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Foreword 

The symposium on Erosion, Wear, and Interfaces with Corrosion was 
presented at the Seventy-sixth Annual Meeting of the American Society 
for Testing and Materials held in Philadelphia, Pa., 24-29 June 1973. 
Committee G-2 on Erosion and Wear sponsored the symposium. A. 
Thiruvengadam, The Catholic University of America, presided as 
symposium chairman. 
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Introduction 

This symposium was the fourth on the subject of erosion to be sponsored 
by ASTM, the first three having been held in 1961, 1966, and 1969, 
respectively. These symposia have contributed to the establishment of a 
common forum for scientists and engineers working in the areas of 
cavitation and impingement erosion and wear of materials. Specifically, 
attention was focused on understanding the interfaces of these problems 
with corrosion. D. H. Kallas, through his many years of experience in 
the field of marine corrosion-erosion problems, was able to set the theme 
of the symposium in his introductory papers. Erosion-corrosion problems 
were dealt with in detail in several papers presented, and metallographic 
studies of the basic mechanism of material deformation and fracture were 
also reported. 

A new model for rain erosion phenomena was presented. Also, erosion 
of nonmetallics received considerable attention. The effects of fatigue, 
dynamic recovery, and failure mechanisms of some rain erosion-resistant 
coatings were discussed. Solid particle erosion of glassy materials was 
presented, as well as the wear characteristics of plasma-deposited alumi- 
num bronze. Many new findings that could be used in practical applica- 
tions were highlighted during the discussions that followed the presentation 
of each paper, and these also are recorded in this volume. 

It was highly encouraging to note the international response to this 
symposium, which has contributed greatly to the promotion of knowledge 
in the area of erosion and wear of materials in corrosive environments. 

A. Thiruvengadam 

Professor of Mechanical Engineering, 
The Catholic University of America, 
Washington, D. C. 20017. 

Copyright�9 1974 by ASTM Intemational www.astm.org 



Erosion, Wear, and Interfaces 
with Corrosion 



D. H. Kallas 1 

Corrosion, Wear, and Erosion--An Ancient 
Art and a Modern Science 

REFERENCE: Kallas, D. H., "Corrosion, Wear, and Erosion-An Ancient 
Art and a Modern Science," Erosion, Wear, and Inter/aces with Cor- 
rosion, ASTM STP 567, American Society for Testing and Materials, 1974, 
pp. 5-17. 

ABSTRACT: A thorough historical review of corrosion, erosion, and wear 
is given along with a study of the state of the art with a view to how the 
interdisciplining ~tlbproach is attempting to unify opinions on the mecha- 
nism of damage. This is followed by some thoughts on areas for future 
research and development. The paper concludes by speculating on how 
the knowledge gained can impact on our material resources, the environ- 
ment, and the quality of life. 

KEY WOBDS: corrosion, erosion, wear, mechanical properties, electro- 
chemical corrosion, damage 

The destructive agents which cause deterioration of engineering ma- 
terials can be roughly classified into mechanical and chemical modes. 
Our technology abounds with examples of material failure caused by one 
or the other agent. For example, mechanical destruction is the end point 
of a process of elastic or plastic deformation. Common examples are fail- 
ure of a propeller shaft, the breaking of a winch cable, the collapsing of 
a ring stiffener of a submarine hull. Although these gross failures remove 
valuable components from systems and cause significant economic and 
human problems in terms of downtime and possible injury, the failed 
material is frequently recoverable in terms of repair or rework. In more 
subtle situations the mechanical destruction is gradual such as the wear 
in bearings and engine parts or gouging or roughening of propellers and 
hydrofoils. Such processes are generally defined as erosion or wear phe- 
nomena, derived from the Latin--erodere--to gnaw out. Materials also 

i Technical director, Bradford Computer & Systems, Inc., Rockville Division, 
Rockville, Md. 20852. 

Copyright�9 1974 by ASTM Intemational www.astm.org 



6 EROSION, WEAR, AND INTERFACES WITH CORROSION 

can be gradually destroyed by the chemical action of the environment, by 
an irreversible conversion to a new substance having markedly different 
properties from the original such as the rusting of steel to produce iron 
oxide, the dissolution of zinc anodes in galvanically protecting a ship 
ballast tank, the oxidation of rubber by ozone to produce embrittlement 
by altering the polymer chain structure, or the biodegradation of fabrics 
by fungi and molds. The physicochemical destruction of materials (most 
frequently by liquid or gases) is termed corrosion, again from the Lat in--  
corrodere--to gnaw away. 

The interaction of corrosion with erosion and wear processes combines 
in many subtle ways to affect the rate of destruction of materials. This 
elusive mechanical-chemical interface has challenged the minds of many 
for decades and only within the past generation are we able to under- 
stand the interplay between these agents as they affect the behavior of 
materials in dynamic environments of the ocean, Arctic, space, and vari- 
ous atmospheres. The focus of this volume is to understand the mecha- 
nisms operating at the interface between erosion and corrosion of ma- 
terials in order to be able to design systems exposed to the combined, 
often synergistic, interaction of corrosion processes with erosion and wear 
processes. Many examples of corrosion-mechanical interaction have been 
investigated. Some will be reviewed in historical perspective, which give 
insight into scope, differentiation, and severity of these combined, super- 
imposed processes. Cavitation erosion on propellers is a classical example 
of the destructive interaction of mechanical implosion of vapor bubbles 
with the corrosive environment of the sea. Other examples of impinge- 
ment phenomena are: the destructive action of raindrops on aircraft wings 
and radomes; the steam erosion of turbine blades; the sand, dirt, and ice 
abrasion of skirt systems on surface effect vehicles; and the impingement 
of mierometeorites on space vehicles. Wear, caused by rubbing, sliding, or 
rolling contact materials on each other in liquid or gaseous environments 
produce galling, fretting, and surface cracking, actions which are accel- 
erated by the corrosive influence. 

I would like to amplify the subject of my remarks from four aspects: 
1. Historical review of corrosion and erosion as independent 

phenomena. 
2. State of the art on how the interdisciplinary approach is attempting 

to unify what were formerly divergent views on the mechanism of 
destruction. 

3. The areas of research and development that should be pursued 
in the future. 

4. Speculation on how the knowledge gained will impact on the quality 
of life for generations to come. 
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Historical Review 

My long-term association in the cavitation-erosion field during my 30- 
year stint with the U. S. Naval Applied Science Laboratory and the U. S. 
Naval Ship Research and Development Center has afforded me the happy 
experience of participating with many key investigators in the resolution 
of controversies arising from the influence of corrosion on cavitation- 
erosion damage of materials. Much progress has been made in under- 
standing the contribution of chemical processes acting in concert with 
mechanical forces causing damage to materials. 

From ancient times, steel armor and weapons were polished, bronzed, 
and embossed with noble metals not only to improve appearance but to 
prevent corrosion. The Greek historian Herodotus (5th century BC) and 
the Roman nationalist Pliny the Elder (lst century BC) both mention 
the adoption of tin for the protection of iron against corrosion--the fore- 
runner of cladding, plating, and hot dip fused metal coatings. Alchemists 
throughout the centuries made inadvertent contributions through their 
futile attempts to convert base metals into noble metals, that is, into 
metals having outstanding corrosion-resistant properties. 

By the dawn of the industrial revolution in the 18th century, the 
accumulated requirements of rapidly developing industries gave impetus 
to scientific inquiry into corrosion, erosion, and wear. 

Without attempting a critical review of every important investigation, 
it will suffice for purposes of this paper to touch on highlights of scientific 
discoveries leading up to the serious study of interaction of corrosion with 
erosion and wear phenomena. The recognition of cavitation phenomena, 
which strangely enough preceded the serious corrosion inquiry, is at- 
tributed to Euler in 1794. However, the term "cavitation" was coined 
later by Froude in 1895 during an investigation of a British destroyer 
which failed to meet its design speed[I], z Lord Rayleigh in 191712] 
postulated that for a symmetrical cavity and incompressible fluid, the 
bubble collapse pressure approaches infinity. Later, this concept was 
modified by others who recognized that cavities do not collapse sym- 
metrically and that real fluids are contaminated with compressible 
gases[3-9]. 

We are all familiar with the asymmetric bubble collapse photographs 
of Ellis and Naude[3] and Benjamin and Ellis[10] which showed the 
existence of jets and led to jet impact theories further developed by Eisen- 
berg[l/], Tulin[12], and others. The historical development of the nature 

'~The italic numbers in brackets refer to the list of references appended to this 
paper. 
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and mechanism of cavitation damage was amply reviewed by Eisenberg 
et a1114,15] for example, as well as many others; and erosion by liquid 
impingement by Heymann[16] and many others too numerous to men- 
tion here. 

Turning to corrosion phenomena, the earliest scientific contribution is 
credited to Lomonsov[17] in 1756, who showed tthat heated metals in- 
crease their weight only in air and not in a vacuum. Lavoisier[181 in 1773 
repeated these experimenl~s and proved that the oxidation of a metal is 
the chemical union of the metal with oxygen from the air. In 1790 
Keir[19] described in detail the passivation of steel in nitric acid. Hall 
(1819) established the fact that iron does not rust in the absence of 
oxygen. Cathodic protection dates back to 1824 when Sir Humphrey 
Davy[20] proposed an electrochemical method using zinc or steel pro- 
tectors for halting corrosion of hulls sheathed with impure copper. Un- 
fortunately, his experiments were ultimately abandoned when it was dis- 
covered that the antifouling properties of copper ceased when its corro- 
sion was stopped. De La Rive[21] (1830), in his work on zinc in sul- 
phuric acid, developed the concept of the electrochemical nature of cor- 
rosion. In 1833, Faraday[22] established the relationship between the 
quantity of electricity passing through a solution and the amount of metal 
deposited or gases liberated at the electrodes. In 1847, Adie[23] showed 
the existence of a corrosion current on iron surfaces having a difference of 
accessibility to oxygen in a flowing stream. The establishment of the 
"Periodic Law" by Mendeleev in 1869 was significant in evaluating and 
classifying corrosion characteristics of different metals. 

Edison[24] recognized the corrosion problem confronting the steel ship 
industry, and designed a cathodic protection system in 1890 using a trail- 
ing graphite anode. Whitney[25] (1903) proposed an electrochemical ex- 
planation for the corrosion of iron in water, which was substantiated by 
other investigators such as Evans[26| in England. 

Hoar[27] in 1931 and Mears and Brown[28] in 1938 advanced the 
theory of cathodic protection by establishing criteria for achieving com- 
plete corrosion protection. From that time many investigators have stud- 
ied the role of polarization and current distribution in cathodic protec- 
tion[29-32]. In recent years, some excellent books have been published 
on corrosion and cathodic protection which embody the discoveries and 
advances to date[33--42]. 

The science of wear has a similar long history which matured side by 
side with corrosion and erosion technology. Suffice it to say that since 
the dawn of the nuclear and space age in the 1940's, the phenomenon of 
wear and its sister fields of friction and lubrication has resulted in the 
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establishment of an international journal devoted entirely to these sub- 
ject matters. 

The progress toward clarifying the mechanisms of elusive chemical/me- 
chanical interactions responsible for the rate and severity of this material 
degradation is briefly reviewed in the following. 

State of the Art: Corrosion Intedace With Erosion and Wear 

In my personal experience with cavitation damage phenomena, I have 
observed and participated in the controversies which seem to rage peren- 
nially as to whether the mechanism of damage to a material is chemical 
corrosion or mechanical erosion or both. To this end, Fottinger[43] dam- 
aged glass venturi tubes with cavitation in cold water. The general con- 
clusion today is that the basic damage is mechanical in nature, and failure 
by fatigue for ductile materials predominates at least the initial stages of 
erosion. Thus several researchers began to correlate material properties 
with damage behavior; namely, Kerr[44] Mousson[45], Nowotny[461, and 
Rheingans[47], and Leith[48]. They tend to agree on the mechanism that 
a material undergoes, that is, plastic deformation, under the impacts of 
bubble collapse, depending on its hardness or yield properties or some 
other physical parameter, which results in fatigue and erosion. What they 
do not agree on is the material parameter governing the resistance to ero- 
sion. Even today this dispute still continues. Properties such as yield 
strength, ultimate strength, ultimate elongation, Brinell hardness, and 
modulus of elasticity have been suggested as the controlling parameter, 
besides some other exotic combinations of these properties. Thiruven- 
gadam[49] proposed strain energy to fracture as the parameter that pro- 
vides the highest degree of correlation of material response to cavitation 
attack. This definition of erosion strength is gaining wide acceptance as the 
best means of correlating materials, but it is Still far short of being a 
universal solution. 

However, there are still those who believe that corrosion has a large 
part in the damage mechanism. The belief that the mechanisms is pri- 
marily electrochemical in nature--damage being caused by galvanic cor- 
rosion as a result of non-uniform stresses in the metal, oxygen concen- 
tration cells, or ion-concentration cells--is referenced by Wheeler[50] 
and Petracchi[51]. 

Ramsay[52], besides being the first to notice cavitation on propellers, 
first suggested that cavitation erosion was not mechanical but electrolytic 
corrosion occurring at the strain-hardened indentations caused by bubble 
collapse. In 1919, Parsons and Cook[53] found that in seawater, when 
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iron was eroded, iron hydroxide was produced, whereas in alcohol, pure 
iron particles were found. He said nevertheless that the mechanism was 
mostly mechanical but that the" results of his own tests did not eliminate 
the corrosive influence. Beeching[54] found definite indications of corrosion 
during accelerated cavitation and concluded that the corrosion attack 
accelerates the mechanical erosion. Evans[55], like many others, be- 
lieved that cavitation erosion is at most a conjoint action of mechanical- 
chemical effects. The normally protective oxide film on the material is 
continuously torn off by collapsing bubbles, so the chemical attack con- 
tinues unabated at the same rapid rate. This is closest to the present think- 
ing by many observers of the extent of corrosion in the damage process. 
Eisenberg et al[14] emphasize that many theories on corrosion are not in 
conflict with the mechanical model of cavitation. The main point to re- 
member is the intensity of cavitation damage in which these phenomena 
take place. Since the mechanical intensity of erosion is supposedly much 
greater than the intensity of corrosion, the proposed corrosion theories 
might only account for a small percentage of total damage. Eisenberg 
also points out that the conioint action of mechanical and electrochemical 
effects, with an accelerated attack rate, is common in corrosion fatigue, 
stress-corrosion cracking, jet impingement, velocity corrosion, sand abra- 
sion, fretting corrosion, and wire drawing, for instance. 

Another school of thought centers around the idea of thermogalvanie 
effects. Krenn[56] believes that high momentary temperatures attributed 
to the collapsing bubbles and the compression of the contained gas, or 
high temperatures associated with instantaneous stressing of the metal at 
the point of bubble collapse, cause the flow of corrosive current. Both 
Foltyn[57] and Nechleba[58], however, use a more rational approach, 
saying that the bubbles cause local heating that in turn creates a tem- 
perature gradient between the heated area and the surrounding metal 
which then causes an electric current to flow. 

Both Wheeler[50] and Petracchi[51] propose a theory of strain-pro- 
duced anodic corrosion. They believe that the strained portions of a 
metal, similar to corrosion fatigue, are electrochemically unstable and 
anodic areas are created. The anodic areas next to the undisturbed metal 
will have electrolytic corrosion if in contact with an electrolyte, and cor- 
rosion will continue until polarization prevents further flow of current or 
until the anodic areas are etched away. Thus they conclude that an an- 
nealed specimen subjected to repeat plastic deformation with the formation 
of associated strain centers will act as a cold-worked material. For iron 
that is cold-worked, the solution rate is much greater than for an- 
nealed iron. 

Petracchi further explains in the cavitation process the liquid detaches 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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and then impinges on the surface, creating vacuum pockets with their 
associated liberation of gases. Thus there is a system of microcells with 
local corrosion set up by the turbulent action of the cavitation. He con- 
cludes that cavitation is not initially destructive because of mechanical 
stresses, but only from the stresses that arise in connection with corrosion. 

Ffield, Mosher, and O'Neil[59] note that many materials such as 
bronzes in water form a protective film that under r influence 
would rupture, exposing bare metal. Corrosion would proceed at a high 
rate owing to the favorable cathode-anode area relationships. However, 
this theory can be put into perspective by the explanations advanced by 
Preiser and Tytell[60]. They postulate three zones of cavitation erosion: 
cavitation deformation or fracture; cavitation fatigue; and cavitation cor- 
rosion, depending on the intensity of cavitation. In the first zone, with 
intensities found in most accelerated laboratory test apparatus, there would 
be no corrosion effects as the ratio of cavitation to corrosion intensity is 
so high, and thus the time scale of corrosion is too short. For the second 
zone, the forces are below the yield strength of many materials tested, 
unlike forces in the first zone where there was much plastic deformation. 
Owing to the lower cavitation intensities, the time scale of corrosion is 
longer and thus corrosion could exhibit some in,fluence on damage. It is 
in this zone that Preiser and Tyteil conducted their experiments on rotat- 
ing propellers. For the last case the cavitation forces are assumed to 
destroy only the material protective films and to remove any corrosive 
products. Thus the film rupture scheme of Ffield et al is in the third zone, 
and, as such, is lower in magnitude than many actual experimental and 
field intensities. 

Another interesting hypothesis is put forth by Shal'nev[61], called the 
"interracial potential fluctuations theory." His observations of cast iron 
in seawater lead to the theory that the rapid movement of the liquid vapor 
interface across the surface of the metal during cavitation results in mo- 
mentary electrode potentials capable of causing corrosion hundreds to 
thousands of times stronger than that caused by an unbroken contact 
between the metal and electrolyte. 

Besides these theories, similar theories related to high temperatures pro- 
duced in cavitation, as in the thermogalvanic theory, have been proposed 
but only to explain some concurrent chemical activity. Also, cathodic 
protection experiments were conducted by Plesset[67], Preiser and Ty- 
tell[60], and Wheeler[50] among others, which conclusively showed that 
this protection substantially reduced the corrosion influence in the overall 
attack. 

Leith and Thompson[63], studying the action of corrosion on acceler- 
ated cavitation of diesel cylinder liners and hydraulic turbines on a mag- 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



12 EROSION, WEAR, AND INTERFACES WITH CORROSION 

netostriction apparatus, demonstrated how both corrosion and erosion 
are affected by various metal properties and liquid characteristics. Licht- 
man et ai[65], likewise using a magnetostriction device plus a piezo- 
electric apparatus and a rotating disk apparatus, studied damage as the 
pressure and velocity varied. They also studied numerous ships and con- 
cluded that cavity collapse is the prime cause of damage only on the 
propellers. Damage to the struts, rudders, and other'appendages was due 
to corrosion aggravated by mechanical scour. Also, they concluded that 
the lowest-velocity laboratory test was higher than the service velocities 
of naval ships and thus the damage to be seen in the field was corrosion 
primarily accelerated by turbulence from the cavitation region. 

Waring et a1166] studied in detail the effect of corrosion on SAE 1020 
medium steel and 1100-F aluminum using a vibratory device, polarization 
measurements, and the pulsing technique of Plesset[67]. Briefly, the 
pulsing technique applies cavitation in an intermittent manner. For the 
remaining interval, the material is immersed in seawater. For corrosion- 
sensitive materials only did the damage rate increase in this manner. 
Waring's findings showed that aluminum was unaffected by seawater in 
any type of test, but that steel had three times the damage rate in sea- 
water than in distilled water. This was attributed to the deterioration of 
the mechanical properties in a corrosive environment. 

Thus the general opinion to date is that cavitation erosion is a me- 
chanical process and can be accelerated by corrosion or any other 
parameter such as temperature or pressure. It is believed that the main 
effect of corrosion is in weakening the properties of a material and 
rendering it more susceptible to erosion. The only area in which corrosion 
is believed to exert a strong influence is at low intensities of cavitation, 
as in Eisenberg et al[14], Petracchi[51], Wheeler[50], Lichtman and 
Weingram[68] and Thiruvengadam[69]. 

McGuiness[70], in developing a cavitation erosion-corrosion modeling 
law, concluded that for corrosion-sensitive systems, such as steels in sea- 
water, the present modeling law of Thiruvengadam[62] is altered, with 
greater damage associated with the corrosive systems. The percent changes 
in the modeling law for such systems increase with increasing erosion 
intensity. 

Future Research and Development 

It is apparent from this review that much progress has been made 
toward understanding the interaction of chemical and mechanical forces 
on the destruction of materials. From this knowledge comes means and 
methods of preventing such damage from occurring, through the use of 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
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resistant materials, overlays and protective coatings, cathodic and anodic 
protection, and inhibitors. Schemes for gas cushioning by air injection 
or electrolytic gas generation have been proposed and used successfully. 
Methods of design to control input parameters leading to cavitation are 
being explored but are not fully developed. 

I believe that fruitful endeavor will come from investigating the nature 
of the fatigue process in corrosive environments for correlation with 
repetitive cycling phenomena of cavitation and wear. 

Development of modeling technique would be valuable to designers 
where cavitation intensities and damage rates could be predicted or avoided 
before full-size systems are built. 

Further research is needed on the mechanism of resistance and adhesion 
of plastic and elastomeric coatings under cavitation influence in hostile 
environments. 

Research on the metallurgical aspects of resistance to erosion and wear 
may lead to more resistant metallic overlay or inlay materials. The be- 
havior of brittle materials such as glasses, concrete, and ceramics under 
the influence of combined chemical and mechanical agents needs more 
intensive study. Auxiliary protection techniques such as air injection, gas 
evolution, and cathodic protection must be refined for practical applica- 
tion to a wide variety of dynamic systems, especially where erosion and 
wear occur at low intensities. It is necessary to plan and conduct service 
trials to acquire quantitative field observations for evaluation and improve- 
ment of protection methods. Vigorous attempts should continue, through 
research at high erosion rates, to harness forces of cavitation for such use- 
ful applications as in mining, tunnelling, drilling, and cleaning. 

Impact on Quality of Life 

There is no question that corrosion, erosion, and wear represent a major 
drain on resources, create pollution and environmental problems, and hold 
back the progress of society. As we resolve the problems posed by these 
influences on materials, we can expect a major impetus toward improving 
the quality of life. 

