epoxy, 325 
Damage on polycarbonate, 322 

ff. 
Damage on polyester, 325 
Damge on polyethersulfone, 

324 
Damage on polymethymetha-

crylate, 306 ff. 
Damage on reinforced polymers, 

326 ff. 
Jet characterization, 302-306 
Stress wave generation, 303 
Velocity, 227, 228, 256, 258, 

271 
Slot cutting 

Coal, 568, 569, 571, 573, 575-577, 
579 

Kerf, 572, 593, 599, 601, 605, 
610, 612, 614 

Solid particle erosion (see also Single 
solid particle impact. 
Solid particle impacts) 

Brittle materials, 37, 78, 83, 101 
ff., 204, 205 

Brittle (deformation) mode, 6, 7, 
37, 38, 78,136,164, 178, 
194, 205-210 

Brittle to ductile transition, 80 
Coatings, 156 
Corrosion, 6, 50, 52, 163, 165, 

167, 185, 188, 622, 623, 
625 

Elevated temperature, 52 
Test, 55 

Damage enhancement, 346, 351 
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Deposition, 12,122,185,187,194, 
195, 212 

Ductile materials, 48, 52, 59, 71, 
72, 74, 78, 122, 204 

Ductile (cutting) mode, 6, 7, 15, 
29, 37, 78, 136, 164, 178, 
181, 188, 194, 205-210 

Elevated temperature, 6, 50-55, 
57, 122, 153, 164, 622 

Erosion rate {see also Particle velo
city dependence, this 
heading), 6, 8, 41, 70, 
78, 80, 120, 136, 139-
144, 147, 170, 179, 181, 
189, 192, 209, 213-217, 
220-221 

Erosion resistance, 49, 72, 74,117, 
189, 194 

Material screening, 149, 152 ff., 
620, 623 

Relative erosion factor. 
Cemented carbides, 155,157-

160 
Ceramics, 154, 157-160 
Coatings, 160-161 
Definition, 152 
Metals, 153, 157-160 

Exposure time, 78-80, 83, 89, 
95, 99, 149, 156, 167, 
181 

Finnie's model for ductile metals, 
5, 7, 57, 70, 176, 179, 
192, 621 

Hot corrosion, 163, 165, 185-
187, 191 

Protective coatings, 164, 165 
Impingement angle dependence, 

53-55, 57-59, 71, 78-
80,82,98,179-181,183, 
184, 189 

Mass loss, 11, 71, 74, 79, 80, 89, 
105, 106, 113, 140, 171, 
172, 191, 204 

Incubation period, 10, 11, 15, 
19, 42 

Steady-state period, 11, 14, 15, 
19, 24, 30 

Material ranking, 405 
Mechanisms, 6, 37, 38, 57, 59, 

60, 67, 78, 86, 89, 105, 
107, 108, 121, 143, 180, 
623 

Adiabatic shear, 39, 71, 72 
Brittle crack intersection, 83, 

89, 164 
Delamination of surface ma

terial, 49, 50 
Grain ejection, 113, 156 
Low-cycle fatigue, 49, 50 
Metal cutting analogy, 40, 49, 

53, 70, 164, 173, 176, 
178, 180, 189 

Particle fracture and fragmenta
tion, 49, 50, 137, 140 

Surface extrusion, 49, 50 
Thermal pressure, 71 
Work-hardening and embrittle-

ment, 49, 50 
Natural dust environments, 102, 

117, 120-123 
Oxidation, 170-172, 174, 176, 

179, 180, 185, 187, 189, 
191 

Particle mass dependence, 106, 
119 

Particle size dependence, 55, 78, 
79, 83, 98, 99, 106-108, 
113, 185 

Size effect, 38, 42, 74, 80, 117, 
118, 120 

Particle velocity dependence, 55, 
58, 63, 78-80, 83, 84, 89, 
95,98,106-108,113,119 

Power law relationship, 8, 10, 
78, 83, 120 

Velocity exponent, 42, 58, 65, 
67, 78, 83, 85, 88, 89, 
99, 106, 117, 118, 120, 
138, 140-142, 146, 147, 
210 
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638 EROSION: PREVENTION AND USEFUL APPLICATIONS 

Problem areas 
Bearings, 102 
Coal conversion 

Fluidized bed coal combus
tion, 34, 163, 165, 190, 
191, 194 

Gassifier cyclone, 218, 219 
Lockhoppers, 148 
Valves, 148, 149, 156, 157 

Coal-fired boilers, 123 
Coal hydrogenation, 36, 52, 54 
Gas turbines, 34, 38, 102, 122-

125, 135, 163-165, 167, 
190, 191, 193, 194, 198, 
200, 209, 218-221 

Heat exchangers, 102, 122 
Infrared transparent windows, 

102 
Radomes, 102 
Rocket nozzles, 123 

Ripple pattern, 33, 42 
Testing, 346, 620, 623 

Ambient temperature, 7, 79, 
103,123 

Apparatus 
Dynamiccombuster, 165-167, 

170,185, 186, 191 
Elevated temperature wind 

tunnel, 124 ff., 131, 134 
Rotating arm, 124 

Sand blaster, 7, 8, 79, 103, 105, 
123, 138, 140, 149, 162 

Elevated temperature, 7 
Standard, 149 

Two-stage erosion process, 38,137, 
138,140,145 

Solid particle impacts {see also Single 
solid particle impact. 
Solid particle erosion) 

Abrasive (see Shape, angular, this 
heading) 

Chemical stability, 167 
Composites, 336 
Concentration, 32, 78, 200, 212, 

213,218,220 

Debris, 139 
Density, 14, 38, 86, 118, 200, 217 
Distribution, 8, 79,168, 173 
Embedding 

Copper, 10, 14, 15, 18-21, 26, 
30, 32, 34, 620 

Model, 19, 621 
Reaction bonded silicon nitride, 

107,117,119 
Flow rate, 34, 50,124,149,168 
Fragmentation, 15, 35, 38, 49, 70, 

137, 138, 140-142, 145, 
146 

Hardness, 167,185 
Impact velocity, 14, 22, 35, 37, 50, 

60, 62, 67, 86, 103, 115, 
124, 132, 133, 137, 138, 
140, 149, 168, 169, 194, 
197,199, 204, 208 

Measurement 
Laser velocimeter, 125, 133, 

140,168,191 
Multiple flash photography, 

140 
Rotating disk method, 7, 53, 

79,103,140,149 
Impingement angle, 14,22,41,42, 

49, 60, 62, 66, 67, 131, 
137, 169, 170, 171, 192, 
204, 206-208, 212, 216, 
217 

Kinetic energy, 38, 63, 67, 71, 185 
Orientation, 76 

Rake angle, 62, 63, 66-68 
Particle velocity in gas stream 

Aerodynamic effects, 125 
Gas velocity, 103, 124, 133, 192 
Profile, 134 
Trajectory, 37,70,130,135,168, 

185, 191, 192, 194, 200, 
201 

Fluid flow calculations, 169, 
170,194 ff., 212 

Rebound characteristics, 124,125, 
131,198-200,210 
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Coefficient of restitution, 207, 
208 

Shape, 35, 42, 68, 78, 81, 86, 136, 
167, 194 

Angular, 9, 33, 35, 40-42, 59, 
60,67,69,71,72,76,79, 
85-87, 109, 118, 125, 
136 ff., 140, 165, 178, 
187 

Spherical, 35, 60, 62-64, 67, 71, 
72, 85, 86, 136 ff., 147 

Square plates, 60, 62, 63 
Size, 38, 42, 50, 81, 86, 88, 103, 

105, 115, 124, 134, 137, 
138,194 

Strength, 50 
Temperature, 194 
Type 

Hard, 59, 67 
Rigid, 38, 39, 55, 59, 65 

Solid particle materials 
Aluminum oxide, 8,14,15, 28, 34, 

52, 79,80, 83-85, 88, 90-
97, 149, 152, 167, 168, 
173 ff. 