Let us speculate for a moment on the impact of corrosion, erosion, and 
wear on our everyday life. It has been estimated by Tomashov, Uhlig, and 
others that 10 percent of the world output of metal is lost by corrosion 
alone. When this is combined with mechanical destruction, the percentage 
probably doubles. At this rate, and considering the world production of 
steel to be about 250 million tons annually, the amount of steel destroyed 
yearly would total between 25 and 50 million tons. Aside from the 
economic and manpower loss, which is staggering, the amount of raw 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
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14 EROSION, WEAR, AND INTERFACES WITH CORROSION 

materials alone that would be conserved if this waste could be stopped 
is astronomical. For example, the production of one ton of steel requires 
8 tons of air, 165 tons of water, 1/3 ton of steel scrap, 2/3 ton of coal, 
1/5 ton of limestone, and 1 ~ ton of iron ore. 

In addition, 10 tons of polluting carbon monoxide gas, which is con- 
verted photochemically to CO2, are generated for every ton of steel 
produced. 

The reduction of these gas pollutants and residual contaminated process 
waters would have a large impact on the quality of the environment in 
the air we breathe, the water we drink, and the nature of the landscape 
around us. 

Of equal importance, aside from stopping the destructive waste of 
materials, is the harnessing of the energies of erosion and impingement 
and the protection of high-performance systems from malfunction. I can 
see the day in the not too distant future where the labors of all men will 
be more meaningful in terms of production of durable goods. We will 
be able to transport ourselves over vast distances, at high speeds in all 
environments, without mishap. Hydrofoil ships will traverse oceans at 
speeds exceeding 100 knots. We will be able to span the distance of re- 
mote space with materials resistant to micrometeorite penetration. We will 
be able to water-blast and paint our ships underwater so as not to con- 
taminate the atmosphere. We will be able to traverse in comfort the 
hostile terrain of the Arctic and the desert at high speeds in air cushion 
vehicles. Our automobiles and machines will require little or no main- 
tenance, replacement, or repair. 

A growing awareness of the importance of materials and crucial prop- 
erties, such as those to which this volume is addressed, is finding its way 
into our national materials policy. In recognizing the impact of materials, 
Congress passed the National Resource Act of 1970 and established a 
national commission. This commission, known as the National Commis- 
sion on Materials Policy, has initiated planning and recommendations 
intended to lead to legislation establishing a national posture on materi~ils. 
This policy will deal with the conservation of resources, the more effec- 
tive utilization of materials, and minimization of the impact on our environ- 
ment caused by the deterioration and recycling of materials. 

These developments are more than high-sounding goals and aspirations; 
they represent impending major actions on the part of the federal govern- 
ment and the materials community which will result in the improvement 
of the quality of life for ourselves and our children. Certainly the aspects 
of corrosion, erosion, and wear as related to materials must take a high 
priority in the list of major problems to be solved in response to this 
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KALLAS ON CORROSION, WEAR, AND EROSION 15 

emerging national policy. Probably for the first time in history the ma- 
terials community has been faced by an array of technical problems of 
great social significance, and we are asked to think about them not only 
as scientists but as concerned citizens. I hope this challenge will inspire 
each and every one of us with the enthusiasm, desire, and dedication to 
function as a team in making a significant contribution. 

I, myself, feel optimistic that the materials community can offer much, 
particularly those of us who specialize in corrosion, erosion, and wear. 
I am confident that we have much to contribute; I believe we are highly 
motivated; I am convinced that we are team-oriented; I know we are 
socially concerned . . . .  What do you think? 
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Erosion-Corrosion of Finned Heat 
Exchanger Tubes 

REFERENCE: Van der Horst, J. M. A. and Sloan, C. R., "Erosion-Cor- 
rosion of Finned Heat Exchanger Tubes," Erosion, Wear, and Inter~aces 
with Corrosion, ASTM STP 567, American Society for Testing and Mate- 
rials, 1974, pp. 18-29. 

ABSTRACT. Converted reformer gas on the shell side of a heat exchanger 
was cooled by water on the tube side. In addition to hydrogen and nitro- 
gen, the gas contained substantial quantities of CO.., and water vapor. The 
tubes were integral finned of C-steel. Condensate from the gas stream 
filled the space between fins, while CO.~ from the stream dissolved into the 
water. Maximum gas velocity was of the order of 150 ft/s. 

In the areas of highest gas velocity the fins had disappeared completely. 
In more or less stagnant gas areas the fins were corroded but still present, 
attack in intermediate areas ranging between the two extremes. The differ- 
encr in corrosive attack between various areas clearly demonstrates the 
relatively modest effect of pure corrosion under these circumstances. On 
the other hand, the maximum velocity is about half the threshold velocity 
cited in the literature for steel. The synergistic effect of  corrosion and 
erosion is therefore unmistakable. It may be assumed that impact of water 
droplets continuously removes the corrosion layer and thus accelerates the 
process. 

The corrosive effect of CO~ at ambient temperatures is often belittled, 
but should not be, especially when assisted by high-velocity gas." 

Incidentally, the use of finned tubing in an environment producing con- 
densate is absurd since condensation removes any heat-transfer advantage 
of the fins. Recalculation in fact showed that the fins were unnecessary. 

KEY WORDS: erosion, corrosion, carbon steels, velocity, carbon dioxide, 
temperature 

The case concerns a converted gas cooler in an ammonia plant. The gas 
arrives from the carbon monoxide converter where carbon monoxide and 

1 President, Surface Research Inc., Olean, N. Y. 14760. 
2 Senior process engineer, H. E. Wiese, Inc., Baton Rouge, La. 
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VAN DER HORST AND SLOAN ON FINNED HEAT EXCHANGER TUBES 19 

water are catalytically reacted to form carbon dioxide and hydrogen. The 
arriving gas consists essentially of hydrogen, nitrogen, carbon dioxide, and 
water. The function of the converted gas cooler is to remove most of the 
water as liquid by cooling. 

The incoming gas (Fig. 1) has a temperature of 127~ (260~ at 
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1.65 • 109 N/m 2 (252 psi) and the exit gas has a temperature of 50~ 
(125~ at a pressure of 1.63 • 109 N/m 2 (249 psi). Incoming gas con- 
tains 13.2 tool percent water, outgoing gas 0.7 mol percent. Cooling water 
temperatures are 25~ (80~ and 40~ (110~ respectively, at a flow 
of 442 liter/s (7000 gal/min). Cooling water is on the tube side and gas 
on the shell side. Carbon dioxide partial pressure is 2.69 x l08 N/m 2 
(41 psi). 

The cooler was originally designed with admiralty brass integral finned 
tubing. Since in an ammonia plant one is never quite sure that cooling 
water is completely ammonia-free, and since admiralty brass is subject 
to stress corrosion cracking (SCC) in ammoniacal atmospheres, plant 
management decided at an annual turnaround to replace the brass tubing 
by integrally finned carbon steel tubing. 

The original design with finned tubing was rather irrational. Gas is 
cooled much more efficiently by finned tubing, provided it is indeed gas. 
At 127~ (260~ and 1.65 x 109 N/m 2 (252 psi), however, the incoming 
gas already contains moisture. This moisture inevitably lodges between the 
fins, which in this case are only 1 mm (0.040 in.) apart. As a result the 
advantage of the fins is practically completely lost. 
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20 EROSION, WEAR, AND INTERFACES WITH CORROSION 

The replacement with carbon steel tubing was not successful When the 
cooler was next opened, the fins on the tubes had disappeared completely 
in the direct line of the gas stream, were severely attacked on both sides 
of this line, and only remained relatively intact in stagnant corners. The 
gas stream is interrupted by numerous baffles, which steer it in a zigzag 
motion through the tube bundle. By direct line of the gas stream is meant 
the line connecting the center of the opening in one baffle with the center 
of the opening in the next baffle. Attack is diminished progressively from 
entry to exit. 

Incidentally, recalculation of the heat-transfer duty determined that for 
a requirement of 3.02 • 106 kcal/h (12 • 106 Btu/h), finned tubes with 
liquid water can transmit 3.73 • 106 kcal/h (14.8 • 106 Btu/h) while 
plain tubes of Type 304 stainless steel with the same wall thickness can 
transmit 6.30 x 106 kcal/h (25 x 106 Btu/h). 

FIG. 2--Undamaged [in (X65). 

Figure 2 (• shows a fin in the original state, Fig. 3 (• a fin 
with an advanced stage of attack, and Fig. 4 (x65) a fin which has 
virtually disappeared. Figure 5 (• is a cross section of a fin which 
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FIG. 3--Fin attacked by corrosion (• 

FIG. 4--Fin removed by corrosion (X65), 
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22 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 5--Cross section o] severely corroded [in detached ]rom tube (• 

FIG. 6--Longitudinal section o I fin (X 162). 
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had become detached from the tube by attack. Figure 6 ( x  162) represents 
a longitudinal section of a severely attacked fin, the location of which is 
shown in Fig. 7. In general, the fin side facing the gas stream was often 
more severely attacked than the opposite side. 

"l~,T.',-,,ic,~ ~t  XI6Z 
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FIG. 7--Location of specimen shown in Fig. 6. Broken segments o~ low carbon 
steel tubing [ins, longitudinal (circumferential) view. 

Figure 8 (x330) and Fig. 9 (• are nital etched (2 percent 
nital--10 s) cross sections of attacked fins. Although there seems to be 
some tendency for the attack to follow grain boundaries as well as preferred 
attack of some crystals, no strong case can be made for this. 

Finally, in order to investigate the type of corrosive attack, scanning 
electron micrographs (SEMs) were made of the surface. In all of the 
SEMs it is very clear (Fig. 10, • 100) that the surface is entirely covered 
with a corrosion product. In some of them (Fig. 11, x3000) the rhombo- 
hedral crystals of ferrous carbonate can immediately be recognized. 

Temperature 

In a variety of experiments, various investigators have found a maximum 
corrosion rate at a certain temperature [I-3]. 3 Shulmeister [4] found 
40 to 70~ (104 to 158~ for aluminum, cast iron, and steel in various 
aqueous media. In short, a maximum rate at a certain temperature seems 

The italic numbers in brackets refer to the list of references appended to this 
paper. 
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24 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 8--Cross section o/ corroded fin, nital etched (X330). 

to be characteristic for erosion processes. However, when corrosion ac- 
companies erosion, the situation changes. Practically all corrosion processes 
in a liquid environment intensify as the temperature increases. Therefore, 
when corrosion is a major factor in the erosion-corrosion process, an 
increase in temperature will increase the rate of destruction and, as a result, 
processes at higher pressures containing corrosive drops of water become 
more destructive. 

In the present case the influence of temperature is obvious. Destruction 
is greatest at gas entry and lowest at gas exit. Since carbon dioxide content 
in the gas stream remains unchanged and liquid water in the stream pro- 
gressively increases, the severity of attack must be due to the temperature 
gradient, which is the only declining factor from entry to exit of the heat 
exchanger. 

Corrosion 

Carbonic acid, a solution of carbon dioxide in water, is corrosive to 
carbon steel[5]. At moderate temperatures, velocities, and pressures, this 
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FIG. 9--Two views o/corroded fin sur[ace, nital etched (X720). 
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FIG. IO---SEM of corroded fin surface (X 100). 

type of corrosion is self-arresting, since the corrosion product (in the 
absence of oxygen) is ferrous carbonate, which has very limited solubility 
in water [0.0067 g/100 cm 3 at 25~ (77~ Only at much higher partial 
pressures of carbon dioxide will ferrous bicarbonate be formed[6], which 
has a higher solubility in water and therefore allows more rapid corrosion. 
Moreover, at the temperatures involved in this case the kinetics of the 
reaction are rather slow. 

This is demonstrated by the fact that, in the present case, finned-tube 
areas exposed to low gas velocities only showed very superficial attack. 
Since these areas are exposed to the same environment of carbon dioxide 
dissolved in water, their low corrosion rate should approximately represent 
what happens under stagnant conditions. The high rate of attack of the 
fins exposed to high gas velocities must therefore be due to a factor other 
than the chemical corrosion process. 
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FIG. I1--SEM o/ rhombohedral ]errous carbonate crystals (• 

Gas Velocity 

Total gas flow is 825.8 liters/s (1750 ft3/min). The opening between 
the tubes, not counting the space between the fins, is 529 cm 2 (82 in.Z), 
giving a velocity of approximately 15.24 m/s (50 ft/s). The line-of-sight 
area between tubes from one baffe opening to the next is approximately 
161 cm 2 (25 in.Z), giving an absolute maximum velocity of approximately 
51.81 m/s (170 R/s). Actual velocities should therefore range from a 
maximum somewhere below 51.81 m/s (170 ft/s) to close to zero in the 
remote corners of each compartment between baffles. 

We can therefore assume a maximum gas velocity of 45.72 m/s (150 
ft/s) at the centerline connecting the openings in the baffles, which is 
about half the threshold value cited by Thiruvengadam [7] for pure impact 
erosion of carbon steel. In other words, the velocity of the gas containing 
drops of water is insufficient to cause massive destruction as found. 
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Synergism of Velocity and Corrosion 

The synergistic effect of gas velocity and corrosion by carbon dioxide 
is not unknown. Winkler and Nemeth[8] have described the effect. It is 
also known from so-called condensate gas wells containing carbon dioxide 
with gas[9]. With a temperature above 71~ (160~ and a carbon 
dioxide partial pressure above 9.85 • 107 N/m 2 (15 psi), such wells are 
considered to be quite corrosive [0.9 mm per year = 36 mpy (mils per 
year)]. Usually corrosion is reduced to a low level by alloying with 9 per- 
cent nickel or eliminated by alloying with 12 percent chromium. 

The velocity effect in condensate gas wells is illustrated by the virtual 
absence of attack in the case of a gas flow of 1.31 m/s (4.3 if/s) at 
2.62 x 10 t~ N/m 2 (4000 psi), while at 5.88 m/s (19.3 ft/s) and 1.31 
• 1010 N/m z (2000 psi) attack is excessive. Furthermore, severe corrosion 
occurs at any points of turbulence as well as a few inches beyond pipe 
joints[10]. 

In the present case, both initial temperature, carbon dioxide partial 
pressure and gas velocity are higher than is usual for condensate wells. 
It may be assumed that the process of metal attack takes place by impact 
removal of the larger crystals of ferrous carbonate, opening new sites for 
attack. At the same time, the continuous renewal of liquid surface films in 
the high-velocity area provides for maximum carbon dioxide content on 
the metal-liquid interface, thus promoting the corrosion process. 

Conclusion 

Extensive metal attack can occur in the presence of both erosion and 
corrosion, where either one of these effects taken individually would 
cause only insignificant or no damage. 
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Cavitation Erosion--Corrosion Modeling 

REFERENCE: McGuinness, Terence and Thiruvengadam, A., "Cavitation 
Erosion-Corrosion Modeling," Erosion, Wear, and Interfaces with Cor- 
rosion, ASTM STP 567, American Society for Testing and Materials, 1974, 
pp. 30-55. 

ABSTRACT: Due to the increased occurrence of cavitation erosion in 
hydrodynamic systems operating in an ocean environment, there is a need 
to study the role of corrosion on the process of cavitation erosion. Pre- 
viously, for noncorrosive systems, correlation of experimental data with 
the theory of erosion resulted in a time-scale modeling law of erosion. 
The changes in this scaling law due to corrosion were then investigated. 
A high-frequency, 20 kHz, piezoelectric vibratory apparatus was employed 
to generate erosion time history data for HY-130, HY-80, SAE 1020 steels, 
and AI 5086 HI17 ai'several different erosion intensities in sea and dis- 
tilled water. Results indicated that the relative erosion rate curves for 
materials susceptible to corrosion were different, and that the changes due 
to corrosivity increased with increasing erosion intensities. By coupling 
changes in corrosivity with maximum erosion rate increases, and times to 
the maximum rates, it is possible to make prototype performance predic- 
tions for either seawater or distilled water conditions. Qualitative relation- 
ships were found between the relative erosion rates and galvanic potentials 
of tested materials. A mechanism was proposed to account for the corrosive 
influence on erosion based on hydrogen-generated micropit destruction of 
a material surface that accelerates cavitation erosion. 

KEY WORDS: cavitation erosion, corrosion, modeling, erosion, vibration. 
galvanic corrosion, Weibull density functions, parameters, high-strength 
steels, aluminum, erosion strength, erosion intensity 

For  many high-speed systems operating in the mar ine  environment ,  

a designer must  cope with the combined problems of cavitation erosion 

and corrosion of materials. Erosion causes extensive damage to hydraulic 
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systems such as ship propellers[1]fl hydrofoils[2], and pumps[3] among 
others. Corrosion can also destroy many susceptible materials[4]. Coupling 
the two mechanisms, even the most resistant materials can be severely 
damaged. 

Figure 1 shows the engineering aspects of cavitation erosion involved 
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FIG. I--Engineering aspects of cavitation erosion. 

8The italic numbers in brackets refer to the list of  references appended to this 
paper. 
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in design and material selection[5]. Our investigation concentrated on 
three of the aspects, namely, model testing (in particular the time-scale 
modeling); basic research on material erosion and the environmental 
influence of corrosion; and finally screening tests, employing the ASTM 
standard vibratory apparatus[6] in both sea and distilled water. 

Previously, Thiruvengadam[7] suggested model scaling laws for non- 
corrosive systems, based on model testing to aid in predicting prototype 
performance. The basis of the time-scale model law is the relation between 
the relative erosion rates and relative exposure periods for several materials. 
The purpose of our program was to see how corrosive environment affects 
this relation and to explore the reasons for these effects. 

As shown in Fig. 2, cavitation erosion is known to be time dependent 
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from previous investigations[8-10]. Four distinct periods are described, 
namely, incubation, acceleration, deceleration, and steady state. Both 
Heymann[ll] and Thiruvengadam[12] have proposed theories of erosion 
to explain the time-dependent nature of erosion. Experimental data[13,14] 
have shown a correlation with the theory for noncorrosive systems. Essen- 
tially, it was found that over a wide range of materials tested, there existed 
a definite relationship between the relative erosion rate and relative expo- 
sure time in a quantitative manner regardless of erosion intensity tested. 
This conclusion led to the possibility of testing a "weak" material at a 
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high erosion intensity in the laboratory to stimulate the erosion behavior 
of a "resistant" material in the field at a lower erosion intensity. This 
time-scale modeling procedure is outlined in Fig. 3. 
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FIG. 3--Basis of time-scale modeling. 

There have only been a few studies involved in determining the influence 
of a corrosive environment on the time-scale erosion modeling law. The 
main drawback to any testing has been the much longer time scale for 
corrosive damage versus erosive damage. However, in previous accelerated 
velocity corrosion testing, the corrosion rate has been accelerated by 
several orders of magnitude. For instance, in tests with carbon steel, Tuthill 
and SchiUmoller[15] found that the corrosion rate increased from 5 to 300 
mils per year (1 mii = 10 --~ in.) by changing the velocity from zero to 
120 ft/s. In jet impingement testing[16], the maximum depth of attack 
was quite substantial for many materials[17] in a short time span. Thus, 
there is evidence that the time scale of corrosion could be accelerated under 
certain conditions to model erosion along with corrosion in the laboratory. 
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3,4, EROSION, WEAR, AND INTERFACES WITH CORROSION 

The present research directs itself to a systematic investigation of 
the influence of corrosion on the erosion time-scale model law. Several 
mechanisms have been considered concerning the role of corrosion on 
erosion[18-29]. However, the previous studies did not examine the corro- 
sive influence directly when the time scale could be controlled. 

Experimental Apparatus and Procedures 

The testapparatus for the combined erosion and corrosion studies con- 
sisted mainly of two instruments, a piezoelectric vibratory unit and a 
potentiostat, seen schematically in Figs. 4 and 5. The new ASTM standard 
vibratory appartus[6] permitted variations in erosion intensity, liquid 
mediums, and test material. The potentiostat was used for measuring the 
test materials' galvanic potentials to compare them with other materials' 
potentials in our test program. According to LaQue[30], it is very impor- 
tant to ascertain potentials for a particular area, in this case, for the 
erosion specimen area. In the erosion test procedure, only the surface of 
the specimen was subject to cavitation and corrosion. Then for any corre- 
sponding galvanic potential reading, the tested area should be limited to 
the specimen surface, as seen by the Teflon-ringed insert in Fig. 5. 

The materials tested were: HY-130, HY-80, and SAE 1020 steels and 
AI 5086 H117; along with limited testing of 90/10 and 70/30 copper- 
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HIGH FREQUENCY VOLTMETER' I "  0 I 1 BEAKER :~'~r'~OOLING ~" 
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FIG. 4---.Schematic of vibratory cavitation erosion apparatus, 
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nickel. The steels were chosen for their widespread use in marine systems, 
high erosion strength, and susceptibility to corrosion. The aluminum, 
selected expressly for its immunity to the marine environment, was chosen 
also for its low erosion strength. The cupro-nickels, with erosion strengths 
between aluminum and the steels, possessed good corrosion resistance. 
Thus, the test materials' erosion strengths and corrosion resistances varied 
over a wide range. 

The erosion test procedure subjected the test materials to several 
vibrational amplitudes, measured in mils (ranging from 2.5 to 1.0 mils), 
which could be correlated with corresponding erosion intensities[28] in 
both sea and distilled water at a constant frequency of 20 kHz and 72~ 
(22~ in a container of fixed dimensions. A low-form, 800-ml, 4-in.- 
diameter glass beaker contained 600 ml of test liquid. Glass was used to 
avoid any galvanic coupling action of the specimen with a metallic con- 
tainer. The specimen was machined to a diameter of 0.625 • 0.002 in. and 
the surface mechanically polished with a number 320 emery paper. Upon 
eroding the material for a prescribed time interval, the specimen was 
weighed with an analytical balance accurate to • mg and its weight loss 
recorded. Several specimens (at least three per material per test liquid) at 
given vibration amplitudes were eroded until a reasonably steady-state 
value for the weight loss rate was obtained. ASTM standard procedures[6] 
were employed in collecting these data. Figures 6 and 7 show the rate 
of erosion as a function of exposure period at various amplitudes of 
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FIG. 6--Erosion rate curve for HY-130, HY.80, and 8AE 1020 steel~. 

vibration both in distilled and synthetic seawater for the six materials 
tested. 

The exposure time varied significantly from material to material depend- 
ing upon its erosion strength. For example, AI 5086 Hl17 at a 2.0-rail 
vibrational amplitude, in either test liquid, approximated a steady erosion 
rate in 2.5 h. Test intervals were as short as 5 rain in this case. For 
HY-130 steel at a 1.0-rail amplitude in distilled water, test intervals were 
as long as 13 h. The reason for the various intervals is due to the confine- 
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FIG. 7--Erosion rate curve ]or ,4l 5086 HII7, 90/10 copper-nickel, and 70/30 
copper-nickel. 

ment of the beaker containing the test liquid. There is an inherent problem 
that the liquid used will become contaminated with eroded or corroded 
material from the specimen. It is possible that chemical changes in the 
fluid could affect its corrosivity relative to the test material. It was shown 
by Waring et ai[28], that contamination of corrosive products affects the 
relationship between the erosion rate and amplitude of vibration due to 
changes in the conductivity of the dectrolyte[31 ]. 

The synthetic seawater was formulated according to the ASTM Specifi- 
cation for Substitute Ocean Water (D 1141-52); see Table 1. 
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TABLE I---Chemical composition o] synthetic seawater a 

Concentration, 
Compound g per liter 

NaCI 24.53 
MgCI 5.20 
Na,.SO, 4.09 
CaCI,., 1.16 
KCI 0.695 
NaHCO.~ 0.201 
KBr 0.101 
H~BOs 0.027 
SrCI.., 0.025 
NaF 0.003 

Ba(NO.~).., 0.0000994 
Mn(NO.~).., 0.0000340 
Cu(NO;,)2 0.0000308 
Zn(NO3)._, 0.0000096 
Pb(NO~)2 0.0000066 
AgNOa 0.00000049 

* ASTM D 1141-52, Substitute Ocean Water. 

The galvanic potentials for the erosion specimens were measured with 
the potentiostat using a calomel half cell as the reference electrode. Figure 8 
plots the potentials into a galvanic series which correlates to previously 
published series[15]. 

Results and Discussions 

As shown in Figs. 6 and 7, the range of maximum erosion rates varied 
from 2 mg/min for a copper-nickel alloy to 0.2 mg/min for HY-130 
steel, with both materials tested at a vibrational amplitude of 2 mils in 
synthetic seawater. Similarly, the exposure periods needed to reach, a 
steady-state erosion rate varied from 21/2 h for most of the A1 5087 H117 
tests to 115 h for the 1.0-mil, distilled water HY-130 steel tests. Both 
distilled water and synthetic seawater were used as test liquids. Four 
different amplitudes of vibration were considered (Fig. 6).  The importance 
of testing the materials for extended periods of exposure, particularly in 
a corrosive medium, is brought forth clearly in Fig. 6 for the case of 
HY-130 steel. At a vibrational amplitude of 2.5 mils in synthetic seawater, 
the maximum erosion rate is reached in 7 h, whereas in distilled water, at a 
1.0-mil amplitude, the maximum erosion rate is reached in 40 h. 

In our investigations, we were concerned primarily with the ability to 
predict the erosion potential of materials in a corrosive environment. The 
theory of erosion[12] has shown that the relative intensity of erosion, ], 
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FIG. 8--Galvanic series in synthetic seawater ]or laboratory tested materials. 

intensity divided by the maximum intensity (related to the maximum 
erosion rate), I = IJlm,x, depends upon an efficiency factor, 7, which is a 
measure of a material's ability to absorb energy. The efficiency factor is 
time dependent. This is based on the assumption that when a particle of 
material erodes, it behaves as a fatigue specimen. One statistical distribu- 
tion of the probability of fatigue failure after a number of cycles, is known 
as the Weibull distribution. The time dependent erosion rate can be 
described using this distribution with the slope of the deceleration section 
of the curve being defined by a = dR/dt where R = erosion rate; see Fig. 3. 
For certain values of a, the Weibull shape parameter, a number of well- 
known distributions can be generated, such as the exponential distribution 
for a = 1; Rayleigh distribution for a = 2, and normal distribution for 
a = 3.57. As a decreases, the attenuation of the curve goes to zero. The 
family of Weibull curves in Fig. 9 shows the time dependency of erosion 
as a function of a. In order to evaluate the influence of corrosion on the 
shape parameter, we replotted most of the erosion data shown in Figs. 
10 and I1. The value of the shape parameter decreases as the erosion 
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rate increases, thus deceleration is less at higher intensities. There seems 
to be a general qualitative trend relating the galvanic potential to the shape 
parameter in seawater as illustrated in Fig. 12. It appears that the more 
prone a material is to corrosion, the larger the change in the shape 
parameter. As a natural consequence, the difference between the relative 
erosion rates in seawater and in distilled water is found to be greater for 
corrosion-prone materials as compared to materials that are not susceptible 
to corrosion in seawater. Thus, a material's corrosion resistance appears 
to be a significant factor in erosion rate data. 

An exception to the general qualitative trend is AI 5086 H117. It is 
noted that this material was designed to have good corrosion resistance 
in seawater when not coupled to another material more noble than itself. 
The galvanic potential is one measure of an alloy's corrosivity. In the 
ease of the aluminum, such a measure is somewhat meaningless. However, 
for the other five materials reported on herein plus analysis of results from 
seven other materials tested in similar conditions but not included herein, 
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FIG. 12--Relationship between curve slope changes and the galvanic series. 

the trend just mentioned holds true. If AI 5086 Hl17 was tested while 
galvanically coupled to a more noble material and thus exhibited its true 
corrosivity or galvanic potential, it is believed that this aluminum also 
would show changes in its relative erosion rates. 

As discussed previously, the maximum rate of erosion and the time to 
reach the maximum rate (called the characteristic time), depends upon the 
intensity of erosion and, as shown in Figs. 13 and 14, upon the amplitude 
of vibration. The maximum erosion rate increases as the 1.5 power of the 
amplitude of vibration both in seawater and in distilled water. (Previously, 
in noncorrosive testing[13,14,28], the steady-state erosion rate had been 
found to increase as the amplitude squared. Since then, there has been 
some questions on the validity of the steady-state rate[1/]. The maximum 
erosion rate is more easily discernible and more important for prototype 
predictions.) The characteristic time decreases linearly with increasing 
amplitude; and it decreases more rapidly in synthetic seawater as com- 
pared to the decrease in distilled water as a function of a material's 
corrosivity or galvanic potential. 

Another interesting result is obtained by recalling the basic equation 
from the theory of erosion[12], namely, 
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where 
L = S, • Rm.~ 

le = erosion intensity, 
Rm,x = maximum erosion rate, and 

S, = erosion strength. 

Since the erosion intensity does not change in seawater from distilled water 
under fixed conditions[12], the fact that Rm,x increases in seawater indi- 
cates that the erosion strength must decrease in seawater; see Fig. 13. This 
decrease is independent of lc and is true for corrosion-sensitive materials 
only. Previous to this study, many researchers[32] thought the influence 
of corrosion on erosion was to reduce the material strength of a substance 
in one of several postulated ways. Now it is shown that corrosion does 
decrease the erosion strength, and only affects materials that are prone to 
corrode. 

MAXIMU~ 
EROSION 
RAft[, 
RMAX. 
WG. 

INCREASE IN MAXIMUM EROSION RATE 
AND DECREASE IN EROSION STRENGTH 
OUE TO SEA WAER 

/ /  ! 

[,o_ s,. RMA• 

.025 , 05  1 . 0  2 . 0  4 . 0  

DOUBIF AMPLITUDE (MILSI 

FIG.  ]3 - - -Max imum erosion rate versus amplitude. 
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.~ 1 
3O 

TIME TO 
MAXIMUM 
EROSION 
RATE, t I 

Hat I~  

0 
0 

REDUCTION OF TIMES TO MAXIMUM EROSION RATES 
IN SEA WATER 

DIISIIUf~ 

O)STILLEDr'~ 

.5 1.0 1,5 2,0 g.5 

DOUBLE AMPLITUDE (MILS) FIG. 14--Characteristic time versus amplitude. 

This is a logical conclusion if one realizes that corrosion, by an electro- 
chemical mechanism, will attack a susceptible material independently of 
the amount of cavitation erosion intensity at the material surface. A mate- 
rial either will be susceptible to corrosion or will not be susceptible, 
regardless of the fluid dynamic conditions (cavitation) present. 

Using the foregoing conclusion, a new direct method of finding a mate- 
rial's erosion strength can be made with the use of a simple cavitation 
erosion apparatus. The direct method could eliminate the previous limita- 
tions for erosion strength calculations as outlined in Ref 33. 

Based on the results of Figs. 10, 11, 13, and 14, a method of predicting 
prototype performance (generating a material's erosion curve at any set 
of hydrodynamic conditions and environmental influences) can be pro- 
posed. As outlined in Fig. 15, the erosion history curve is defined fully 
knowing three items: the maximum erosion rate, R,~ax; the characteristic 
time, tl; and the attenuation slope, a. All of these variables are found 
from model testing as explained previously, and the values can be extrapo- 
lated over a wide range of erosion intensities, which is the governing hydro- 
dynamic condition of the prototype. 
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double am )litude (mils) 

FIG. 15--Prototype prediction from modeling scheme. 

In summary, it may be stated that the previous findings of Thiruven- 
gadam[7] for noncorrosive environments are again confirmed by our present 
investigations. The value of the shape parameter for noncorrosive environ- 
ments remained the same for the materials tested under this program both 
in synthetic seawater and in distilled water. However, the value decreased 
in a corrosive environment as the erosion intensity increased. 

A Mechanism Which Explains a Few Observations Peculiar to Corrosive 
Environments 

The generally observed erosion pattern changes from distilled water 
to seawater for corrosion-prone materials are seen in Fig. 16. The erosion 
pattern in distilled water appeared shallower in the middle portion than on 
the outside deeper trough of the specimen. Seawater specimens, on the 
other hand, were generally eroded flat beginning inside the outer uneroded 
rim across to the specimen's center. Also, seawater specimens generally 
formed more pits shallower in depth than the distilled water specimens 
that initially only had deep pits in the middle "rise" area. The cross section 
of the seawater pattern in the deceleration zone, see Fig. 2, was always 
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flatter, not as deeply pitted, and smoother in general appearance than the 
deeply pitted distilled water specimens. 

The foregoing changes in the seawater pattern seemed to indicate a basic 
mechanism for the deceleration period of the erosion history curves. 
Figures 17 and 18 outline the mechanism which starts with Peterson's 
galvanic cell theory[34] at an initial erosion pit. Going one step further, 

- - ~ - - - ~ -  -- LIQUID - - ~  

a~. , z , , ,, �9 " , ( , )  rz~2- - 'u)='--- ~- -- ~-/- 

MAXIMUM RAREFRACrION MAXIMUM PRESSURE RESULTANT D~AGE 

FIG. 17--Mechanism o/ corrosion-accelerated cavitation damage. 

HYDROGEN AFFECTED 
ERODED ZONE 

H2 H 2 

INITIAL GALVANIC CELL ORIGINAL PIT WITH SIDE 
BEFORE WALLS ERODED WALLS SMOOTH DOWN 
FROM H? JETS H 2 GAS STILL AI"I'ACffED 

FIRST 
PIT 

N~.~ PIT DEEPENED NEWPIT 
H2 H 2 

NEW PITS FORMING IN VALLEY 
OF FIRST ORIGINAL PIT, 
ALSO DEEPENING OF FIRST PIT 

FIG. 18--Scouring-down process o/ erosion pits by hydrogen gas. 

it is assumed that the hydrogen gas generated at the cathode acts as a 
stationary cavity when attached to the surface. With the aid of weak 
shocks from symmetrical bubble collapses, the hydrogen cavity produces 
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a microjet. This mechanism incorporates the recent theory of Tulin[35] 
of such a micro jet or ultrajet possibility in asymmetrical bubble collapse. 
The ultrajets then cause severe local damage producing numerous micro- 
pits. Eventually, the original pit walls would be "smoothed down" by the 
micropit damage, allowing more damage to occur. The reason is because 
the efficiency of damage, based on the theory of erosion[12], depends, in 
part, on the bubble collapse distance from a material surface. The 
"smoothing down" process would decrease the average distance between 
surface and bubble collapse. Thus, the damage rate of "smooth" specimens 
would be greater than that for deeply pitted materials where the energies 
of collapsing bubbles is quickly attenuated by the relatively large distance 
to the pit bottoms. The erosion rate for seawater "smooth" specimens 
would continue at a high level due to corrosion-generated damage. The 
deceleration zone of the erosion history curve would reflect this higher 
erosion rate level by a lower shape parameter value as in Figs. 10 and 11. 
Referring to Fig. 9, it is recalled that the shape parameter value decreases 
for greater relative intensity and consequently for higher erosion rates. 

Conclusions 

The interacting role of corrosion on erosion of materials was studied in 
a quantitative manner. At the intensities of erosion considered in this 
study, the erosion-corrosion rates increased with exposure period, reached 
a maximum and then decreased to a nearly steady value. This confirmed 
previous findings by many investigators primarily for noncorrosive environ- 
ments. The relative erosion rates (the ratio between the maximum rate 
of erosion and the rate of erosion at any exposure period) depend only 
on the relative exposure periods (the ratio between the exposure period 
and the characteristic time) in noncorrosive systems. However, the shape 
parameter decreased as the erosion intensity increased in a corrosive 
environment. There seems to be a qualitative trend of dependency between 
the increase in galvanic potential and the decrease in the value of the 
shape parameter, noting the AI 5086 HI 17 exception explained previously. 
Furthermore, the corrosive influence decreased the characteristic time and 
increased the maximum erosion rate. These values have been quantitatively 
evaluated at various amplitudes of vibration both in synthetic seawater and 
in distilled water. A scheme for predicting prototype performance from 
model results was presented. The erosion pattern in distilled water generally 
appeared shallower in the middle of the test surface than on the outside 
deeper trough of the specimen with several deep pits present through the 
cross section. On the other hand, the pattern of erosion in seawater was 
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generally flatter and smoother from the outside noneroded rim to the 
middle of the test surface. Finally, a possible mechanism was presented 
to explain this observation that in corrosion-prone materials, increased 
damage was ascribed to hydrogen-generated micropits that attacked initial 
erosion pit walls, allowing further accelerated erosion damage. 
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DISCUSSION 

A. F. Connl--This question is actually to allow the authors to empha- 
size the differences one might expect between their corrosive magneto- 
strictive erosion tests and the effects which one might observe during cavita- 
tion erosion caused by flow of a corrosive fluid past a surface. This point 
was not brought out during the oral presentation of the paper. Since 
much of the discussion which occurred after the talk was related to con- 
cern about the proposed micromechanism of hydrogen stimulation of the 
generation of pits and how this model seems to differ from certain ob- 
servations of field difficulties which involve flow-generated cavitation ero- 
sion, the differences for vibratory tests in the laboratory should be 
discussed. 

C. M. Preece2--Although unstressed aluminum alloys may be passi- 
vated in distilled water, when they are subjected to a tensile stress, they 
are found to be susceptible to stress corrosion cracking even in moist air. 
You should, therefore, consider both salt water and distilled water as 
active, rather than inactive, environments for aluminum alloys. 

You postulate that atomic hydrogen is produced during cavitation, yet 
you do not consider the role of hydrogen embrittlement in erosion. Should 
you not take this into account in view of the fact that all the alloys you 
studied are known to be susceptible to hydrogen embrittlement? 

I. W. Tichler3--The results of this interesting study are interpreted 
exclusively in terms of Thiruvengadam's "Theory of Erosion. TM 

In this theory, Dr. Thiruvengadam attaches special importance to the 
peak rate of volume loss. The time at which this peak rate occurs (tl) 
appears as a characteristic time in a distribution, associated with the 

1 Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 

Associate professor, Materials Science Department, State University of New York 
at Stony Brook, Stony Brook, N. Y. 11790. 

8 Metal Research Institute TNO, Apeldoorn, The Netherlands. 
4 Thiruvengadam, A., in Proceedings, 2nd Meersburg Conference on Rain Erosion 

and Allied Phenomena, Vol. II, A. A. Fyall, Ed., Royal Aircraft Establishment, 
Farnborough, England, 1967, pp. 605-651. 
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break out of wear particles. However, as has been stated previously, s 
it is not readily understandable why this characteristic time, which should 
anyhow be related to material properties, must be equal to the time at 
which the rate volume loss goes through a maximum. In other words, tl 
appears in two formulas, namely, in the r of Formulas 7 and 9 of the 
theory, 4 and it is not made clear, why tl stands for the same property 
in both these formulas. 

Another problem is that the cause of the decrease in erosion intensity 
is not clearly described. It is suggested that the decrease of the erosion 
intensity should be due to an increase of distance between the eroding 
surface and the collapsing cavities. However, it is much more probable 
that the decrease in erosion intensity at increasing mean depth of erosion 
is related to the surface condition of the eroding material. Eisenberg et 
al 6 did already observe that the peak of the rate-time curve coincides with 
the appearance of the first deep craters in the eroding surface. They did 
not, however, attribute the effect to gas bubbles which can be trapped in 
the craters, as was shown by Tichler et al. ~ More objections against the 
theory have been formulated by Hammitt. s 

From the foregoing it follows that the physical meaning of the con- 
stants introduced in Thiruvengadam's theory (namely, the characteristic 
time tl, the "shape parameter" a and the "attenuation exponent" n) is not 
clear. Thus, expressing the effect of seawater (compared with distilled 
water) on these parameters is not very useful to deepen the insight. 

In my opinion it is more useful to analyze the mean depth of erosion 
versus time curve (as strongly encouraged by the new ASTM standard, 
mentioned by the authors), rather than the rate-time curves, and to in- 
vestigate the effect of corrosion on the phenomena of uniform material 
removal and pit formation, s 

From the authors' observations, it turns out that the resistance against 
uniform material removal is lower in seawater than in distilled water. 
This effect is more pronounced for the HY 130 and SAE 1020 steels than 

Tichler, J. W. and De Gee, A. W. J., in Proceedings, 3rd International Confer- 
enee on Rain Erosion and Associated Phenomena, Vol. II, A. A. Fyail, Ed., Royal 
Aircraft Establishment, Farnborough, England, 1970, pp. 847-879. 

e Eisenberg, P. E., Preiser, H. S., and Thiruvengadam, A., Transactions, Society of 
Naval Architects and Marine Engineers, Voi. 73, 1965, pp. 241-286. 

7 Tichler, J. W., Van den Elsen, J. B., and De Gee, A. W. J., Journal of Lubrica- 
tion Technology, Transactions, American Society of Mechanical Engineers, Series F, 
Vol. 92, 1970, pp. 220-227. 

s Hammitt, F. G., discussion on "Theory of Erosion" by A. Thiruvengadam, 
Proceedings, 2nd Meersburg Conference on Rain Erosion and Allied Phenomena, 
Voi. II, A. A. Fyall, Ed., Royal Aircraft Establishment, Farnborough, England, 1967, 
pp. 650--651. 
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for the HY 80 steel, which might be attributed to the 1 to 2 percent of 
chromium content in the HY 80 steel. For AI 5086 Hl17 the effect is 
less pronounced than for the steels. If the effect cannot be explained by 
simple addition of the erosion and corrosion effects, there are two possible 
explanations: either the corrosion is highly accelerated by chemical ac- 
tivation of the surface due to the impingements, or the erosion is accel- 
erated due to decrease of the erosion resistance of the surface material by 
corrosive (that is, chemical) effects. I have the impression that the latter 
explanation is the correct one. 

Further, the authors observed that in seawater the craters are shallower 
than in distilled water. This observation, in combination with the observa- 
tion that the decrease of erosion rate is less pronounced in seawater than 
in distilled water, substantiates the hypothesis that the decrease in erosion 
rate is due to bubbles trapped in the craters. Obviously, gas bubbles will 
be trapped in deep craters more easily than in shallow craters. 

Terence McGuinness and A. Thiruvengadam (authors' closure)--The 
authors greatly appreciate the constructive comments and questions in the 
discussions. The problems highlighted could be the basis for further 
meaningful research. 

In referring to the different conditions created by various tests, Dr. 
Conn has raised an interesting and often discussed question. The basis 
of the vibratory device was to serve as a screening test for material 
properties, and, as such, the necessity of simulating the flow field was not 
that critical. As discussed in Refs 5 and 31 of the paper, if various hydro- 
dynamic parameters are controlled and dynamic similitude attained, the 
flow field is essentially modeled. 

There are currently several laboratories performing parallel experiments 
on both continuous-flow, venturi-type devices and vibratory tests. A 
more definitive answer to Dr. Conn's question should be forthcoming. 
However, it is felt that the mechanism of hydrogen stimulation of micro- 
pits is independent of the type of fluid flow involved in generating cavita- 
tion. Hydrogen remains on the surface of hydrophobic (water hating) 
and corrosion-prone alloys (Ref 31 of the paper). Hydrophobic materials 
are those materials that have low wetting abilities and thus have a tend- 
ency to form gas cavities with an adjacent liquid in cracks and crevices 
(Ref 31 of the paper). Also, hydrogen, acting as a stationary cavity, 
would follow the course of a pit into a material surface. Tulin's theory 
(Ref 35 of the paper) did not specify how the cavitation bubbles were 
generated. The important parameters were the present of a stationary 
cavity and the shock wave of a nearby imploding bubble or jet. 

The proposed mechanism of micropit formation at the cathode region 
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by hydrogen stimulation, nevertheless, does not exclude other additional 
causes of accelerated cavitation erosion. Such damage by hydrogen 
can be caused by electrochemical action at anode areas deep within 
erosion pits. 

Hydrogen embrittlement could possibly be another cause of accelerated 
erosion damage. There are results indicating that many alloys are sus- 
ceptible to embrittlement. Thus, such a phenomenon could be examined 
further in relation to erosion, as Dr. Preece indicated. 

The implication of hydrogen embrittlement is not in contrast to the 
authors' mechanism of pit formation. Both mechanisms lead to local 
weakening of the material surface, the initiation of pits or cracks within 
the material and the focusing of energies in small volumes of material. 
Only the origins of the two mechanisms differ. Thus, for corrosion-prone 
materials, electrochemical action could initiate hydrogen formation. Even 
without a corrosive environment, hydrogen embrittlement could be acting 
at the surface, locally weakening the material's erosion strength. How- 
ever, at the high strain rates of cavitation, it is very likely that hydrogen 
is not forced into the surface but rather remains as a gas bubble affixed 
to the surface ready to act as an ultrajet (Ref 31 of the paper). 

Dr. Tichler's question of the physical meaning of the various constraints 
in the "Theory of Erosion" has been raised for several years. Actually 
both Tichler's research and others have demonstrated exactly the charac- 
teristics of the theory in question. The difference lies only in the intensity 
of erosion found in the test apparatus. Dr. Tichler's research, for the 
most part, has been concerned with intensities near the threshold of ero- 
sion. The resulting data often were much more erratic than results from 
higher intensity tests. One simple reason is related to the fatigue failure 
mechanism of material loss. Since fatigue failure and erosion are assumed 
to be statistical in nature, it is quite possible that for numerous test inter- 
vals in a threshold intensity test, a material might not exhibit substantial 
weight losses. The resulting curve of weight loss or mean depth of erosion 
versus time would be very erratic. It is suggested that Dr. Tichler conduct 
further tests in the range of the ASTM standard (Ref 6 of the paper) one 
watt per meter squared intensity to confirm these statements. 