Cast iron, 83 
Coal ash, 148, 163-165, 191, 193, 

198, 200, 204, 210, 212, 
214, 215, 220, 221 

Coal char, 198 
Dolomite, 200-202, 210, 212, 217 
Glass, 60, 68, 69, 83, 88, 346, 348, 

368, 374, 375 
Ice, 368, 398, 399 
Magnesium oxide, 167, 184, 185, 

187 
Nylon, 346, 350, 368, 374, 375 
Quartz, 60, 68-70, 72, 83, 85,103, 

104, 106, 107, 109-111, 
117, 118,120,121,198 

Rigid, 363, 368 
Salt, 165, 172,185 
Sand,590 
Silicon carbide, 43-46, 52, 57, 60, 

68, 70, 83, 85, 88, 89, 

101, 103, 104, 106, 107, 
109, 110, 117, 118, 122, 
133, 210, 212, 213, 218, 
220, 221 

Sorbent, 164,165,191,220 
Steel, 60, 64, 83, 85, 88, 89, 138, 

139,141-145 
Sound speed 

Water, 232-235 
Waterhammer pressure, 306, 309, 

310, 316, 317, 322, 341 
Strain 

Elastic, 65 
Hardening, 48, 49 
Plane, 57, 60, 62, 71, 75 
Plastic, 21,22,65 
Rate, 48, 50, 65, 72, 74, 323, 325, 

410, 415, 418, 421, 422, 
425, 427, 430 

Stress waves, 365 
Acoustic impedance, 104,117,228, 

250 
Mismatch, 294 

Amplitude, 316 
Attenuation, 336, 337, 363 
Dilatational, 294 
Dispersion, 363 
Duration, 316, 328 
Elastic-plastic, 366, 373, 374 

Fiber bundles as wave guides, 
365 

In polymethylmethacrylate, 303 
Preferred directions in fiber rein

forcements, 328 
Rayleigh, 247, 315, 325 
Shear, 247, 294 
Velocity, 257, 430 

Stress wave interactions 
Flaws, 293, 315 
Surface scratches, 325 

Submerged cables and pipelines, 582, 
592, 594-596,599 

Surface rippling, 33, 42, 326 
Surface roughness, 34, 35, 405, 444, 

445, 499, 503, 506 
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Target material deformation 
Catering 

Cavitation erosion, 411 
Liquid impact, 309 
Solid particle impact, 12,15,25, 

39,42,62-65,67-71,73, 
145,173, 189, 349 ff. 

Waterjet erosion, 515-519 
Crushing, 109, 366, 367 
Cutting, 39-41, 47-49, 53, 60, 62, 

63 
Typel,62,63, 67, 68, 70-74 
TypeII,62,63,66-68, 70, 74 

Elastic, 204 
Elastic-plastic, 86, 87, 99,102 
Penetration, 365, 367, 369, 370, 

374 
Plastic, 72, 89,109, 113, 118, 119, 

122, 204, 322-324, 326, 
333, 337, 429, 436, 438, 
439, 445, 452, 554 

Plowing, 15, 39, 60, 62, 63, 67, 68, 
70, 71, 73-75 

Shear, 29, 72, 323, 367, 373 
Subsurface, 21, 24, 70,105 

Target materials 
Cavitation erosion 

Aluminum, 411, 443, 445, 447 
Armco iron, 436-439, 442, 443, 

458 
Brass, 443, 451 

Copper-30 zinc, 410,411,413, 
421,429,432,433 

Cast iron, 443,445,448,451,458 
Cobalt, 410, 424, 429, 430, 432, 

433 
Copper, 411 
Iron, 410, 415, 418, 424, 427, 

429,430 
Mild steel, 436-439, 443, 458 
Monel metal, 435 
Nickel, 410, 411, 429, 430 
Nodular graphite cast iron 

(NGCI), 436-438, 443, 
445, 456, 458 

Hypervelocity particle impacts 
Carbon-carbon composites, 345, 

346, 348, 364 ff. 
Graphite, 381, 382, 385, 386, 

389 
Material properties, 104, 157-161, 

257, 410, 430, 457 
Solid particle impact 

Aluminum 
1100-0,41,43-46,48,50,51, 

53-55, 57,178 
A1-4.75CU Alloy, 49 
Alloy, 56 
2024, 52,132, 198 
6061-T6,138-145 

Aluminum oxide, 154,178 
Aluminum oxide, glass bonded, 

101, 104, 105, 107, 112, 
114, 117, 119-121 

Beryllium copper, 52 
Boron carbide, 153,156 
Boron nitride, 154, 156 
CoCrAlY, 167, 171, 179, 180, 

184 
Copper, 6, 8, 10, 21, 25, 28, 34 

Annealed, 47 
Diamond, 154 
Glass, Pyrex, 77-80, 85, 90-98 
Haynes 188, 167, 179 
IN MA-754, 167, 171, 186, 187 
IN738, 166, 174, 177, 179, 186, 

187 
IN738, aluminide coated, 167, 

171,180,186,187 
Magnesium fluoride, 101, 104, 

106, 107, 109, 110, US-
n o 

Molybdenum, 152,156,157 
Nickel 

Alloy, 52 
Cobalt alloy, 210, 220 
Electrolytic, 156 
INCO 718,132 
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Silicon carbide, 153,156 
Silicon nitride, 52,101,122,154, 

156 
Hot-pressed, 102, 104-107, 

109-114, 117-121, 167, 
171, 184,186-188 

Reaction-bonded, 102, 104-
107, 109, 111, 113, 114, 
119-121 

Steel, 25, 52, 57 
AISI1075, 49 
410 stainless, 52 
Low carbon, 60, 67, 69, 71, 72 
17-7PH, 52 
Type 304 stainless, 165, 210 
Type 310 stainless, 52-55, 57, 

165 
Stellite, 148, 152,153 
Titanium alloy, 52 

Ti-6A1-4V, 52,132 
Titanium carbide nitride, 156 
Titanium diboride, 156, 157 
Tungsten, 152,156,157 
Tungsten carbide, 154, 156, 157 
Udimet 710, 210 
X40,167, 179, 186,187 
Yttria stabilized zirconium 

oxide, 167 
Water drops 

Gallium arsenide, 255-257, 
259, 262 

Polymethylmethacrylate, 256 
Zincselenide, 228,240,246,247, 

250, 255-257, 259-262, 
340 

Zinc sulfide, 255-257, 259-263 
Water jet simulation of single water 

drop impacts 
Aluminum, 306 
Fiber-reinforced thermoplastic 

polymers, 320, 331 ff., 
334 

Fiber-reinforced thermosetting 
polymers, 320, 326, 330, 
331,334 

Glass, 306 
Calcium aluminate, 314, 315 
Soda lime, 312, 313, 315 

Polymethylmethacrylate, 302, 
306-308, 340 

Silicon nitride, 312, 314 
Thermoplastic polymers, 320 

Polycarbonate, 322 ff., 339 
Polyethersulfone, 324, 339 

Thermosetting polymers, 320 
Epoxy resins, 325, 335, 339 
Polyester, 325, 335, 339 

Waterjets 
Aluminum, 485, 514, 535, 536, 

538 
Brass, 514 
Coal, 563, 565, 568, 572 
Concrete, reinforced, 592, 593 
Copper, cold-rolled annealed, 

514,515 
Granite pegmatite, 600 
Granite-quartz, 600 
Lead,515,525 
Limestone, 600 
Norite, 556, 558, 560 
Polymethylmethacrylate, 536 
Quartz, biotite, 600 
Quartsite, 600 

Witwatersrand, 554,556,558, 
560 

Sandstone, 600 
Berea, 488, 490 

Steel, 536, 541, 583 
HY80, 591 
1020,588 

Tunneling, 512, 553 
Advantages of waterjets, 600 

U 

Underwater jet operations 
Concrete removal from pipelines, 

582, 584, 592 ff., 596 
Economics, 585, 592, 593 

Copyright by ASTM Int'l (all rights reserved); Sun Jan  3 19:18:57 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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Metal cutting, 583, 586 ff., 596 
Ship hull cleaning, 584 ff., 595 

Utility construction, 598 
Advantages of waterjets, 615 

Environmental impact, 613 
Pollution control, 613 

Construction costs, 598 
Economics, 600,601,607,613-615 
Operational requirements, 600-

605, 607-610,613 
Waterjet applications, 598 ff. 