Even though the hydrogen stimulation mechanism is electrochemical 
in nature, the proposed erosion is assumed to be purely mechanical. This, 
of course, does not preclude changes in surface conditions, but the condi- 
tions only prepare the material surface for accelerated damage by re- 
ducing the erosion strength. 

The resistance against uniform material removal, as mentioned by Dr. 
Tichler, was observed to be lower in seawater than in distilled water. 
But the cause of shallower craters was explained in Fig. 17. More 
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erosion occurred on the walls of the initial pit than in the bottom of the 
pit, The total amount of material removal is greater when the walls are 
damaged more quickly than the pit bottom due to the smaller distance 
between the mean eroded surface and the origin of erosion intensity. The 
formation of gas bubbles trapped in deep craters is not necessarily the 
reason for the erosion rate decrease. Even without the entrapped bubbles, 
a deep eratered material would have its mean surface of erosion at a much 
further distance away from the collapsing bubbles than the material just 
mentioned. 
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Applied Cavitation Erosion Testing 

REFERENCE: Tichler, J. W., de Gee, A. W. J., and van Elst, H. C., 
"Applied Cavitation Erosion Testing," Erosion, Wear, and Interlaces with 
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ABSTRACT: When a material has to be applied on locations where cavi- 
tation is expected, the resistance against uniform material removal from the 
surface (R,) and the resistance against pit formation (rp) are of para. 
mount importance. 

Experiments with steels and copper-nickel alloys showed that for these 
materials R, is proportional to the true ultimate tensile strength (o]) 
to the 2.3rd power. The tests with the steels were performed under 
different pressures and at different temperatures. It was found that vari- 
ations in pressure and temperature did not affect the value of the power 
exponent. It was further shown that deformation can have a consider- 
able and essentially unpredictable influence on the erosion resistance of 
materials with a relatively complicated structure. In particular grain 
boundary precipitation is important in this respect. 

Experiments with nitriding steel, carburizing steel, maraging steel, and 
two cobalt alloys in different conditions of application showed that r~ is 
determined primarily by the structure of the materials. In this case the 
product of R, and r, (tbat is, the time to pitting tp) was found to be 
particularly useful for screening purposes. In the mechanism of pit forma- 
tion, surface fatigue as well as corrosion can play important roles. 

KEY WORDS: erosion, cavitation, erosion resistance, pit formation, 
strength, spalling fatigue, corrosion, metals, magnetostrictive oscillator, 
evaluation, tests 

The cavitation behavior of materials is generally described in terms of 

the mean  depth of erosion rate[ l ] ,  z Hirotsu[2] draws some at tention to 

1 Project leader, head of the Tribology Department and head of the Physical 
Department, respectively, Metal Research Institute TNO, Apeldoorn, The Nether- 
lands. 

The italic numbers in brackets refer to the list of references appended to this 
paper. 
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the phenomenon of crater formation in relation to the rate of erosion. 
So does Gould[3], without using the terms "crater formation" and "pit 
formation," but describing the ~ahenomenon in terms of surface topography. 
Thiruvengadam et a114,5], in describing the erosion rate time curve, intro- 
duced an "attenuation exponent," but did not explicitly relate the attenua- 
tion of the erosion rate to the phenomenon of crater formation. This has 
been done, for example, by Plesset and Devine[6] and Tichler et all7]. 

The latter authors distinguished between a resistance against uniform 
material removal (Re) and a resistance against pit formation (rp). They 
found a good correlation between Re and the true ultimate tensile strength 
(o-~). For steels with or* values in the range from 570 to 1260 MN/m 2, 
they found an empirical relation between Re and tr* of the form 

Ro = (R.)o + bo-~* (1)  

Actually, the correlation proved very good, with a correlation coefficient 
of 0.995. However, the curve of Eq 1 was found to intersect the o-~-axis 
at o-~ = 400 MN/m 2. Thus it had to be concluded that Eq 1 obviously 
did not apply for materials with a o-*-value appreciably lower than 570 
MN/m z, the lower limit of the measuring range, applied at that time. In 
the present research program it was tried to find a functional relation, valid 
for a wider range of o-t-values. To that purpose, cavitation erosion experi- 
ments were performed with a series of copper-nickel alloys with o-*-values 
ranging from about 300 to about 500 MN/mL In addition, experiments 
were performed with six steels, tested previously[7], under different condi- 
tions of pressure and temperature. 

Next, experiments were performed with pure nickel, a martensitic and 
a ferritic steel, cold worked to different degrees of deformation. In general, 
deformation does not influence the true ultimate tensile strength (tr*) of 
metals[8]. There was, however, some evidence that forging to high degrees 
of deformation can influence R,[9]. 

Finally, the present paper describes the results of experiments with steels 
and cobalt alloys of the Stellite type, performed in order to demonstrate 
that pit formation is indeed a discrete phenomenon occurring at a well- 
defined depth of uniform erosion. Actually, it is shown that for practical 
applications as in controlling valves, fuel atomizers, etc., it is not sufficient 
to characterize the resistance against erosion in terms of a resistance 
against uniform material removal alone. 
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Resistance Against Uniform Material Removal 

Experimental 

The cavitation erosion tests were performed with a 20-kHz magneto- 
strictive oscillator adapted for the performance of tests at 0.7, 1.0, and 1.5 
bar pressure. A detailed description of the experimental procedure can be 
found in Ref 7. The experiments were performed in water, at temperatures 
of 22 and 35~ (72 and 95~ In each test run the weight loss of the 
specimens was determined after preset values of time. Thus values for 
the mean depth of erosion (r) could be obtained as a function of time. The 
resistance against uniform material removal (R~) was defined as the 
reciprocal slope of the mean depth of erosion (r) versus time (t) curve 
during the first steady-state period, that is, after termination of the accelera- 
tion period and before deceleration due to crater formation. In order to 
obtain a homogeneous attack of the specimen surfaces, rimmed specimens 
were used, as proposed by Hirotsu and Abel10]. If fiat specimens are used 
the center part of the specimen frequently is already in the stage of crater 
formation when at the edge of the specimen the acceleration period has 
not yet terminated. Consequently a steady-state period is not observed 
and a proper measurement of the erosion resistance as just defined is not 
possible. 

For the materials tested in this part of the program the true ultimate 
tensile strength (o-*) was determined by means of static tension tests. 
For the copper-nickel alloys (see the following) the true maximum 
strength (~r*) under conditions of dynamic compression was determined 
as well, namely, by means of split Hopkinson pressure bar experiments. 
In these tests the rate of deformation 8 was equal to 2 x 104 s -t. The 
results of these tests were interpreted as described by Van Elst[ll]. 
The precise definitions of o'* and u* follow from Fig. 1. 

Materials 

The present test series was performed with six different steels, six 
copper-nickel alloys, and pure nickel. Table 1 gives the chemical com- 
positions, the structural conditions, and the Vickers hardness numbers 
of the steels. 

The copper-nickel alloys were chill cast with nickel percentages ranging 
from 10 to 60 percent. The chemical composition of these alloys is given 
in Table 2. Silicon was added for deoxidation purposes. The castings 
were homogenized during 2 h. Column 6 of Table 2 gives the homogenizing 
temperatures. After rolling (15 percent reduction in diameter), the ingots 
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FIG. l--Example o/ stress-strain curves (copper-nickel Alloy 6): ~ is defined as 
logarithmic degree o[ de[ormation in tension tests, 8 : Iog(1/lo); in compression 
tests, ~ : --log ( l /L) ,  with I,~ and 1 being the length o[ the specimen, respectively 
prior to and during testing. 

T A B L E  l--Chemical compositions, structural conditions, and hardness numbers 
of the steels. 

Strtlc- 

Chemica l  Composi t ions ,  weight % tural  
Steels Condi-  
No. C C r  Ni C u  Mo Cb tions~ HVlr 

I 0.1 13 . . . . . . . . . . . .  F 187 
2 0.1 13 . . . . . .  . . .  T M  184 
3 0.15 13 . . . . . .  0~2 . . .  T M ( + F )  240 
4 0.2 13 . . . . . . . . . . . .  T M  224 
5 0.2 25 4 . . . . . . .  A + F  254 
6 <~0.05 17 4 4" . . .  0.2 PH 470 

a F  
T M  
T M ( + F )  
A + F  
P H  

: ferrite. 
= tempered  martensi te .  
: t empered  mar tens i te  ( +  ferri te) .  
: austeni te  + ferrite. 
: precipitation hardened.  
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were recrystallized during 10 min. The resulting Vickers hardness numbers 
are given in Column 7 of Table 2. 

The pure nickel was taken from a commercially obtained hot-rolled bar. 
The material was annealed during 30 min at 950~ (1742~ After 
annealing, the Rockwell B hardness number was 27 (and the Vickers 
hardness number was 74 for a load of 30 kgf). 

Results 

Table 3 shows the results of o-* (static) and Re determinations for 
Steels 1 through 6, obtained under different conditions of pressure and 
temperature, and the results obtained with pure nickel at P = 1 .0  bar and 
T = 22~ (72~ 

TABLE 2..--Chemical compositions (analyzed after casting), homogenizing 
temperatures, and Vickers hardness numbers o[ the copper-nickel alloys. 

Chemical Composition, weight % 
Alloy Atomic % Temperature,  
No, Cu Ni Si Ni a * C HVso 

1 92.0 7.0 <0.005 8.1 1060(1940"F) 57 
2 76.8 22.9 ( 0 . 0 0 5  24.5 1090(1994"F) 78 
3 67.4 31.4 ( 0 . 0 0 5  33.4 1110(2030~ 88 
4 59.2 40.5 0.09 42.5 1140(2084"F) 80 
5 47.9 51.8 0.005 53.9 1180(2156~ 86 
6 39.4 60.1 0.08 62.3 1220(2228~ 89 

a Calculated on the basis Cu + Ni : 100 atomic %. 

TABLE 3--Results o[ strength and erosion tests o[ pure nickel and o[ steels 
under different conditions. 

R,, s /#m 

(Static) P : 0.7 bar  1.0 bar  1.0 bar 1.5 bar 
Materials M N / m  'z T = 35~C(95~ 22~176 35~176 35~176 

Pure nickel 530 630 
Steel 1 570 6"9�89 683 �89 i i ;  
Steel 2 671 10 700 975 554 312 
Steel 3 778 19 500 1 500 767 440 
Steel 4 784 ___  1 640 865 
Steel 5 915 32100 213o  113o 805 
Steel 6 1 490 70 100 5 400 2 840 2 010 
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The results of o-* (static) and Re determinations with the copper-nickel 
alloys are shown in Table 4. The last column of Table 4 contains the 
results of o-* (dynamic) determinations. 

Table 5, finally, contains the results of the erosion tests performed with 
the cold-worked materials (pure nickel, Steel 1 and Steel 4). The degrees 
of deformation are expressed as logarithmic values: 8 = - log ( 1 / 10). They 
correspond with, respectively, 0, 25, 45, and 60 percent reduction in length 
of the compressed specimens. 

Discussion 

In Fig. 2 the R,, data for Steels 1 through 6 and nickel, tested at 1.0 bar 
and 22~ (72~ (Column 4 of Table 3), and the R~, data for the copper- 
nickel alloys tested under the same experimental conditions (Table 4), 
are plotted as a function of o'*. It can be seen that the best curve through 
the measuring points gradually slopes down to zero at decreasing values 
of o',,*. 

TABLE 4--Results o/ strength and erosion tests o/ copper-nickel alloys; 
P = I . 0  bar," T-~22*C(72*F). 

Cu-Ni Alloy o~ (Static) R., o~ (Dynamic), 
No, M N / m  z s//~m MN/mZ 

1 303 144 520 
2 386 270 630 
3 396 296 700 
4 476 423 810 
5 494 489 860 
6 515 540 880 

TABLE 5--Resistance against uni/orm material removal (Re) o/ materials 
in different degrees o/ deformation (8). 

Re, s/:tm 

Pure Steel Steel 
8 Nickel No. I No. 4 

0 630 683 ! 640 
0.3 591 507 1770 
0.6 603 390 728 
0.9 626 328 548 
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Re 4--) 

~ Steels / 

-- On ~MN /.~) 

FIG. 2--Erosion resistance under conditions o/ uniform nmterial removal (Re) 
versus static true ultimate tensile strength ( ~ )  o] copper-nickel alloys, pure nickel 
and steels, at P = 1.0 bar and T = 22"C (72"F). 

In Fig. 3 the same data and also the data obtained at other values 
of P and T (Columns 3, 5, and 6 of Table 3) are plotted on logarithmic 
scales. It can be seen that the measuring points in this diagram lie on 
straight lines, corresponding to the equation 

Re = Atr]" (2) 

In this equation the exponent n is approximately equal to 2.3, independent 
of the temperature and the pressure of the test liquid. In the Appendix, 
considerations are given which substantiate Eq 2. 

The fact that the data obtained with the copper-nickel alloys obviously 
belong to the same "family" as the data obtained with steel implies that 
the true ultimate tensile strength criterion applies for at least these two 
groups of materials. So far, reported attempts to find a simple criterion 
for a large group of materials with widely different mechanical properties 
did not prove successful; for example, Ref 12. A possible reason for this 
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Re (i/llm) 
10 s 

a 

6 

10 4 
a 

10 3 
8 

102 
10 2 

4 4 g 2 4 iS 8 
10 3 10 4 

_ _ + , , .  0": (MN/m=) 

Symbol T P 
"C bar 

0 3s 0.7 
C) 22 1.0 

4~ 22 -0 

A 35 1.0 

3s 1.5 

FIG. 3--Erosion resistance under conditions o] uni]orm material removal (R+) 
versus true Ultimate tensile strength Gr~) o/ copper-nickel alloys and steels. For the 
meaning o] the symbols, see also Fig. 2. 

might be that the rate of erosion may well depend on the material properties 
under dynamic deformation conditions rather than on those under static 
deformation conditions. In the present case this could not be verified 
because, for the only group of materials for which the strength (o-g) was 
determined under dynamic conditions (that is, the copper-nickel alloys), 
the dynamic strength was found to be proportional to the static strength 
(see Table 4 and Fig. 4). 

Table 5 shows that gross deformation of pure nickel does not affect its 
erosion resistance. However, with Steels 1 and 4, which contain carbide 
precipitates along the grain boundaries, deformation has a very unfavorable 
influence. Figures 5 and 6 show photomicrographs of the cross sections 
of the eroded surfaces of these two steels in the various degrees of deforma- 
tion. It can be seen that--upon deformation in a direction perpendicular 
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2 

900 

800 

700 

600 

500 

300 

200 / 

100 / 

/ 

100 

/ 

/ 
/ 

20o 3o0 ,oo .5oo. . 
- - - . ~ o ' ,  tMN/m ~) 

FIG. 4--a~ (dynamic) versus ~ (static) /or copper-nickel alloys. 

to the test surface---the individual grains became elongated in a direction 
parallel to the test surface. This resulted in the fact that with undeformed 
steels small and regularly shaped wear debris formed, whereas in the case 
of the highly deformed steels large chips flaked off from the eroding 
surfaces. This unfavorable effect of cold working in a direction perpen- 
dicular to the test surfaces is contradictory to the beneficial effect of forging 
in the same direction, observed by Hoff et al[9] working with Stellites. 
Whether the influence of deformation will be favorable, unfavorable, or 
not noticeable probably depends on the precise nature of the deformations 
that occur as well as on the structure of the material at hand. This finding 
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FIG. 5--Cross sections of eroded surfaces o/ Steel No. I (/erritic) in different 
degrees o/deformation. 

substantiates the view that for such complicated materials as are usually 
applied in practice the mechanical properties (o-f-values) do not quite 
determine the behavior under conditions of cavitation erosion. Instead, 
erosion tests will always be necessary if one considers the use of new 
materials. 

There are two more reasons for promoting the performance of erosion 
tests for screening materials for a practical application. The first reason 
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FIG. 6---Cross sections o! eroded sur(aces o] Steel No. 4 (tempered martensite) 
in different degrees o! de[ormation. 

is that determination of the appropriate mechanical properties, whether 
static or dynamic, is difficult if possible at all--for many of the erosion- 
resistant materials applied in practice. The second and most stringent 
reason is that the foregoing considerations concerning the resistance against 
uniform material removal ignore the effect of crater formation. The magni- 
tude of this effect can differ considerably from one material to the other, 
as is shown in the following section. 
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Pit Formation 

Experimental 

Tichler et al[7] attributed the deceleration in the rate of erosion observed 
after the steady-state period to the presence of gas bubbles trapped in 
craters. This idea was worked out mathematically[13], resulting in a 
method whereby the mean depth of erosion at which the first bubbles 
became trapped (rb) could be found by graphic analysis of the shape of 
the mean depth of erosion (r) versus time (t) curve. This graphic method 
is rather complicated and, also, the experiments have to be continued until 
a considerable depth of erosion has occurred. This is a time-consuming 
procedure in the case of materials for practical erosion protection, as such 
materials obviously possess a high resistance against erosion. Fortunately, 
a readily applicable criterion for the resistance against pit formation can 
be found in the mean depth of erosion at which the first tiny pits can be 
observed (rp). Such pits grow to larger craters upon continuing the erosion 
test. For two cobalt alloys and three steels (given later) rp was determined 
as follows. After each individual erosion period the test specimen was not 
only weighed, but its surface was photographed with a 5-fold magnification. 
When after continued testing well-developed craters had formed, the photo- 
graph was selected at which the first tiny pits, in location corresponding to 
the aforementioned craters, were visible. This procedure eliminated the 
possibility that stationary pits in the surface, which did not grow to larger 
craters, were erroneously attributed to the erosion process. After selection 
of the "critical photograph," rp could be calculated readily from the weight 
loss of the specimen at the time the critical photograph was taken. 

The present tests were performed in water with bichromate corrosion 
inhibitor. The pressure and temperature of the water were 1.0 bar and 
35~ (95~ respectively. 

Materials 

The materials tested in this series were two cobalt alloys of the Stellite 
type, a nitriding steel, a carburizing steel, and a maraging steel. The cobalt 
alloys were applied by several different processes, as shown in Table 6. 
This table also gives the chemical compositions of the materials, in the 
case of the cobalt alloys, determined before application. 

Results 

The Re and r~ values found with the materials just given are listed in 
Table 7. The product of Re and rp is a measure for the time to formation 
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TABLE 7--Results o/ cavitation erosion experiments with materials 
for practical applications. 

69 

Ro, r,, R,r, : tp, 
Materials Processes* s / n m  ~m ks 

Co-alloy 1 ESR 38 24 900 
Co-alloy 2 TIG 17 50 800 
Nitriding steel nitriding 45 12 500 
Co-alloy 1 EBM 14 20 300 
Carburizing steel earburizing 8.8 27 200 
Co-alloy 2 FS 16 13 200 
Co-alloy 1 MA 5.7 20 100 
Maraging steel maraging 5.8 17 100 
Co-alloy 1 OA 10 1 10 

a See footnote to Table 6. 

of the first pit(s), (t~). The values of tp are given in the last column of 
Table 7. The order of sequence of the materials in Table 7 is that of 
decreasing values of t~. 

Discussion 

Failure of erosion-resistant materials applied in practice is frequently 
due to pit formation rather than to uniform removal of material from the 
surface. Thus, the t~ data given in the last column of Table 7 are a good 
measure for the quality of such materials. Obviously, on the basis of the 
R, values alone, the materials would have been classified in a completely 
different (and wrong!) order of quality. It can be observed that the r~ 
values vary considerably from one test surface to the other. This is further 
illustrated by Fig. 7, which shows photographs of the surfaces of the speci- 
mens of the first two materials of Table 6 in different stages of erosion. 
It can be seen that the electro-slag remelted (ESR) cobalt alloy was 
already in a stage of considerable pit formation when the surface of the 
tungsten inert gas (TIG) surfaced cobalt alloy was still entirely free of pits. 

Because of the observation that considerable differences can exist in the 
stage of pit formation at equal stages of uniform material removal, it is 
concluded that the two different erosion processes, described in this paper, 
must indeed be properly distinguished from each other. To that purpose 
it is absolutely necessary to ensure homogeneous attack of the surfaces. 

It has been shown previously[7] that the structure of materials consider- 
ably affects their resistance against crater formation. The mechanism of 
pit formation, however, is not yet known precisely. Probably the mecha- 
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FIG. 7---Specimen surfaces o] electro-slag remelted (1) and tungsten inert gas 
sur/aced (2) Co-alloys after different mean depths of erosion (r). 

nism resembles that of spaUing fatigue, as is observed in rolling element 
bearings[14]. It has also been shown that atmospheric corrosion can play 
an important role[15]. With cobalt-bonded tungsten carbide cermets, pit 
formation is accelerated by a process of atmospheric corrosion along the 
grain boundaries. Obviously, similar effects can also play an important 
role in the erosion mechanism of other materials. Thus, in screening mate- 
rials with respect to time to pitting, care should be taken to simulate as 
much as possible the environmental conditions that apply in practice. 

Conclusions 

1. For six copper-nickel alloys with nickel percentages ranging from 
10 to 60 percent and six steels of different chemical composition and 
structure, the following exponential relation between the resistance against 
uniform material removal (Re) and the true ultimate tensile strength 
(trY) applies: 

Re = A~?~ 2'~ 

2. Pressure and temperature of the test liquid do not affect the power 
exponent in the foregoing relation. Thus pressure and temperature of the 
test liquid do not influence the results of screening tests, which aim at 
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classifying materials with respect to their R, values, within the experimental 
limits of these tests. 

3. Deformation does not affect the Re value of pure nickel. However, 
there can be a pronounced and essentially unpredictable effect of deforma- 
tion upon the Re value of materials with a more complicated structure. 
Grain boundary precipitation is particularly important in this respect. 