Velocity exponent, 42, 58, 65, 67, 78, 
83, 88, 89, 99, 106, 117, 
118, 120, 138, 140-142, 
146, 147, 210, 385, 397, 
405 

Vena contracta, 515 

W 

Water drop impact (see Rain erosion. 
Single water drop impact) 

Water drop impact testing, 257, 280 
Ballistic range, 299, 316, 321, 341, 

346, 398, 399 
Rocket sled, 378, 389, 397, 398 
Rotating arm, 257, 281 
Waterjet simulation, 299, 309, 

316,321,341 
Water drops, 346, 350, 368, 374, 375 

Diameter, 256, 258, 307, 308, 381, 
431 

Formed in waterjets, 515,525 
Waterhammer pressure (see also 

Hugoniot pressure), 306, 
309, 310, 316, 317, 322, 
341 

Waterjet 
Abrasive injection, 583, 588-590, 

592, 596 

Analysis, 474 ff. 
Applications 

Borehole mining of coal, 461, 
490 

Cleaning, 563, 582, 583, 600 
Preferential, 582 
Ship hull, 584 ff., 595 

Cutting, 473,474,480,513,544, 
553, 554, 562, 563, 583 

Asphalt, 599 
Coal, 568, 574, 578, 579, 581 

Bedding planes, 568, 571 
Overburden pressure, 565 
Slot, 568, 569, 571, 573, 

575-577, 579 
Concrete, 592 ff., 596, 599, 

600, 615 
Ice, 599, 615 
Metal, 586ff., 596 
Rock, 300, 490, 598-600, 

613-615 
Drag bit cutting augmentation, 

553, 560,561 
Drilling, 562, 563 

Utility pole holes, 597, 599-
602, 610, 612, 615 

Frozen soil excavation, 599, 615 
Heat-exchanger descaling, 582 
Mining, 300, 317, 512,553,562, 

563, 578, 579, 626 
Trenching, 582, 597, 599-602, 

612,615 
Tunneling, 512, 553, 600 
Uranium mining, 341 

Breakup length, 462,464,467,470, 
471, 482, 509, 510, 515 

Cavitating, 513,525,529,532,536, 
549, 562, 563, 566, 569, 
572-577, 579, 581 

Coherent, 553 
Continuous, 318, 319, 342, 462, 

485 
Cutting effectiveness, 462, 570, 

588, 503,509 
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Cutting efficiency, 
Rate of area cutting, 568, 575, 

576, 579 
Rate of volume removal, 568, 

571,573,578,579 
Kerfmg effectiveness, 568, 571, 

576, 577, 579 
Volume removal effectiveness, 

568, 577, 579 
Cutting rate, 583,612 
Damage efficiency evaluation, 513, 

520 
Diameter, 495 
Dual orifice, 493, 496, 503, 506, 

509,510 
Erosion augmentation, 513, 592, 

625 
Evaluations, 463 
Flow pattern, 535 
Flow rate, 568, 581 
Fluid additives, 583, 589, 591, 

592, 596 
Fluid properties, 462 
Impingement angle, 568, 569, 579 
Interacting (jet accumulation), 

474, 488, 490 
Coanda effect, 490 
Primary jet, 476, 480, 484, 486, 

488 
Secondaryjet, 474,476,479-481 

Kinetic energy, 479-481, 484, 485 
Lateral outflow jetting, 515, 536 
Mass loss 

Duration, 529 

Erosion damage, 515, 521-528, 
531,536,537,584,585 

Incubation period, 537 
Material fragmentation, 461, 470 
Mechanical cutting augmentation, 

599,601,605,607 
Noncavitating, 513,525, 563, 574-

576, 578, 579, 581 
Operating pressure, 461, 462 
Penetration, target materials, 525, 

529,536 
Pressureprofile, 474,494,497,498, 

509 
Pulsating, 562 
Stagnation region, 536, 563 
Standoff distance, 461, 467, 470, 

474, 515, 525, 529, 532, 
535, 536, 540, 541, 545, 
549, 563, 568, 569, 583, 
590, 607 

Submerged, 513, 531, 590 
Surface shear stress, 470 
Test facility, 563,564 
Translation velocity, 568,569,571, 

575, 579 
Turbulent, 563 
Underwater operations 

Concrete weight removal, 592 ff., 
596 

Metal cutting, 586 ff., 596 
Ship hull cleaning, 584 ff., 595 

Velocity, 464, 480, 538, 544 
Augmentation, 480, 486, 490, 

491 
Profile, 474, 482, 494-496, 510 
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