4. Next to the resistance against uniform material removal, the resistance 
against pit formation is of considerable importance. Materials with a high 
Re value may have a low ru value, and vice versa. The processes of uniform 
material removal and pit formation must be properly distinguished from 
each other in testing and describing the cavitation erosion behavior of 
materials. 
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APPENDIX 

Nomenclature for Appendix 

A Amplitude of relevant stress wave 
a s Average volume of removed solid particles 
E Young's modulus 
F Area of eroded surface 

G s Fracture toughness = effective surface energy for solid 
h Energy content of relevant stress wave 

KL Modulus of liquid 
Nz Number of impinging liquid jets 
N s Number of solid particles removed from surface 

r Mean depth of erosion 
R e 1/~: = resistance against uniform material removal 
Z Characteristic acoustic impedance 
a Constant depending on average geometry of solid particles 

C o n s t a n t  - a F 4asl/3hLZL X 

7 Constant = X/~;.KL/p, 

surface 
p 

8 Deformation, logarithmic value (see also caption to Fig. 1 of paper) 
A Average effective defect size in solid 

Possible relevant geometrical factor for fracture toughness in solid 
crack configuration 
Density 
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o" 

trB 

Indices 

L 
S 

Engineering stress 
True ultimate tensile strength 
Stress wave duration at impact = impact time 

Liquid 
Solid 

Dependence of R, on Material Properties 

A tentative schematic description is suggested which accounts for the 
observed dependence of Re on tr~ in an orientating way. This is based 
on mass balance and energy balance. Mass balance 

o r  

rF = Nsas (3) 

Re = 1/~ = F/IQsa, (4) 

Energy balance: It is assumed that the energy for removal of solid 
particles is procured by partial absorption of the kinetic energy of imping- 
ing liquid jets. One removed solid particle requires an energy aasZ/aGs. 
For the energy contents of the stress waves generated in the solid, one has 

hs ~ 2rr2ZsAse (5) 
T 

According to Kolsky[16] 

2ZL (6) 
A,~ = AL -Zs + ZI, 

Substituting Eq 6 in Eq 5, one finds 

4ZL 2 2ZsZL 
ha ~ 2zreZ------~sr A~'2 (Zs + Zr)  2 - hL (Za + ZL) 2 (7) 

(See also, for example, Ref 17.) 
Thus, the energy balance is expressed as 

4Z~Zz 
Nsaas 2/3 Gs -- Nt, hr, 

(Zs + ZL) z 
(8) 

Combining the mass balance (Eq 4) and the energy balanee (Eq 8), the 
following expression for Re can be found 

R~ : l~GsZs (1 + Z L / Z s )  2 (9) 

Copyright by ASTM Int 'l  (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TICHLER ET AL ON CAVITATION EROSION TESTING 73 

Assume[18] 

and 

2 

G ~ ' -  ,rI X4, 
E (10) 

X/ z s  = P~ \ - - ~ - / ,  = max = ~ ' ~  (11)  

which appears justified after sufficient hardening. Substituting Eq 10 and 
Eq I 1 in Eq 9, one finds 

2.5 2 1,5 ) 
R, - Bk~bPs~ o'~ + 2yo'~ + yzcr* (12) 

E 

which will be nearly represented by the empirically found relation. 
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DISCUSSION 

STP567-EB/Dec. 1974 

A. F. Connl--This question actually pertains to discussions which we 
have had with the authors, and only indirectly to the ideas contained in 
the paper. Specifically, the authors have advised us that the shape of the 
rate of erosion versus time curves which they obtained in their magneto- 
strictive erosion tests differs from those curves obtained in such tests at 
HYDRONAUTICS, Incorporated. In particular the TNO rate versus time 
curves show a long, fiat region at the maximum rate as opposed to the 
rather peaked curves at the maximum erosion rate which are obtained in 
results reported from tests in the discusser's laboratory. I wonder if 
perhaps these differences are actually related to the very large differences 
in maximum mean depths which are obtained at TNO versus those at 
HYDRONAUTICS and in other standard erosion tests because of the 
relatively small intensities of cavitation used by TNO. The TNO tests have 
peak depths which are on the order of 60 to 200/zm, whereas many of 
the tests at HYDRONAUTICS and elsewhere have peak depths on the 
order of 1/8 in. (3200/xm) or more. Perhaps basically different mecha- 
nisms are operating at these two extremal values of cavitation intensity, 
and hence the differences in the rate curves are not due to testing pro- 
cedures or material variables? 

I. W. Tichler (authors" closure)--The authors appreciate Dr. Conn's 
critical remark on their work in general. Before giving my opinion upon 
this point, it seems to me that it is good to erase some possible misunder- 
standing upon the meaning of "peak depth" in Dr. Conn's discussion. 
Obviously, the meaning of "peak depth" is not the mean depth of erosion 
at the point where the erosion rate reaches its maximum, because this 
maximum in general occurs at mean depths of erosion on the order of 
10 to 100/~m. Thus, with peak depth the maximum mean depth of erosion 
(that is, at the end of the erosion test) is meant. This maximum mean 
depth of erosion obviously depends on erosion intensity and test duration. 

In my opinion, the sloping down of the erosion rate (that is, the existence 

i Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 
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of a maximum or peak rate) is connected with changes in the surface 
condition of the eroding material. This has also been concluded from work 
in the discusser's laboratory. In Ref 7 of the paper, the deceleration of 
the erosion process is attributed to the appearance of craters in the eroding 
surface, and the hypothesis is put forward that the deceleration is due 
to the protective action of gas bubbles, trapped in craters with appropriate 
size and shape. This idea has been worked out quantitatively in Ref 13 

of the paper. From these considerations, it follows that the authors do n o t  

have the opinion that for each material a flat peak should be found, which 
is illustrated by Fig. 5 of Ref 7. A sharp peak will be found for materials 
with a high tendency toward crater formation, in which craters are formed 
in an early stage of the erosive process. Conversely, a flat peak will be 
found for materials with a high resistance against pit formation (r~), 
in which the larger, bubble-trapping craters are formed only after longer 
times of exposure to the erosion process, especially when the materials 
have also a larger resistance against uniform material removal (Re). Some 
such materials have been presented in Table 7 of the paper. It is obvious 
that one tends to find flat peaks when developing materials for practical 
applications in which these properties are especially favorable. 

It is the authors' opinion that sharp peaks can also be found, if no 
measures are taken such as to obtain a homogeneous attack of the eroding 
specimen surfaces. If the attack is inhomogeneously divided along the 
surface of the specimen, craters appear already in the heaviest attacked 
parts of the specimen surface when other parts of the attacked surface are 
still in the incubation period, as was illustrated in Fig. 1 of Ref 7 of the 
paper. 

When performing tests for extremely prolonged test times, one should 
well keep in mind the trivial effect that the peak s e e m s  to be sharper due 
to the necessary compression of the time scale in the erosion rate versus 
time diagram. Another effect is that, when measuring at higher erosion 
intensities, one tends to perform the erosion tests with larger steps, which 
introduces larger inaccuracies in deriving the erosion rate versus time curve 
from the mean depth of erosion versus time curve. This can result also 
in the observation of a sharper peak. However, all these differences are 
gradual, not essential. The authors did not find any essential difference 
in erosion mechanisms when operating at varying intensities of erosion. 
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Cavitation-Induced Deformation 
of Aluminum 

REFERENCE: Vyas, B. and Preece, C. M., "Cavitation-Induced Deforma- 
tion of Almulnum," Erosion, Wear, and Inter/aces with Corrosion, ASTM 
STP 567, American Society for Testing and Materials, 1974, pp. 77-105. 

ABSTRACT: A metallographic study has been made of the damage pro- 
duced in pur �9 . aluminum by cavitation at ultrasonic frequencies. Scanning 
electron microscopy and transmission electron microscopy of eroded speci- 
mens indicate that the extensive slip steps and massive undulations pro- 
duced on the surface result from shock deformation. It is proposed that 
shock loading is caused by the pressure pulse of a cloud of cavities 
collapsing in concert. It is apparent that fatigue (in the conventional 
metallurgical sense), corrosion, or localized melting cannot be considered 
responsible for the observed cavitation damage. 

KEY WORDS: cavitation erosion, aluminum, surface deformation, slip 
lines, dislocation structure, mechanical stressing, erosion 

Considerable effort has been expended in recent years in understanding 
the mechanism of erosion of solids by cavitation. However, much of this 
effort has been concentrated on the fundamentals and statistical character- 
istics of the cavitation phenomenon[I-8] z rather than on studies of the 
eroded materials themselves. Moreover, studies of the latter type have 
largely been limited to weight loss measurements, and the actual mecha- 
nism by which material is lost from the surface has received little attention. 

Many attempts have been made to correlate the results of weight loss 
studies with various mechanical properties of the solid such as strain 
energy, hardness, yield strength, or fatigue life[9-14]. On the basis of 
these studies, erosion has been attributed by many investigators simply 

1 Graduate research assistant and associate professor, respectively, Materials Sci- 
ence Department, University of New York at Stony Brook, Stony Brook, N. Y. 
11790. 

2 The italic numbers in brackets refer to the list of references appended to this 
paper. 
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to fatigue failure[5,10,15,16]. Alternative theories have proposed ac- 
celerated corrosion[17,18] work hardening leading to brittle failure[19], 
shock deformation[20,21], or localized melting[22] as the mechanism 
controlling the phenomenon. Yet, except for a few isolated investiga- 
tions[21,23-25], little attempt has been made to examine the eroded ma- 
terial in detail to determine the validity of these theories. 

The aim of the present work was, therefore, to make an extensive 
metallographic study of the damage produced in a metal by ultrasonically 
induced cavitation and to compare the structure of the eroded metal with 
those produced by more conventional stress modes. Emphasis has been 
placed on the damage produced prior to any actual material loss, that is 
within the incubation period, because (1) this is the area in which 
structural designers obviously have the greatest interest, (2) it has re- 
ceived little attention to date, and (3) it is felt that the mode of damage 
produced in this region controls the rate of material loss at subsequent 
stages. 

Pure aluminum was chosen as the initial candidate material on the 
basis of (1) its simple crystal structure and well-characterized slip mech- 
anisms, (2) the availability of extensive data on its fatigue properties and 
corrosion characteristics, and (3) its poor erosion resistance. It was felt 
that an understanding of the basic erosion mechanism of pure aluminum 
could later be extended to the commercial aluminum alloys and allow 
their composition and thermomechanical treatment to be chosen to op- 
timize resistance to cavitation. 

Experimental Procedure 

The aluminum used in this investigation was obtained from the fol- 
lowing sources: AI-99.999 polycrystalline sheet, 0.5 mm thick, from 
A. D. MacKay, New York; AI-99.999 single crystals, 12.5 mm diameter,, 
from M. R. C., New York; and A1-99.997 bicrystal sheet, 2.0 mm thick, 
from Windsor Metalcrystals, Windsor, Md. Samples were cut from the 
starting material by spark erosion and were electropolished in a 2:1 solu- 
tion of methanol and nitric acid to obtain fiat, deformation-free surfaces. 

Cavitation was produced by an "Ultralab" vibratory unit at a frequency 
of 20 kHz and variable amplitude. The specimen was not attached directly 
to the unit since it has been shown that the ultrasonic vibrations can them- 
selves produce fatigue failure in the specimen even in the absence of any 
cavitation[24,26]. Instead, the specimen was held stationary, 115 tzm be- 
low the surface of the horn in distilled water maintained at 25~ (77~ 

The damaged surfaces of the specimens were examined by scanning 
electron microscopy (SEM) after 2 s exposure to cavitation and at sub- 
sequent intervals of 5 s until a loss in weight was detected. 
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The dislocation substructure of the eroded polycrystalline material was 
examined by transmission electron microscopy (TEM). For these studies, 
specimens were electrolyticaily thinned, in a 4:1 solution of methanol and 
perchloric acid, from the back (uneroded) surface to retain a thin foil of 
the surface exposed to cavitation. Specimens were examined after 5 s 
exposure at vibrational amplitudes varying from 43 to 128/zm, and after 
30 s exposure at an amplitude of 88/zm. Observations were made within 
24 h of the erosion and, in addition, after 4 days and 2 Weeks at room 
temperature following erosion. 

Results 

Scanning Electron Microscopy 

Examination of the eroded surface of polycrystalline specimens re- 
vealed that, within the first 5 s, the grain boundaries were delineated and, 
in some areas, the deformation was such that individual grains appeared 
to be depressed below the general level of the surface. Further exposure 
to cavitation resulted in the edges of the adjacent grains flowing over the 
depressed area, Fig. 1. Such behavior is not generally observed in de- 
formed metals and may be unique to this mode of deformation. Also at 
very early stages of erosion, coarse slip bands became visible in some 

FIG. l--Grain boundary delineation in polycrystalline aluminum eroded ]or 15 s. 
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grains, but were not a general characteristic of early deformation as was 
the grain boundary delineation. In some areas the slip bands were evenly 
spaced and similar in appearance to those produced by fatigue. The sig- 
nificant degree of plastic flow occurring within a few seconds of exposure 
to cavitation was further evidenced by a general, and fairly uniform, 
undulation of the surface and the formation of small smooth-edged pits 
~1-10/~m diameter. 

These observations suggested that erosion rates may be different for 
crystals of different orientation, and that more extensive deformation may 
occur at the grain boundaries than in the grain centers. Accordingly, single 
crystals with surfaces parallel to the { 100}, { 110}, or [ 111 } crystal planes 
and bicrystals of the orientations given in Fig. 2 were examined for fur- 
ther evidence of these features. 

Figures 3a-e show the development of deformation on the {110} 
surface of a single crystal. The surface features observed in polycrystals, 
namely, slip bands extending throughout the sample, small pits, and a 
general undulation of the surface, are all visible in this crystal after 2 s 
of erosion. Slip bands on four different slip systems are apparent in 
crystals of this orientation. Moreover, they persist throughout the time 
sequence studied in spite of the massive surface rumpling, and can be 
readily observed at all stages of deformation as illustrated in Figs. 4a-c. 

Slip bands were less extensive in crystals of [100} orientation than in 

(lO0) OlO) (lO0) (010) 
NO. I ~ / ~ 1 1 )  NO. 2 

J 
(IOO) (I IO) 

11o. 3 
FIG. 2--Orientation o] bicrystals. 
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FIG. 3a---Surlace ]eatures o/ {110} surlace o[ aluminum single crystal alter 2 s 
o[ cavitation. 

FIG. 3b--Sur]ace ]eatures o/ {110} surface oJ aluminum single crystal alter 20 s 
of cavitation. 
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FIG. 3c--SurIace features of { l lO) surface of aluminum single crystal after 35 s 
o] cavitation. 

FIG. 3d---Sur[ace features o] {110} sur]ace o] aluminum single crystal after 62 s 
o~ cavitation. 
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FIG. 3e--Sur/ace features o] { 1 I0} sur]ace o~ aluminum single crystal a#er 82 s 
o] cavitation. 

FIG. 4a--Multiple slip on the {110} single-crystal sur/ace a#er 5 s o/ erosion. 
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FIG. 4b--Crater /ormation on {II0)  sur/ace o/aluminum single crystal a/ter 62 s 
of erosion. Slip bands still persist on the surface. 

FIG. 4c--Development of crater after 82 s o/ erosion on the {110} surface of 
aluminum single crystal. Material loss has occurred from the circled area. 
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FIG. 4d--Ma.enification o/ circled area in Fig. 4c. 

the {1 I0} sample shown in Figs. 3 and 4, and were not visible at all in 
crystals of { 111} orientation. This is simply a geometric property of the 
crystals; however, the Burgers vector of the slip dislocations has a larger 
component normal to the ~110} than the {100} or {111} crystal planes. 
The difference in visible slip cannot, therefore, be attributed to a greater 
degree of deformation in the {110} specimen. The variation in type and 
degree of deformation with orientation is, in fact, negligible as indicated 
by the structures in Fig. 5, taken after 50 s of erosion. 

At the end of the incubation period, the general undulations develop 
into crater-like depressions with large smooth lips. Material loss occurs 
from the lips of the craters. It is obvious from the plasticity of aluminum, 
even at this stage of deformation, that particles are removed by ductile 
rupture rather than by brittle fracture. Details of a typical fracture area, 
circled in Fig. 4c, are shown in Fig. 4d. 

The SEMs of bicrystal No. 1, Figs. 6a, b, illustrate the general influence 
of crystal orientation on the erosion damage. The grain boundary is dis- 
cernable at high erosion times only because of the orientation of the slip 
lines and of the over-all wavy nature of the cavitation-induced craters. 
These micrographs and those of bicrystal No. 2 in Figs. 7a, b show that, 
apart from the delineation due to the different slip systems operating in 
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FIG. 5a--Sur]ace of aluminum single crystal of {I10} orientation alter 50 s of 
erosion. 

FIG. 5b--Sur]ace o] aluminum single crystal o] {100] orientation after 50 s of 
erosion. 
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FIG. 5c--Surface of aluminum single crystal of {111} orientation after 50 s o] 
erosion. 

FIG. 6a--Formation of slip bands in both grains of bicrystal No. I after 10 s o/ 
erosion. 
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FIG. 6b--Sur]ace [eature of bicrystal No. I alter 50 s o] erosion. 

FIG. 7a---Slip band ]ormation on the sur[ace o /one  grain in bicrystal No. 2 a]ter 
10 s of erosion. 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VYAS AND PREECE ON DEFORMATION OF ALUMINUM 89 

FIG. 7b--Sur]ace feature ol bicrystal No. 2 a#er 40 so]  erosion. 

each grain, the grain boundaries have little effect on erosion. However, 
in addition to the high degree of plasticity at the grain boundaries shown 
in Fig. 1, other unusual effects have been observed. For example, in 
Fig. 8 the grain boundary appears to be pulled apart to form a groove. It 
was anticipated that the groove would act as a crack nucleus and grow 
deeper with subsequent exposure to cavitation. Figures 8b, c, taken after 
a further 50 s of erosion, show that this did not occur and that plastic 
des continued at the grain boundary, effectively closing up 
the groove. 

Transmission Electron Microscopy 

Electron micrographs of samples eroded for 5 s at different amplitudes 
of vibration are shown in Figs. 9a-e. All specimens contain a high con- 
centration of point defect clusters and heavily jogged dislocations, and 
there is no indication of the cell structure usually observed in deformed 
aluminum. There appears to be little change in the density of these de- 
fects with amplitude, though it is well known that increasing the ampli- 
tude produces an increase in erosion rate and shortens the incubation 
period. 

The SEM studies would suggest that lengthening the time of exposure 
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FIG. 8a--Grain boundary pulled apart alter 15 s o[ erosion in bicrystal No. 3. 
The pit labelled A is typical o/ those considered to be caused by the collapse o] a 
single bubble. 

FIG, 8b--Grain boundary o] bicrystal No, 3 after 65 s o/ erosion. Note that the 
pit labelled A has not grown is size with the increased erosion time. 
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FIG. 8c--Magnification of region around the pit labelled B in Fig. 8b. No grain 
boundary grooving is visible at this stage o[ erosion. 

FIG. 9a - -TEM o[ polycrystalline aluminum a[ter 5 s o[ erosion at an amplitude 
ol 43 #m. 
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FIG. 9 b - - T E M  of polycrystalline aluminum after 5 s o/ erosion at an amplitude 
o~ 66 ~m. 

FIG. 9c - -TEM  o] polycrystalline aluminum alter 5 s o l  erosion at an amplitude 
o! 88 urn. 
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FIG. 9 d - - T E M  o] polycrystalline aluminum aJter 5 s o/ erosion at an amplitude 
of 109 t~m. 

FIG. 9 e - - T E M  o~ polycrystalline aluminum after 5 s o ]  erosion at an amplitude 
o/  128 #m. 
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to cavitation should result in a considerably higher density of dislocations 
since the macroscopic deformation increases severely. A TEM of a speci- 
men exposed for 30 s at an amplitude of 88 ~m, Fig. 10, does show a 

FIG. I(k--TEM o/polycrystalline aluminum alter 30 s oJ erosion at an amplitude 
ot 88 ~,m. 

slightly higher dislocation density than those exposed for only 5 s. but 
the increase is not as large as expected. It is probable that the insignifi- 
cant variation in defect density with amplitude of vibration or time of 
exposure to cavitation may be attributed to dynamic recovery of the 
specimens. 

Discussion 

The various theories proposed to explain the mechanism of cavitation 
erosion may be classified into three areas---accelerated corrosion, localized 
melting, and mechanical stressing--the latter being subdivided according 
to the proposed mode of stress. It is appropriate to consider the results 
of the present study in terms of these three classes of theories. 

Accelerated Corrosion 

Oxidation and the formation of hydroxides undoubtedly occur during 
cavitation erosion of aluminum and, when allowed to grow to scale thick- 
ness, are found to contribute significantly to the erosion process. In the 
experiments described here, however, conditions for oxide growth were 
kept to a minimum and corrosion is not considered of consequence since 
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it is apparent from the micrographs that mechanical deformation plays 
the major role. It may be argued that the interaction of environment and 
mechanical stressing could result in stress corrosion cracking, but pure 
aluminum has never been found to be susceptible to that phenomenon[27] 
and, furthermore, the highly ductile fracture mode produced by cavitation, 
Fig. 4d, is unlike those observed in stress-corroded metals, especially the 
aluminum alloys. Corrosion fatigue may be proposed as an alternative 
mode of failure, but again this appears unlikely since metals are not 
generally susceptible to corrosion fatigue at ultrasonic frequencies[28]. 
This is thought to be because of insufficient time available in each cycle 
for the corrosion reaction to occur. 

Localized Melting and Thermal Effects 

The highly ductile craters shown in Figs. 3-8 could be attributed to 
very high stresses or to an increase in the temperature of the metal surface. 
Actual melting of the surface layers would remove all traces of slip lines 
and of the dislocations observed by TEM and must, therefore, be dis- 
regarded. Attempts were made to measure any temperature increase using 
a thin-film thermocouple plated beneath a foil sample. The results in- 
dicated an increase of only ~ 30~ (86~ but were not considered re- 
liable because the mechanical stressing of the composite specimen was 
sufficient to separate the layers, 

Aluminum recovers and recrystallizes very rapidly at temperatures 
greater than ~ 100~ (212~ and any significant rise in temperature 
during stressing would result in simultaneous recovery and a subgrain 
structure. The dislocation arrays observed in specimens within 24 h of 
erosion showed little sign of recovery, but after four days at room tem- 
perature the dislocations were observed to be forming into subgrain walls, 
Fig. 11, and, after two weeks, recovery was complete, as indicated by the 
well-defined subgrain structure in Fig. 12. 

It is apparent, therefore, that the structures in Figs. 9 and 10 may 
already have recovered to some extent, which would account for the little 
variation in defect density, but obviously no significant degree of recovery 
could have occurred during actual exposure to cavitation. This indicates 
either that any thermal effects are small, as suggested by the temperature 
measurements, or that their duration is too short to contribute effectively 
to thermally activated processes in the metal. 

Mechanical Stressing 

It is evident from many studies that mechanical deformation plays a 
major role in erosion by cavitation and this is readily discernable in a 
ductile metal such as aluminum. Pure aluminum has a high stacking fault 
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FIG. l l - - T E M  o] polycrystalline aluminum observed ]our days aJter erosion 
for 5 s. 

FIG. 12- -TEM of polycrystalline aluminum observed two weeks after erosion 
/or 5 s. 
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energy[30] and, hence, dislocations can cross slip easily, resulting in a 
low work-hardening rate and a low recovery temperature, as discussed in 
the foregoing. However, under more common deformation modes, such 
as tension, bending, or rolling, dislocation cell structures such as that 
shown in Fig. 13 are invariably formed[29]. Under cyclic stressing at all 
(including ultrasonic) frequencies, multiple slip is not generally observed 

FIG. 13----Cell structure in polycrystall ine a luminum rolled 5 per cent at room 
temperature.  

and deformation is confined to relatively few slip bands which grow in 
intensity with increasing number of cycles[26,31,32]. Dislocation cell 
structures are again formed, their size and intensity depending on the 
frequency and stress level[31-33]. Failure by fatigue, however, occurs 
only under conditions where there is a tensile component of the stress, and 
results from void growth and coalescence along the slip bands. In cavita- 
tion, the only possibility of a tensile stress appears to be in the lips of 
the craters where the material is forced upwards between the adjacent 
depressions. It is interesting to note that this is the area from which 
material does, in fact, fail. 
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The only stress mode which has been shown to give a dislocation struc- 
ture similar to those observed in this investigation is shock loading. Figure 
14 shows the structure of aluminum shock loaded at 65 kilobar pressure 
at room temperature[34]. The random jogged dislocations and high den- 
sity of point defect clusters are remarkably similar to those in Fig. 9. 

FIG. 14---TEM o] polycrystalline aluminum shock-loaded at 65-kbar pressure at 
room temperature. (ReJ 34, by permission oJ Pergamon Press.) 

It has been shown that the collapse of a cavity is capable of producing 
a shock pulse of ~ 1 kilobar[5,15,35,36]---easily sufficient to severely 
damage a metal. However, on the basis of calculations of the attenuation 
of the pulse from a single collapsing cavity, it has been suggested by many 
investigators that the damage produced in a solid is due only to the col- 
lapse of those individual bubbles which are in the close vicinity of the 
solid surface. Those cavities at distances from the solid greater than their 
radius are considered to have an insignificant effect on its erosion[3,15,37]. 
Nevertheless, while it is conceivable that the collapse of an individual 
bubble could produce a pit of the same order of magnitude as itself, such 
as those labeled A and B in Fig. 8, it is difficult to understand how slip 
lines extending throughout a crystal of 12.5 mm diameter and general 
undulations of the surface (> 150 am diameter) could be produced unless 
it is by the impact pressure of many thousands of collapsing bubbles acting 
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in concert. The pressure exerted by such a cloud of bubbles has been deter- 
mined empirically to be - 30 kilobar[1 ]. 

It has been argued that, in spite of the magnitude of the pressure 
shocks emitted by a collapsing cavity, they appear unlikely to produce 
the observed damage because of their short duration[38]. However, shock 
pulses of the order of microseconds are commonly found to produce 
severe damage to solids[39], and the minimum estimate of the duration 
of those produced by cavitation at kHz frequencies is ~ 1 /~s[5]. 

If the general undulations of the surface are considered to result from 
the combined pressure pulse of a large number of bubbles, then those 
pulses must also be held responsible for the macroscopic deformation and 
ultimate removal of material, because it is obvious from the sequence of 
micrographs in Fig. 3 that the undulations develop into the large craters, 
after which particles are removed from their edges by ductile rupture. 
Thus the shock- or jet-action of individual bubbles cannot be considered 
the only major source of mechanical stressing. 

The grain boundaries play only a minor role in erosion and do not act 
as sites for preferential attack. They do provide barrier to initial bulk 
plastic flow, but appear to have little influence in preventing crater forma- 
tion or removal of material. It is expected, however, that in an alloy sys- 
tem in which solute segregation or precipitation occurs, the grain bound- 
aries may be more effective in inhibiting the initial deformation that leads 
to crater formation. 

Conclusions 

The crystallographic orientation of a specimen does not appear to in- 
fluence its rate of erosion. Although the formation of coarse slip steps on 
the surface is a function of orientation, the steps do not play a role in 
subsequent deformation and do not act as site for particle removal. 

Grain boundaries provide a barrier to slip in the initial stages of 
deformation and a considerable degree of plastic flow occurs in the grain 
boundary regions, particularly in the vicinity of triple points. However, 
at later stages of deformation, the grain boundaries have little influence; 
they do not inhibit crater formation or material loss nor do they provide 
a preferential site for erosion. 

The small pitson the surface are attributed to the collapse of individual 
bubbles in the immediate vicinity of the surface. On the other hand, the 
extensive slip lines and large craters, from the edges of which material 
loss occurs, are considered to be produced by the pressure pulse of a 
large number of bubbles collapsing in concert. 

The dislocation substructures produced by cavitation show no sign of 
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the cell formation which is readily apparent in aluminum after it has been 
subjected to fatigue stressing or other modes of deformation such as rolling. 
The structures observed, which consist of a high density of random, heavily 
jogged dislocations and numerous point defect clusters, are remarkably 
similar to those formed in aluminum by shock pressures produced by ex- 
plosive loading. It must be concluded, therefore, that the pressure wave 
produced by the cloud of collapsing bubbles has the characteristics of 
a shock pulse. 
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DISCUSSION 

STP567-EB/Dec. 1974 

A. F. Connl--The authors are to be congratulated for a most thorough 
study of the micromechanisms responsible for cavitation erosion of soft 
aluminum. Although describing the loss of small pieces of material near 
the edge of pits, they did not say just how these pieces were caused to 
break off. I wonder if the authors would care to conjecture on how these 
pieces are removed? 

B. Vyas (authors' closure)--Observation of the eroded surface of alumi- 
num by SEM indicates that material is removed by ductile rupture at the 
edges of the deformation craters. This view is endorsed by optical metallog- 
raphy of cross sections of the sample, which shows internal void formation 
and necking of the edges of the craters; see Fig. 15. 

FIG. 1 S---Cross section o/ eroded sample o/ aluminum showing necking at edges 
o] the deformation craters after 120 s exposure to cavitation. Optical micrograph. 
X260. 

Principal research scientist and head. Material Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 
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W. T. EbiharaZwThe SEMs showing the apparent dislodgment of the 
aluminum grains are quite interesting. Would you please comment as to 
how this phenomenon could take place? Would the cavitation loading be 
of such magnitude to cause such displacement of grains or could this be 
caused by removal of the grain boundary atoms? 

B. Vyas (authors' closure)--Removal of grain boundary atoms would be 
expected to produce a groove along the boundary, rather than the depres- 
sion of whole grains as the micrographs suggest. Our calculations indicate 
that, for the latter to result from material removal over the whole surface 
of the grain, some weight loss should be detectable. Since we are not able 
to detect any loss in weight at this stage of the erosion process, we can 
only assume that the depression is a result of mechanical deformation. This 
is not unlikely if erosion is caused by a shock pulse as we propose. The 
magnitude of such a pulse would be easily sufficient to produce the observed 
effect. 

I. W. Tichler3--By means of the SEM, the authors studied aluminum 
surfaces in the incubation stage and in the very beginning of what we call 
the stage of uniform material removal: One of the significant observations 
is that the break-off of wear debris is ductile in nature, at least for alumi- 
num. The material removal is apparently not due to a fatigue mechanism 
for this material. 

Several authors proposed a statistical model for the breakout of wear 
particles from the eroding surface, based on the assumption that this 
breakout is due to a fatigue mechanism. This assumption is not necessary. 
The break-off of particles is a stochastic process, whether it is due to 
fatigue or not. 

On the other hand, fatigue probably plays an important role in the 
mechanism of pit formation, as has been shown by Tichler and Scott) 

B. Vyas (authors' closure)--We thank Dr. Tichler for his comments. 
However, it cannot be concluded that pit formation due to cavitation is a 
fatigue process, simply because a certain group of steels is rated in the 
same order of performance for resistance to rolling contact fatigue and 
to cavitation erosion. As Dr. Tichler himself suggests, 5 an equally likely 
explanation is that cavitation occurs in the lubricant during rolling contact 
fatigue. 

2 Research metallurgist, Rodman Laboratory, Rock Island Arsenal, Rock Island, 
III. 61201. 

3 Metal Research Institute TNO, Apeldoorn, The Netherlands. 
4 See page 56 of this volume (Tichler et al, "Applied Cavitation Erosion Testing"). 
a Tichler, J. W. and Scott, D., Wear, Vol. 16, 1970, pp. 229-233. 
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W. F. Adler6NI would like to congratulate Vyas and Preece for an 
excellent presentation of this most interesting and significant research. 
Since this research parallels a portion of the program in particulate and 
cavitation erosion at Bell Aerospace, I would like to take this opportunity 
to provide some perspective on the importance of studying erosion mecha- 
nisms during the very early stages of the erosion process. 

First, one has to decide whether the application for the experimentally 
evaluated erosion behavior is the development of more erosion-resistant 
materials of the same general character as some reference material or the 
estimation of the lifetime of a given material exposed to a specified erosive 
environment. Professor Thiruvengadam's models, z for example, are directed 
toward this latter objective. He is attempting to obtain a universal curve 
which describes the steady-state erosion rates for a variety of materials 
in terms of a limited number of engineering parameters. On the other 
hand, microscopic examination of the very early stages of the erosion 
process affords one the opportunity to discover what microstructural 
features of a given material contribute to its erosion behavior. The 
localized features of the material on a scale which interacts with the 
erosive medium control its erosive response. By understanding the material 
characteristics on a microscopic level which govern the erosion behavior, 
it may be possible to modify the microstructural characteristics to greatly 
improve a material's erosion resistance without changing its overall strength 
levels. This means that the incubation period can be extended as indicated 
in Fig. 16. It is conjectured that the same material properties which 
influence the onset of erosion damage will also have some influence on the 
erosion behavior during the steady-state erosion range in the manner 
suggested in Fig. 16. The long-term weight loss can be changed signifi- 
cantly by a possibly simple microstructural modification or by the selection 
of a metallic alloy from a homologous series once the controlling micro- 
scopic erosion mechanisms are understood. 

Detailed microscopic investigations and metallographic analyses as 
represented in the work of Vyas and Preece provide the basis for isolating 
the material characteristics which most significantly affect the erosion 
behavior of that material. These characteristics can be quite distinct from 
the usual engineering properties: yield strength, ultimate strength, hard- 
ness, and so on. It is fairly well established that the initial erosive response 
of a metallic specimen is not governed by its mechanical characteristics 

6Principal scientist, Advanced Materials Research Department, Bell Aerospace 
Company, Buffalo, N. Y. 14240. 

~Thiruvengadam, A., Proceedings, Third International Conference on Rain 
Erosion and Associated Phenomena, 1970, p. 565. 
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FIG. 16---Modi]ication in weight-loss data due to extended incubation period. 

evaluated on a gross scale s.9 but by the microstructural features which 
interact with the erosive environment. 10At This observation can be further 
supported by the fact that erosion damage due to liquid droplet impacts 
occurs at impact pressures well below the ultimate and often even the 
yield strength of the specimen. Our microscopic investigations of rain 
erosion damage in annealed Ti-6AI-4V specimens reveal that damage 
occurs on a microscopic scale during the first few droplet impacts on the 
same area even when the magnitude of the maximum applied pressure 
pulse (computed according to the water hammer equation) is approxi- 
mately one half the gross yield strength for this material. ~1 On the basis 
of these microscopic investigations more representative analyses can be 
made of a material's response to an erosive environment. It is in this 
context that research along the lines presented by Vyas and Preece will 
greatly advance fundamental understanding of how to select and develop 
more erosion-resistant materials. 

s Garcia, R., Hammitt, F. G., and Nystrom, R. E., in Erosion by Cavitation or 
Impingement, ASTM STP 408, American Society for Testing and Materials, 1967, 
p. 239. 

t, Morris, J. W. and Bates, C. H., Proceedings, Third International Conference on 
Rain Erosion and Associated Phenomena, 1970, p. 261. 

~0 Hackworth, J. V. and Adler, W. F., "Microscopic Investigation of Cavitation 
Erosion Damage in Metals," presented at the Conference on the Role of Cavitation 
in Mechanical Failures, Boulder, Colo., Oct. 1973. 

~1 Adler, W. F. and Vyhnal, R. F., "Rain Erosion of Ti-6AI-4V," presented at the 
Fourth International Conference on Rain Erosion and Related Phenomena, Meers- 
burg, Germany, May 1974. 
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G. S. Springer 1 and C. B. Baxi 

A Model for Rain Erosion of Homogeneous 
Materials 

REFERENCE: Springer, G. S. and Baxi, C. B., "A Model for Rain 
Erosion of Homogeneous Materials," Erosion, Wear, and Interfaces with 
Corrosion, ASTM STP 567, American Society for Testing and Materials, 
1974, pp. 106-127. 

ABSTRACT: In this report the behavior of homogeneous materials sub- 
jected to repeated impingements of liquid droplets was investigated. Based 
on fatigue theorems, a model was presented for describing both the incuba- 
tion period n i (that is, the time elapsed before the mass loss of the 
material becomes appreciable), and the mass loss past the incubation 
period m. The parameters were established which govern the length of 
the incubation period and the subsequent mass loss rate, and simple 
algebraic expressions were developed relating n~ and m to the properties 
of the impinging droplets and the material. The limits of applicability of 
the model was also established. 

The results obtained were compared to available experimental data. 
Reasonable agreement was found between the present results and the data, 
indicating that the model developed can be used to estimate the incubation 
period and the mass loss of the material. 

KEY WORDS: rain erosion, liquid impingement, erosion mechanism, 
fatigue model, incubation period, erosion 

Aircraft components such as radomes, leading-edge surfaces, helicopter 
blades, and various structural members may experience heavy damage 
when subjected to repeated impingements of rain droplets. Liquid droplets 
may also cause significant damage to steam turbine blades. Owing to the 
severity of the problem, numerous investigations have been concerned with 
the effects of liquid impingement on surfaces. Excellent reviews sum- 
marizing previous experimental and analytical work have been given by, 

1 Professor and research associate, respectively, Department of Mechanical Engi- 
neering, University of Michigan, Ann Arbor, Mich. 48104. 
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among others, Eisenberg[1], z Engel[2], Heymann[3,4], Heymann and 
Arcella[5] and Wahl[6]. Many of the recent studies dealing with the prob- 
lem are also described in Refs 7-9. 

The majority of previous studies on the subject of rain erosion have 
been experimental in nature, with the bulk of prior research concentrating 
on the measurement of an erosion parameter (for example, total weight 
loss) of a specimen subjected to specific conditions. Su~:h empirical studies 
provide information on the behavior of a given material under a given 
condition, but fail to describe material behavior beyond the range of the 
experiments in which they were obtained. Recently, attempts have been 
made to derive analytical or semi-empirical formulas which describe the 
dependence of material damage on selected operating variables, such as 
impact velocity and droplet size[3-5,10-12]. Although these studies shed 
light on some of the mechanisms which contribute to material damage, 
a satisfactory method has not yet been devised which is capable of correlat- 
ing the existing data and generalizing the results obtained from a few 
experiments. The objective of this investigation is to develop a model 
which is consistent .with experimental observations and which predicts 
quantitatively "erosion" of materials under previously untested conditions. 
It is evident that such a model is needed for the selection of the proper 
materials and for the design of appropriate structures and components 
subject to severe liquid impingement. 

The model proposed here is aimed at describing (a) the "incubation 
period," that is, the time elapsed before the mass loss of the material 
becomes appreciable, and (b) the degradation of the material past the 
incubation period as manifested by its mass loss. The existence of an 
incubation period suggests that the damage produced in the material is the 
consequence of cumulative fatigue damage produced by the repeated 
impacts of the droplets. Therefore, the present model is based on fatigue 
concepts. The role of fatigue in rain eroaion has been recognized in the 
past[13-17] and attempts have been made to describe the material damage 
in terms of fatigue parameters[3,4,18]. However, expressions for the incu- 
bation period and for the subsequent material loss have not yet been 
derived. 

The Problem 

The problem investigated is the following. Spherical liquid droplets of 
constant diameter d impinge repeatedly upon a semi-infinite, homogeneous 

zThe italic numbers in brackets refer to the list of references appended to this 
paper. 
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108 EROSION, WEAR, AND INTERFACES WITH CORROSION 

material (Fig. 1 ). The angle of incidence of the droplets 0 and the velocity 
of impact V are taken to be constant. The spatial distribution of the 
droplets is considered to be uniform. Thus, the number of droplets 
impinging on unit area in time t is 

n = (V cos0)qt  (1) 

where q is the number of droplets per unit volume. Rair~, falling with con- 
stant terminal velocity Vt is usually characterized by a parameter I, called 
"intensity," which is related to q by the expression 

6 ! 
q - Ir V , d  ~ (2)s 

In Eq 2 1 has the units of length/time. Values for Vt may be obtained 
from charts[19] or may be calculated from the empirical relationship[20] 

V, = 9 6 5 -  1030e -6d (cm/s)  (3) 

where d is in centimeters. Equations 1 and 2 may be combined to yield 

6 (V cos0)! 
n - t (4) 

7r V td 3 

The impingement rate is assumed to be sufficiently low so that all the 
effects produced by the impact of one droplet diminish before the impact 

Diameter, d ~ I 
Density, PL ~ ~ 
Speed of ~jnd Ct -,.,::~/;~,//::/,/,., 

Density p$ 
Speed of Sound C$ 
Modulus of Elasticity F s 
Pols$on Ratio, us 
Ultimate Tensile Strength, cr u 
Endurance Limit, or! 

FIG. l--Drop/el impingement on a homogeneous material. Description o] the 
problem. 

s Any consistent set of units may be used in Eq 2. Customarily ! is expressed in 
in./h. Vt in [t/s and d in mm. For these units 

I q ~ 1250 ~ (number/ft :4) 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SPRINGER AND BAXl ON A MODEL FOR RAIN EROSION 109 

of the next droplet. This assumption is justified since, in practice, the 
time between subsequent impingements at a point is of the order of 10 -z s, 
while the stresses produced in the material become negligible in about 
10 -6 s. 

The pressure within the droplet varies both with position and with time. 
For simplicity, the pressure will be taken to be constant, its value being 
given by the water hammer pressure[21] 

p _  pzCLVcosO (5) 

1 + pLCr 
p,C~ 

where p is the density and C the speed of sound. The subscripts L and s 
refer to the liquid and the solid, respectively. In terms of the modulus of 
elasticity E~ 

C. : "ff E ff  p, (6) 

Although more accurate representation of the pressure is possible[21], 
the accuracies afforded by the use of Eq 5 will suffice in the present 
analysis. Thus, the force imparted to the surface by each droplet is 

,ffd 2 
F = P 4 (7) 

The forces created by the repeated droplet impacts damage the material 
as manifested by the formation of pits and cracks on the surface, and by 
weight loss of the material. Experimental evidence indicates that under a 
wide range of conditions the weight loss W varies with time t, as shown 
schematically in Fig. 2a. For some period of time, referred to as the 
incubation period, the weight loss is insignificant. Between the end of the 
incubation period t~ and a time denoted by tl the weight loss varies nearly 
linearly with time. After t t the relationship between W and t becomes 
more complex. Here, we will be concerned only with the behavior of the 
material up to time t r 

It is advantageous to replace the total weight loss of the specimen by the 
mass loss per unit area m, and the time by the number of droplets imping- 
ing upon unit area n. In terms of the parameters m and n, schematic repre- 
sentation of the data is given in Fig. 2b. It is now assumed that the data 
can be approximated by two straight lines as shown in Fig. 2b, that is 

m = O, 0 < n < n ~  (8a)  
m = a ( n  - n O ,  n~ < n < n t (8b) 
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Thus, the material loss m produced by a certain number of impacts n can 
be calculated once the incubation period n~, and the rate of subsequent 
mass loss (as characterized by the slope ct are known. Therefore, the 
problem at hand is to determine the parameters n ,  a, and nl,  the latter 
being the upper limit of validity of Eq 8b. 

It is noted here that the foregoing model is valid only if there is an 
incubation period. It has been observed experimentally that under some 
conditions even one impact will result in appreciable damage, a situation 
in which ti "-- O. 

Incubation Period, n~ 

It has been recognized that fatigue plays an important role in the erosion 
process [ 3 , 4 , 1 3 - 1 8 ] ,  particularly in the "early" stages of the process, 
corresponding to the incubation period. Therefore, it is expected that 
fatigue theorems established for the torsion and bending of bars might 
be applied, at least qualitatively, to materials subjected to repeated liquid 
impingement. The failures of bars undergoing repeated torsion or bending 
have been found to follow Miner's rule[22], which is expressed by 

h t T  N.. ,-  + . . . .  -Nk  - a, (9) 

where ]a, S2 . . . .  f~ represent the number of cycles the specimen is sub- 
jected to specified overstress levels, o-1, o-._, . . . .  o-A-, and N1, N._, . . . .  Nk 
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SPRINGER AND BAXI ON A MODEL FOR RAIN EROSION 1'] 1 

represent the life (in cycles) at these overstress levels, as given by the 
fatigue (o- versus N) curve; al is a constant which in torsion and bending 
tests generally varies between 0.6 and 2.2. 

Let us now consider one element at point B on the surface of the 
material as shown in Fig. 3. Each droplet impinging on the surface will 

0 0 0 0 0 0 0 0 

O0 O0 O ~ r  OC~O~ 

0 0 0 0 

0 0 0 0 0 0 0 0 

~ .  Impinging Droplets 
Point Force 
F--~-P 

~Surface 

FIG, 3--Force distribution on the surlace. 

create a stress at point B. 
at its point of impact is a 
one droplet is[23] 

Assuming that the force created by the droplet 
"point force," the stress at point B due to any 

F(1 - 2v,) (10) 
or(r) - 2 rrr z 

where p., is the Poisson ratio. Every droplet which falls at a radius r 
produces the same stress at point B. Therefore, the number of cycles for 
which the material at point B is subjected to a given stress between o- and 
o- + do- is equal to the number of impacts on a dr wide annulus located at r 
(Fig. 3). During the incubation period the total number of impacts on the 
annulus is 

](r) = n~2zrrdr ( 11 ) 

Therefore, l~, iz . . . .  h in Eq 9 are replaced by J(rl), J(r..,) . . . .  ](r~), 
that is, 

l ( r l )  + l (r2)  [(rk)  
N~ ~ + . . . .  N---~. = a, (12) 

Since r varies continuously from zero to infinity, Eqs 11 and 12 may be 
written as 

f O  ~ n~2rrrdr -- al (13) 
N 
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112 EROSION, WEAR, AND INTERFACES WITH CORROSION 

Using Eq 1 0, rdr can be expressed in terms of o- 

1 F ( 1  - 2v , )  do- ( 1 4 )  
rdr = 2~r 2o- z 

Equations 1 3 and 14 together with Eq 7 yield 

. n ~ d  z 

_ fo - r l  n~tr--~- ( 1 - 2 v , ) / 2 o  "21 
. N do- = al ( 1 5 )  

The lower and upper limits of the integrals have been changed to the 
ultimate tensile strength o-, and the endurance limit o-~, respectively. In 
order to perform the integration, the fatigue life N must be known as a 
function of o-. For most materials the fatigue curve between o-, and o-i 
may be approximated by (Fig. 4) 

N = b~o- -b (1 6) 

where b and bl are constants. Equation 16 must satisfy the conditions 

N = 1 for or = o-~ (17a) 
N = 10 for o- = o-~ (17b) 

In Eq 17b, l0  b' corresponds to the "knee" in the fatigue curve (Fig. 4). 
Equations 16 and 17 yield 

N = (18)  

n. 

x I 

w I 
o .  I 

I 

iOb~ 
LIFE CYCLES, Log N 

FIG. 4 - - I d e a l i z e d  ~ - N  c u r v e .  
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b2 
b - 

loglo o ' ( ~ )  

Substituting Eq 18 into Eq 15 and integrating, we obtain 

(19) 

r  2 oft, b -1  - -  or tb -1  
- - r i d ' ( 1  - 2v.) - al 

4 2(b - I)o-. b 
(20) 

Introducing the definitions 

2cr.(b - 1 ) 2(r.(b - 1 ) 

[ ( 1 - 2 v , )  1 -  - -  
kO% / ..I 

Eq 20 becomes 

(21) 

r 2 
n/~ - n4 4 (22 )  

S 
n~ = al --p-- (23) 

Defining by "site" the surface area equal to the cross-sectional area of one 
droplet, the number of sites per area .4 is .4/(wd2/4). Since n~ is the 
number of impacts per unit area, n~* is the total number of impacts per 
site. The minimum value of n? is unity. 

The parameter S characterizes the "strength" of the material. Thus, the 
number of impacts per site needed to initiate damage is proportional to the 
ratio of the strength of the material S to the stress P produced by the imping- 
ing droplets. Such a dependence of n~* on S and P is reasonable, since the 
length of the incubation period is expected to increase with increasing S 
and with decreasing P. However, in view of the fact that Eq 23 is based 
on the fatigue properties of materials in pure torsion and bending, one 
cannot expect a linear relationship to hold between n~' and SIP. In order 
to extend the range of applicability of Eq 23 while retaining its major 
feature (namely, the functional dependence of n~* on S/P), we write 

(r n~* = at (24) 

where both at and a,, are as yet underdetermined constants. Since the 
form of the foregoing functional relationship between n~* and S/P is 
arbitrary, its validity must be evaluated by plotting experimentally observed 
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114 EROSION, WEAR, AND INTERFACES WITH CORROSION 

values of n~' versus S/P. The relationship will prove to be correct if on a 
log-log scale such a plot results in a straight line. The equation of this 
line would provide the constants al and a.,. 

The n* and S/P values deduced from all the available experimental data 
are shown in Fig. 5. The symbols used in this figure and the corresponding 
experimental conditions are identified in Table 1. It must be pointed out 
that only those data could be included in Fig. 5 for which not only n~ but 

i0 7 

~t 
n i 

IO s 

I 0  5 

Io4  

I0  a 

I0  = 

I 0  

I 

<) 

, ,~/ . . . . .  l , . . . . . . .  I 

I0 I0 z 

| i l l t L l n J  i | J J l J u  

io io 4 

S I P  

FIG. 5--Incubation period versus S/P.  Symbols lo t  data defined in Table I. 
Solid line: best fit to data. 
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also the material properties (o-,, o-1, b2, v,, E,, p.,) were available. It is 
seen from Fig. 5 that all the data can be correlated by a straight line. The 
equation of this line, obtained by a least-square fit of the data, is 

n* = 3.7 • IO-4(S/P) s.z (25) 

The excellent correlation in Fig. 5 lends support to the validity of the 
model. 

As was discussed in the previous section, the present model is valid only 
when the incubation time is greater than zero. This condition is met when 
n? > 1 or, according to Eq 25, when SIP > 4.0. Thus, an incubation 
period exists if 

n,*> 1 
S/P > 4.0 (26) 

The foregoing analysis (Eq 25) can be applied only when the foregoing 
conditions are satisfied. When S/P is equal to or less than 4.0, damage 
will occur even upon one impact per site. 

Rate of Mass Removal, 

Beyond the incubation period, erosion of the surface of the material 
(as expressed in terms of mass loss) proceeds at a nearly constant rate as 
shown in Fig. 2b. In order to calculate this erosion rate, an analogy is 
drawn again between the behavior of the material upon which liquid 
droplets impinge and the behavior of specimens subjected to torsion or 
bending fatigue tests. Experimental observations show that in the latter 
case the specimens do not all fail at once at some "minimum life," but 
that their failure is scattered around a "characteristic life." For specimens 
in torsion and bending tests the probability that failure will occur between 
minimum life n~ and any arbitrary longer life n may be estimated from the 
Wiebull distribution[24J 

p = l - e x p  \ na / (27) 

where n~ is the characteristic life corresponding to the 63.2 percent failure 
point and fl is a constant (Weibull slope). For (n - nO~n,, < <  1, Eq 27 
may be approximated by 

( n -  n, ')t3 (28) 
P \ n,, / 

The probability p can also be taken as the number of specimens that fail 
between n~ and n. If the material undergoing erosion due to liquid impinge- 
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ments is considered to be made up of many small "parts," then the amount 
of material eroded (mass loss) is proportional to p, that is 

m ( n - n , y  J ( n * - n ~ ) f  J 
= = a3 (29) p~d a:, \ na / n* 

In Eq 29, m was nondimensionalized with respect to psd in order to render 
the proportionality constant a:, dimensionless. Equation 8b is now rewritten 
in dimensionless form 

m _ a ( n *  - n ? )  (30 )  
p,d zr p,d 3 / 4 

Equating Eqs 29 and 30, we obtain 

a _ (n* - n~) a'-I (31) 
, rp~d3/4-  a:~ (n~) ~ 

According to Eq 31 the mass loss rate (t depends on the total number of 
impacts n. However, our model postulates a constant mass loss rate 
(that is, a is independent of n; see Fig. 2b), at least when nl< n <n t. 
This requirement can be met by setting/3 = 1. Such a value for ,8 is not 
unreasonable under high-frequency loading[17]. The characteristic life 
n~ is related to the minimum life n,. This relationship may be expressed 
suitably as 

tl5 

n~ = a4n~ (32) 

where a4 and a.~ are constants. Introducing the dimensionless mass loss rate 

a* - a (33 )  
~rp,d3 / 4 

Eqs 31 to 33, together with the assumption 13 = 1, yield 

1 
a *  = a 6 ( n . ) a ~  (34 )  

The new constant a6 was introduced in place oJ aa/a~. 
The validity of Eq 34 can be assessed (and the constants a:~ and a6 can 

be determined) by plotting experimentally obtained values of a* versus 
(1/n~). According to Eq 34, on a log-log scale such a plot should result 
in a straight line. All the available experimental data are presented in 
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such a manner in Fig. 6. As can be seen, the data follow reasonably closely 
a straight line of the equation 

[ 1__y7 
=* = 0.023 \ n~ / (35) 

indicating that the arguments leading to Eq 35 were reasonable. The 
somewhat larger scatter of these data as compared with the data on the 
n* versus SIP curve is due to the fact that, first, n~ can be estimated more 
accurately from the available data than the slope of a, and second, all 
available data have a rather wide margin of error, but the value of n~ is 
less sensitive to these errors than the value of a. 

Instead of plotting a* versus l/n~ as was done in Fig. 6, a* could 
have been correlated directly with the parameter S/P by using the relation- 
ship between n~* and S/P given in Eq 25. However, if =* were plotted 

i0"~ 

I0 ~ 

I 0 "  " 

1(3" '4 J vvo 
e s e e  ~ / / e  n 

.,7:'. 
1 0  4 

==#1 |= . .  
�9 "~"  "_~, 

i O - t  . . . . . .  | / ~  . . . . . . . .  1 ~ . . . . .  L. . . . .  J . . . . . . . .  I . . . . . . . .  I . . . . . .  , , 

to "r to 4 Jo "s 00 -4 Io "s Io "~ Jo" 

I / h i  ~t 

F I G .  6---Rate of erosion versus the inverse of the incubation period. Symbols for 
data delined in Table 1. Solid line: best lit to data. 
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versus S/P,  then in this figure only those data could be included for which 
the material properties needed for calculating S were known. By plotting 
a* against 1/n~', the use of these properties could be avoided--an advantage 
because for many of the data only n? were known but not the material 
properties. 

The relationship between the time rate of mass loss ( O m / ~ t )  and the 
impact velocity V can now be established. For a rain of constant diameter 
and intensity impinging upon a given material, a may be expressed as 

r a* zrP~d'~ 0.023 ~ p4 ~ V 4 (36) 
~x 4 -- 4 -- k-ni* ] 

Noting that 3 n / ~ t  = Vq  cos0 (see Eq 1), we may write 

~rn _ Dm Bn - a V q c o s O N  a V  ~ V s (37) 
3t Dn ~t 

This result is consistent with the experimental observation that the time 
rate of mass loss varies approximately with the 5th power of the impact 
velocity. 

Total Mass Loss 

In Fig. 5 and 6 only those data could be included for which the variation 
of the mass (or weight loss) with time was known. There are numerous 
data available where such complete information is unavailable, but where 
the mass loss is given at one instant of time. A comparison of the present 
model with the latter "single-point" results would be desirable, since agree- 
ment with such "single" data points would lend confidence to the validity 
of the model. To facilitate such a comparison Eq 8b is rewritten in 
dimensionless form 

m* -- a* (n* - n~) 
o r  

(38) 

m *  
- n *  - n ~  ( 3 9 )  

where the dimensionless mass loss is defined as 

rn  
m* -- (40) 

psd 
p 

According to our model, expressed by Eq 39, all data should be correlated 
on an m * / a *  versus (n* - n ~ )  plot. Such a correlation is presented in 
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Fig. 7. This figure includes all existing data known to us in which droplets 
impinge continuously on a homogeneous material (see Table 1 ). The 
results of experiments in which a jet impinges upon the surface[25-28] 
were not included in this figure. As can be seen, the agreement between 
data and the theoretical line given by Eq 39 is quite reasonable, particularly 
in view of the large errors inherent in most of the experimental data. 
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FIG. 7--Comparison o] present model (solid line, Eq 38) with experimental 
results. S).mbols /or data defined in Table 1. 
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TABLE l--Description of data and symbols used in Figs. 5, 6, and 7. 

D i m t o r  Velocity 
Syubol Hater ia l  ( f t / sec )  of  Drop Auchor (m) 

Fya11 et a l  
Pe t"spex 730 1.9 Raf. [29] 

1180 1.9 Sch~ttt et  a l  
aef. [301 

1395 2.0 Kink 
eel.  [31] 

V Alkathene 2 585-730 1.9 Fya l l  o t  a l  
oaf ,  [29] 

�9 Q.S. -4 730 1.9 l ~ a l l  ot a l  
Polyethylem8 ~ f .  [29]. 

1"7 Polyphenylone 335-3720 1.9 Seh~tc eC a l  
u Oxide h f .  [30] 

~T7 C u t  Urethane 730 1.8 Norr is  & Wahl 
~+ .  [32] 

Po lypropyl~e  980-1470 1.2 Ktn$ 
e4f. [33] 

Teflon 1180 1.9 Schuitt  et  a l  
aef .  [30] 

O A l ~ u m t  A l loy ,  730 1.9 l ~ a l l  e t  a l  
D.T.D. 42~  aef .  [29] 

O 1100-0 1120 1.8 Norr is  & Wahl 
A ltmin.m Kof. [11] 

2024-T6 1120-2240 1.8 ) k r r i s  & Wahl 
klmtis,m ~ef .  [11] 

1145-E19 1120-2240 1.8 Norr is & Wahl 
Altmin,-- Lef. [11] 

SOS2-0 1120 1.8 Norr is & Wahl 
Alunin,-. l~ef. [11.3 

6061-T6 1120-2240 1.8 Horris & Wahl 
A lumin~m h r .  [11] 
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T A B L E  ]---(Continued.) 

121 

!Symbol ~ te r s  

70 75-T6 
Aluminum 

Aluminum 
(Pure) 

Al~_m!ntm 

Aluminua 
Al loys 

[ ]  Nqpeelum Al loy  
D.T.D. 259 

Copper Al loy 
B.S. 1433 

e -m 

[] 

[] 

[] 

[] 

Copper 
(E lec t ro ly t i c )  

gickel 

Cobalt-Chromium 
IAlloys 

Iron 

Steele 

DimseCer Author 
Velocity of  Drop 
( f t l x c )  (ca) 

1,8 1120-2240 

1120 

Norris  & Wahl 
Res f l l ]  

Horr ls  & Wahl 
Sef. [321 

820-980 1.2 King 
Eel. [33] 

1650-1420 1.2 Rteser 
Xef. [34] 

1340 1.2 Boff et a l  
Ref. [35] 

739 1.9 Fya11 et a l  
Ref. [29] 

585-730 1.9 

1120 

1000 

1.8 

0.866 

1.8 1120 

1020 0.66 

1000 0.866 

1020 0.66 

1455 0.64 

1120 1.8 

Fyal l  et  al  
�9 ef. [29] 

Morris & Wahl 
~ f .  [11] 

Fa8el et  u l  
Ref. [36] 

Morris & Wahl 
Rof. [32] 

Baker et  a l  
Kef. [37] 

Engel et al  
Ref. [36] 

Baker er a l  
k f .  [38] 

Herbert 
~ef.  [39] 

) /orr is  6 Wahl 
Ref. [32] 
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TABLE I--(Continued.) 

,~mbol 

O 
4, 
r 

e 

@ 

o 
r 

Diaueter  
V e l o c i t y  of Drop Author Material (ft/asc) (.m) 

T i t a n i u m A l l o y s  1020 0.66 Baker e t  a l  
Xef. [381 

Hoff et al 
Ref. [401 

Tantaltm 1000 0.866 Sngel et a l  
Ref. [36] 

Udimet 700 1000 0.866 Ensel et a l  
Ref. [36] 

Masnesla Ceraaic  1340 1.2 Hoff 
~ f .  [4o1 

Zlrcon la  1340 1.2 Hoff 
�9 ~ .  [401 

Al~aina Ceramic 13/,0 1.2 Hoff 
e e f .  [40] 

8pluell  1340 1.2 Hoff 
a e f .  [40] 

Glass 1340 1.2 Hoff 
~ f .  [4o1 

1120 1 .8  Morris & ~ h l  
Ref. [32] 

1340 1.2 
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DISCUSSION 
STP567-EB/Dec. 1974 

A. F. Connl--In the oral presentation of this paper, the method was 
not described whereby, given a certain density of rainfall, the number of 
impacts per unit area can be calculated. As we have also made such 
calculations, 2,3 I think a brief description of the authors' method for 
estimating numbers of impacts would be useful for the record, if this 
procedure is not already in the written version of the paper. 

G. S. Springer and C. B. Baxi (authors' closure)--The authors wish to 
thank Dr. Conn for suggesting that the method of estimating the numbers 
of impacts be included in the paper. The method is now shown in 
Eqs 1 to 4. 

F. G. Hammitt4--The only way we can judge a new correlation is by 
its success in correlating the existing data. On this basis at any rate, the 
presently proposed correlation seems to represent a large backward step 
when compared with other published correlations over the past years, for 
example, at the last ASTM Symposium on this very subject. 

Figure 7 of the present paper is a log-log plot of the final results. I note 
that for any value of the abscissa, the data spread is by a factor between 
10 z and 103, so that the standard deviation must be by • 10 or more. 
I would like t o  ask the authors what is the calculated standard deviation 
for this data fit? 

Numerous correlations between mechanical properties and erosion resist- 
ance for similarly comprehensive data sets have been published by Hammitt 
et al[10], Heymann (discussion of Ref 10), Rao et al, s and others. The 

Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 

2 Conn, A. F., "Relating Dynamic Properties of Materials and Resistance to Dam- 
age by Rain Impact," Technical Report 905-1, HYDRONAUTICS, Incorporated, 
Laurel, Md., Jan. 1970. 

a Conn, A. F. and Thiruvengadam, A., Journal o/ Materials. Vol. 5, No. 3, Sept. 
1970, pp. 698-718. 

4 Professor, Department of Mechanical Engineering, Cavitation and Multiphase 
Flow Laboratory, University of Michigan, Ann Arbor, Mich. 48104. 

Rao, B. C. S., Rao, N. S. L., and Seetharamiah, K., Transactions, American 
Society of Mechanical Engineers, Journal of Basic Engineering, Sept. 1970, pp. 
573-576. 

125 

Copyright�9 1974 by ASTM Intemational www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 

2
--

R
es

u
lt

s/
o

r 
M

D
P

R
 

/r
om

 R
e/

. 
10

. 
~o

 
O

, 

C
o

rr
el

at
in

g
 

R
el

at
io

n
 

S
am

p
le

 
n 

(w
h

er
e 

C
o

rr
el

at
io

n
 

ap
p

li
ca

b
le

) 
C

o
ef

fi
ci

en
t 

9
5

%
 

C
o

n
fi

d
en

ce
 

L
im

it
s 

fo
r 

P
o

p
u

la
ti

o
n

 
C

o
rr

el
at

io
n

 
C

o
ef

fi
ci

en
ts

 

F
ac

to
ri

al
 

S
ta

n
d

ar
d

 
E

rr
o

r 
o

f 
E

st
im

at
e 

1 
M

D
P

R
 

--
 

C
(U

R
) 

n 
0

.9
9

8
 

0
.8

1
1

 

1 
M

D
P

R
 

--
 C

(U
R

) 
. 

. 
. 

0
.8

1
1

 

1 
M

D
P

R
 

= 
C

(U
R

 
X

 
B

H
N

) 
~ 

0
.7

2
0

 
0

.7
9

8
 

1 
C

(U
R

 
5<

 E
2)

 - 
0

.6
5

9
 

0
.7

4
4

 
M

D
P

R
 

--
 

1 
M

D
P

R
 

--
 C

(B
H

N
) 

. 
. 

. 
0

.7
4

2
 

1 
M

D
P

R
 

--
 C

(B
H

N
) 

n 
1

.7
8

8
 

0
.7

3
4

 

1 
--

 C
(U

R
 

)<
 B

H
N

) 
. 

. 
. 

0
.7

1
6

 
M

D
P

R
 

1 
M

D
P

R
 

--
C

(U
R

X
E

 
-~

 
..

. 
0

.6
8

4
 

1 
M

D
P

R
 

--
 C

(S
E

)"
 

0
.7

3
8

 
0

.5
1

7
 

1 
C

(S
E

) 
..

 
0

.4
9

8
 

M
D

P
R

 
--

 

0
,6

4
 t

o
 0

,9
1

 

0
.6

4
 t

o
 0

.9
 I

 

0
.6

2
 t

o
 0

.8
9

 

0
.5

2
 t

o
 0

.8
6

 

0
.5

2
 t

o
 0

.8
6

 

0
.5

2
 t

o
 0

.8
5

 

0
.4

9
 t

o
 0

.8
4

 

0
.4

4
 t

o
 0

.8
2

 

0
.2

1
 t

o
 0

.7
3

 

0
.1

7
 t

o
 0

.7
2

 

2
.5

2
 

2
.5

2
 

2
.2

5
 

2
.3

5
 

2
.7

5
 

2
.3

8
 

2
.5

7
 

2
.8

6
 

3
.2

4
 

3
.3

0
 

),
 

z g -s
n 

t'
3

 

O
 o z 

C
op

yr
ig

ht
 b

y 
A

ST
M

 In
t'l

 (a
ll 

ri
gh

ts
 re

se
rv

ed
);

 F
ri

 J
an

  1
 2

3:
21

:2
0 

E
ST

 2
01

6
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n)

 p
ur

su
an

t t
o 

L
ic

en
se

 A
gr

ee
m

en
t. 

N
o 

fu
rt

he
r r

ep
ro

du
ct

io
ns

 a
ut

ho
ri

ze
d.



DISCUSSION ON MODEL FOR RAIN EROSION 127 

standard deviation for most of these is ~2-3, rather than ~10, as appar- 
ently is true in the present case. Much (though not all) of the material 
to which I refer comes from Characterization and Determination of Erosion 
Resistance, ASTM STP 474, 1970. Table 2 summarizes our previously 
published numerical work in this regard. Typical of these data fits is 
Fig. 3 of Ref 10; also, see Fig. 4 of Heymann's discussion of the same 
reference. 

In conclusion, why do the authors feel that their correlation is preferable 
even though it apparently produces much poorer results than the various 
correlations previously published? 

G. S. Springer and C. B. Baxi (authors' closure)--We can discern no 
technical basis for the objections expressed by Dr. Hammitt. The correla- 
tion proposed by Hammitt et al applies only to the mean depth of pene- 
tration (MDPR). Unlike our model, it does not provide such very 
important and practical parameters as the incubation period (nO, rate of 
mass removal after the incubation period (a), and the total mass loss (m). 

Our model not only provides considerably more information than 
Hammitt's correlation but, apparently, it also gives more accurate results. 
The average standard deviations for our model are 1.2 for n~, 1.7 for a, 
2.0 for m. In comparison, Hammitt's correlation yields standard deviations 
in the range of 2 to 3, in spite of the fact that it is entirely empirical; is 
based on fewer data; covers a much narrower range of experimental 
conditions; and is restricted to MDPR, which is easier to determine from 
the experiments. 

It is also worth noting that the available experimental data (with which 
our model is compared) are very widely scattered. The standard deviations 
about the mean of the data themselves are generally of the order of 1 to 2. 
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Influence of Physical Properties of the Liquid 
on the Erosion of Solids 

REFERENCE: Rochester, M. C. and Brunton, J. H., "Intluenee of Physical 
Properties of the Liquid on the Erosion of Solids," Erosion, Wear, and 
Interfaces with Corrosion, ASTM STP 567. American. Society for Testing 
and Materials, 1974, pp. 128-151. 

ABSTRACT: Results are presented for the erosion of nickel in a series of 
experiments involving ten different liquids chosen so that the effects of 
density, acoustic impedance, and viscosity could be investigated separately. 
The shape of the erosion curve was not greatly affected by changes in the 
physical properties of the liquid. The level of damage in all stages of 
erosion was strongly dependent on acoustic impedence and viscosity; 
changes in density affected only the later stages of erosion. When carbon 
tetrachloride was used as the eroding fluid it was found that the damage 
during the second stage of erosion was proportional to the fifth power of 
the impact velocity, a result similar to that reported for water. 

Measurements of the impact pressure distribution under the surface of a 
5.0-ram-diameter water drop at velocities up to 140 m/s are presented. 
The distribution was found to be symmetrical about the center of impact 
with a central maximum of 0.7 p,,coV. The distribution along the central 
axis of the drop was also measured. No evidence of high pressures other 
than at the center of impact was found. 

KEY WORDS: erosion, liquid properties, density, acoustic impedance, 
viscosity, impact pressure distribution 

In  studies of steam turbine blade erosion and rain erosion, various 
measures of damage have been proposed from time to time. Most  of this 
work has shown that the damage, however measured,  does not correlate 
precisely with any one strength property. Of the correlations which exist 
it would seem that hardness and strain energy to fracture[I ,2]  2 provide 

1 Doctoral candidate and lecturer, respectively, Engineering Department, Cam- 
bridge University, England. Mr. Rochester presently is lecturer in civil engineering, 
Plymouth Polytechnic, Plymouth, Devon, England. 

"The italic numbers in brackets refer to the list of references appended to this 
paper. 
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ROCHESTER AND BRUNTON ON EROSION OF SOLIDS 129 

the best indications of resistance to drop impact erosion. Theories of 
erosion which involve impact stress[3] or impact energy[4,5] yield ex- 
pressions involving physical constants of the liquid such as density and 
sound speed. Only a few experiments seem to have been done on the 
effect of these properties on erosion damage[6]. Information on this sub- 
ject would not only contribute to an understanding of basic erosion mech- 
anisms but would also be of practical interest in connection with metal 
vapor power systems. 

Other studies have been concerned with the mechanism of damage in 
a single impact[7,8]. These have shown that high initial pressures lasting 
for a small fraction of the total impact time are responsible for much 
of the damage. The same work has established the erosive effects of 
high-speed liquid flow across the surface from the center of impact. Some 
attempt has been made to measure the impact forces[7,9,10] but much 
controversy still surrounds the various measurements and estimates [7-14]. 
Very little is known about the pressure distributiofi across the impact sur- 
face and within the impinging drop. 

It is clear from these remarks that more-detailed studies of the effect 
of liquid properties on erosion and measurements of both the peak impact 
pressure and the pressure distribution under a drop are required. In this 
paper experiments are described on the erosion of nickel using ten differ- 
ent liquids chosen so that the effects of density, acoustic impedance, and 
viscosity could be investigated separately, and measurements are presented 
of the distribution of peak impact pressure both under and within a water 
drop over a range of impact velocities. 

Experimental Techniques 

Erosion Experiments 

In these experiments, nickel specimens were eroded by several liquids 
in a wheel and jet machine. The liquids used in the work are listed in 
Table 1 together with their relevant physical properties. They are classified 
in two groups. In the first group the densities and sound speeds vary but 
the viscosities have more or less the same low values. In the second group 
the densities and sound speeds are almost the same but the viscosities vary 
over a wide range. 

The nickel specimens, 2 mm long, 6 mm wide and 3 mm deep, were 
machined from cold-rolled bar stock. They were annealed in a vacuum 
furnace at 900~ (1652~ for one hour. The target surfaces were pol- 
ished on a range of silicon carbide papers and a diamond-impregnated 
cloth to give a CLA surface roughness of the order of 1 /zm. The mean 
hardness of the polished face was measured and from this figure the ap- 
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TABLE 1--Physical properties of liquids used in erosion experiments. ~ 

Acoustic 
Density, Sound Speed, Impedance, Viscosity, 

Liquid kg /m  s m / s  kg/m2-s eP 

Group 1 b 
Ethyl alcohol 0.79 X 10 a 1162 0.92 X !0') 1.20 
Paraffin 0.80 1325 1.06 1.36 
Water 1.00 1483 1.48 1.00 
Bromobenzene 1.50 1074/50 1.61 1.49 
Carbon 1.63 938 1.53 0.97 
tetrachloride 
Mercury 13.5 1454 19.7 1.55 

Group 2 c 
Oil 1 0.825 1430 !.23 5.5+0.1 
Oil 2 0.870 1420 1.23 16.5+0.5 
Oil 3 0.870 1430 1.25 24 +-1 
Oil 4 0.870 1460 1.27 64 ---2 

a All values measured at room temperature 
Kaye, G. W. C. and Laby, T. H., Tables 

Longmans, 1966. 
c Alexander Duckham Ltd. 

unless otherwise indicated. 
o/ Physical and Chemical Constants, 

TABLE 2--Physical properties o/ nickel specimens used in erosion experiments. 

Yield 
Sound Acoustic Stress, 

Composition, Density, a Speed, a Impedance, Hardness, M N / m  ~ 
% k g / m  .~ m / s  kg/m2-s k g / m m  a (approximate) 

99.995 8.9 • 103 4974 44.3 • 10 ~ 6 6 + 4  220 

a Kaye, G. W. C. and Laby, T. H. ,  Tables o/ Physical and Chemical Constants, 
Longmans, 1966. 

proximate yield stress of the material was calculated. These values, and 
other relevant physical properties of nickel, are collected together in 
Table 2. 

The wheel and jet machine was a modified version of an earlier de- 
sign[2]. Two specimens were bolted opposite one another to the rim of 
a duralumin disk which was rotated at high speed by an electric motor. 
The disk was enclosed in a heavy steel tank. Once every revolution the 
target faces of the specimens cut across a steady jet of liquid issued 
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ROCHESTER AND BRUNTON ON EROSION OF SOLIDS 131 

from a nozzle screwed into the side of the tank. The nozzle was cast in 
araldite inside a brass shield which protected the jet from the air flow 
set up by the rotating disk. There was a very small clearance between the 
edge of the shield and the side of the specimens. It was found that the 
jet shape was deformed if this gap was too large and that this has a sig- 
nificant effect on the erosion of the material. The impact frequency was 
measured with a phototransistor system and a digital counter. The fre- 
quency could be varied between 80 and 600 Hz and the impact velocity 
between 50 and 280 m/s. 

The liquid was pumped through the system. The temperature was 
measured with a thermocouple placed in the line upstream from the 
nozzle. Good temperature control was important when using the oils 
because their viscosities changed rapidly with temperature. For this pur- 
pose the oil reservoir in the circuit was water-cooled. Throughout the 
experiments the temperature was 20 • 1 ~ (68~ 

The jet velocity was maintained at a speed sufficient to ensure that the 
jet axis was parallel to the axis of rotation and that it reformed between 
impacts. This was checked with a stroboscope. 

When mercury was used as the eroding fluid the pump and reservoir 
were replaced by a steel tube from which the mercury was forced by a 
stream of compressed air. The disk which carried the specimens and all 
other components within the tank was made of steel. 

During an experiment the erosion chamber was purged with nitrogen. 
This reduced any danger of explosions and carried toxic fumes out of 
the laboratory. 

Experiments at an impact velocity of 100 m/s were carried out with all 
the liquids and for the range I00 to 210 m/s with carbon tetrachloride. 
Experimental details are given in Table 3. Two specimens were eroded 
in each experiment, during which mass loss measurements were made 
at regular intervals. 

TABLE 3--Erosion experiments. 

Impact Impact Jet Specimen 
Velocity, Frequency, Diameter, Width, 

m/s Hz mm mm 

100+2 1664"4 1.5 3.0 
1404"2 232---4 1.5 3.0 
180-+4 188-+4 1.5 3.0 
2104-4 217---4 1.5 3.0 
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132 EROSION, WEAR, AND INTERFACES WITH CORROSION 

Impact Pressure Experiments 

The impact pressure distribution was measured by firing a thin, oblong- 
sectioned bullet, 20 mm long, 15 mm wide, and 1.5 mm deep, from a 
special gas gun at a stationary water drop held between two Perspex win- 
dows. For measurements of the pressure under the drop, a small piezo- 
electric ceramic (PZT 4), 0.5 mm long, 0.9 mm wide, and 0.8 mm deep, 
was mounted at the front surface of the bullet and the signal generated 
during the impact was fed to an oscilloscope through an arrangement of 
sliding contacts between the bullet and the inside surface of one of the 
windows. The principle of the method is shown in Fig. 1. The pressure 

CONTACT ON BULLET 

BARREL 

CONTACT ON WINDOW 

WINDOW 

BULLET 

PIEZOELECTRIC 
j CERAMIC 

\DROP 

FIG. l--Principle oJ method used to measure the impact pressure distribution 
under a water drop. 

along the central axis of the drop was measured by a piezoelectric ceramic 
mounted in the middle of the inside face of an insulating block. The block 
replaced one of the windows. 

The bullet velocity could be varied between 10 and 230 m/s. The 
velocity was measured by means of two photodiodes mounted 20 mm 
apart in the side of the barrel about 30 mm in front of the drop. The 
photodiodes operated a digital counter through a fast, high-grain amplifier. 

The gages were calibrated using a swinging-pendulum technique similar 
to that used by Crook[15]. The gage was held tightly in a heavy clamp 
and a steel ball was placed in contact with the ceramic. Another steel 
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ball was swung against this arrangement from a known height and the 
output from the gage was displayed on an oscilloscope. Under these con- 
ditions it can be shown that 

C 2Vmax'r 
m[2g(hl + h 2 ) ]  �89 - kd 3 

where rn is the mass of the ball, hi the height from which it falls, h2 the 
height to which it rebounds, g the acceleration due to gravity, Vmax the 
maximum output of the gage, z the duration of the impact, d the piezo- 
electric constant of the ceramic, k the gage constant, and C the combined 
capacitance of the ceramic, the pickup, the leads, and the oscillo- 
scope input. 

Mass m and capacitance C were measured and h2, Vn,lx, and T noted 
for a range of hi. The largest voltage observed was greater than any that 
appeared in the experiments. A graph of m[2g(h l+h2)]  v-" versus 
Vm,,r was plotted and was found to be linear within 5 percent. The 
product of the piezoelectric constant and the gage constant was 
260 • 12 • 10 -12 mV for both gages. 

It can be shown that the pressure on the gage during an impact is 

CV 
P = kdA' 

where V is the output of the gage and A is the area of the ceramic. The 
area of each ceramic was calculated and substituted into this equation 
with the value of C and kd obtained in the foregoing to give 

p = 2.1 --- 0.1V MN/m ~ 

for the bullet gage and 

p = 8.0 +- 0.4V MN/m z 

for the sidewall gage. 
The measurements of peak impact pressure along the contact surface 

were performed in the following manner. The gun was clamped on its 
side and a 5.0-mm-diameter water drop was inserted between the win- 
dows at some predetermined position against a graticule. A thin paper 
diaphragm was placed in a slit across the barrel in order to prevent the 
air blast disturbing the drop before the bullet arrived. High-speed photo- 
graphs showed that pieces of the burst diaphragm did not reach the drop 
or interfere with the impact. The signal developed by the impact was 
monitored on the oscilloscope and the speed of the bullet on the counter. 
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134 EROSION, WEAR, AND INTERFACES WITH CORROSION 

Four firings were made at each position. The pulse heights were measured 
and the pressures calculated from the relation given in the foregoing. 
Measurements were made across the drop from -1 .0  to 3.0 mm in 
0.5-ram steps. 

Using the sidewall gage, peak pressure measurements were made at 
0.5-mm intervals along the central axis of the drop. Again, four separate 
measurements were made at each position. 

Finally, the peak pressure at the center of impact was measured at 
60, 80, 100, 120, and 140 m/s. 

The pressures measured in these experiments were derived solely from 
forces on the face of the ceramic. This was established by applying a large 
force to the surface of the gage adjacent to the ceramic. The output was 
only a small fraction of that obtained when the ceramic was loaded directly. 

Results and Discussion 

Erosion Experiments 

In earlier investigations it has been the custom to plot graphs of mass 
loss against time or against the number of impacts. Although this is con- 
venient, it makes comparison with data obtained under different experi- 
mental conditions difficult. Therefore, for purposes of correlation with 
other studies of erosion, we follow Heymann[3,16] in using two parameters, 
the mean depth of erosion, Y,, and the mean height of impingement, H,. 
They are defined as follows: 

volume of material removed 
Ye = projected area of impact 

mass loss 
solid density • jet diameter • specimen width 

volume of liquid impinged 
H~ = projected area of impact 

volume of cylinder cut by jet in single 
_ impact • impact frequency • time 

jet diameter • specimen width 

It will be noted that Y,, is proportional to mass loss and H~ to number 
of impacts. 

Shape ol Erosion Curve 

Graphs of Y, versus H~ are shown in Fig. 2 for a selected number of 
liquids. With the exception of the result for mercury and those for carbon 
tetrachloride at the higher impact velocities (not shown), there are three 
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FIG. 3--Stages in the erosion process. 

clearly defined stages. These are set out in Fig. 3. Stage 1 was not 
observed with carbon tetrachloride at 210 m/s and Stages 1 and 3 were 
not observed with mercury. As the density of the fluid increases, the differ- 
ence in the slopes of the curve during Stages 2 and 3 tends to disappear. 
In general, the results show that the physical properties of the fluid in- 
fluence the duration of Stages 1 and 2 and the magnitude and rate of 
change of the mean depth o~ erosion during Stages 2 and 3. 

The appearance of the surface during erosion followed the pattern 
described in other investigations[2,10]. The main differences were for 
mercury and for carbon tetrachloride at 210 m/s, where deformation and 
mass loss occurred after only a few impacts. Readings were taken at the 
end of 2 s (about 300 impacts) for mercury and after 30 s (about 7500 
impacts) for carbon tetrachloride; in both instances a significant mass 
loss had occurred. 

Relation Between Liquid Properties and Erosion Damage 

In order to look for relations between liquid properties and erosion 
damage, suitable measures of damage must be chosen. Since the shapes 
of the erosion curves are similar and correspond to the curve in Fig. 3, 
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ROCHESTER AND BRUNTON ON EROSION OF SOLIDS 137 

it was decided to use equivalent points on the curves as a basis for mea- 
surements of erosion damage. One such point corresponds to the end of 
Stage 1 and another to the end of Stage 2. Using these points, the fol- 
lowing measures of erosion damage may be defined: (1) the mean height 
of impingement at the end of Stage 1, H~; (2) the rate of change of the 
mean depth of erosion during Stage 2, Y o' ; and (3) the rate of change of 
the mean depth of erosion during Stage 3, Y.~' These definitions are 
illustrated in Fig. 4. 

The parameters (1) to (3) were measured for each liquid from the 
curves in Fig, 2 and from those for the other liquids, Graphs of each 
of these parameters were then plotted against density, acoustic impedance, 
and viscosity. These are shown in Fig. 5. The behavior of paraffin and 
oil No. 2 appeared anomalous and these results were not included when 
fitting curves to the points. 

Density is related to the energy of the impinging fluid, and acoustic 
impedance to the magnitude of the impact pressure. Since H~ is not cor- 
related with density but strongly with acoustic impedance, and since both 
Y~ and Y~ are correlated with density and acoustic impedance, it may 
be concluded that the physical processes occurring during Stage 1 are 

Z 
0 

0 
n,, 
ILl 

LL 
0 

" r  
l-,- 
r', 
LU 
Q 

Z 
,< 

I,,U 

H 1 
MEAN HEIGHT OF IMPINGEMENT 

FIG. 4--Measures oi erosion damage. 
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FIG. 5--Damage parameters versus density, acoustic impedance, and viscosity. 
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140 EROSION, WEAR, AND INTERFACES WITH CORROSION 

governed by the impact pressure and that those occurring during Stages 
2 and 3 are connected with both energy transfer from the impinging fluid 
and with the impact pressure. It can be seen that the viscosity of the 
liquid has a significant effect on each stage. It is likely that high-viscosity 
fluids adhere as a thin film to smooth surfaces and lie in the bottom of 
pits on heavily eroded surfaces. Consequently the surface would be cush- 
ioned against the impact forces. 

From the correlations illustrated in Fig. 5 it may be concluded that 
a theory developed for predicting the erosion curve under different erosive 
conditions must include energy transfer, impact pressure, and viscosity 
terms. This is considerably more complex than anything that has been 
attempted so far. 

Relation Between Damage Parameters and Impact Velocity 

It has now been well established that when water is used as the eroding 
fluid Y.,' is related to the impact velocity by the equation 

y.', = aV,~ 

where a is a constant for a particular material and n lies between 
4 and 613,16]. 

A graph of Y., against V for carbon tetrachloride is plotted on a loga- 
rithmic scale in Fig. 6. From the straight line obtained it can be seen 
that it has the same form as the foregoing and that n = 4.8 --- 0.2. This 
is much the same as the result found for water despite the fact that water 
is about 50 percent less dense that carbon tetrachloride. It suggests that 
the physical properties of the liquid as they affect erosion are independent 
of flow velocity during impact. 

Impact Pressure Experiments 

Pressure Distribution Under the Drop 

The interpretation of the erosion results presented in the foregoing 
would be facilitated by some knowledge of the impact forces generated by 
different liquids. With this object in mind, measurements are being made 
on the pressure distribution under an impacted drop. Some preliminary 
results for water are presented in this section. 

The measurements with the bullet probe of the peak pressure versus 
position under the drop are plotted in Fig. 7. The curves for impact 
velocities of 100 and 140 m/s are similar and symmetrical about the 
center of impact. The maximum pressure during the impact occurs at 
the center and falls off steeply on either side. The peak pressure is about 
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FIG. 6---Erosion rate during Stage 2, Y,', versus impact velocity, V, for carbon 
tetrachloride. 

0.7pocoV ' at both impact velocities. These values agree with those of 
Huang et a1113,14] obtained numerically using drops with slightly different 
shapes from those used here. 

At standard conditions, Ip. and co are the density and sound speed 
respectively. 

The measurements show no evidence for a region of high edge pressure 
even though the central region within 1.0 mm of the center was explored 
thoroughly. This result and those just presented differ from the predic- 
tions of Engel[9], who proposed that there is an annular region of high 
pressure about 0.SpocoV, and of H e y m a n n [ 1 2 ] ,  who estimated that there 
is a narrow edge zone where the pressures are as high as 3p,,coV. If a 
narrow region of high pressure does exist, it must be beyond both the 
space and time resolution of the gage. Pressure changes over a zone nar- 
rower than the ceramic, less than say 0.1 ram, would not be completely 
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resolved, and it seems unlikely that the gage would respond to pressure 
changes which last shorter than the transit time of a stress wave through 
the ceramic (about 0.2 /~s). The measurements which have been made 
do not preclude the possibility of high edge pressures in the later stages 
of impact. However, by this time all pressures will have fallen to levels 
much lower than the initial central pressure. Since the position of the 
liquids edge during the impact is not known with certainty, it has not 
been possible to confirm this point yet. Work is still in progress on 
measuring the pressure at several positions under the drop in relation to 
the instant of first contact. 

Pressure Distribution Along Central Axis of the Drop 

The measurements with the sidewall gage of the peak pressure along 
the central axis of the drop are shown in Fig. 8. As might be expected, 
the maximum pressure occurs at the point of impact and decreases with 
distance along the axis. The curve is not hyperbolic, so that thewave 
proagated along this axis does not behave like a spherical wave which was 
generated at a single point. It is probable that its behavior is influenced 
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by interactions with waves generated along the impact surface and waves 
produced by the reflection of these waves in the surface of the drop. 

Effect o! Velocity on Peak Pressure at the Center ol Impact 

The measurements with the bullet probe of the peak pressure at the 
center of impact versus impact velocity are plotted in Fig. 9. The pressure 
varies linearly with impact velocity in the range examined and is about 
0.7pocoV, a value in general agreement with the estimates of Huang et 
a1[13,14], as mentioned previously. 

It is interesting to relate this result to the measurements of erosion 
damage given earlier in the paper. For carbon tetrachloride a maximum 
pressure of 0.7p.coV is approximately equal to the yield stress of nickel 
at an impact velocity of 210 m/s. It was found that Stage 1 in the erosion 
process is absent at this velocity, suggesting that each impact is sufficient 
to produce gross yielding of the surface, so that Stage 2 begins almost 
immediately. For mercury the maximum impact pressure is far in excess 
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of the yield stress and Stage 1 does not appear. For all the other liquids 
the maximum pressure calculated from 0.7p,,coV is below the yield stress 
and a well-defined Stage 1 is observed. 

Shape o~ the Pressure Pulses 

Three typical pressure pulses are shown in Fig. 10. They have been 
traced from the originals, which were too faint for adequate reproduction. 
It can be seen that the pressure at the center of impact rises to a peak 
in a fraction of a microsecond and then falls to a much lower value 
in about 2/~s, a fact in broad agreement with the results of single-impact 
experiments[10] and high-speed photographic studies[17]. The oscilla- 
tions on this pulse follow much the same pattern as those predicted by 
Huang et a1[13,14]. The pressure away from the center rises more slowly 
to a peak and then oscillates erratically, suggesting that the flow at this 
point is very uneven. The shape of the pressure pulse at the center of 
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the drop suggests that complex interactions occur at this point between 
the initial pulse and waves reflected from the boundaries of the drop. 

Conclusion 

It has been demonstrated that liquid properties have a marked effect 
on the erosion of nickel. Graphs of mean depth of erosion, Y,, versus 
mean height of impingement, H ,  were found to have the same shape for 
most liquids. In general there were three well-defined stages. The excep- 
tions were as follows: Stage 1 was not found with carbon tetrachioride 
at 210 m/s and Stages 1 and 3 were not found with mercury. 

Measures of erosion damage were defined and related to the density, 
acoustic impedance, and viscosity of the fluid. Density was found to 
affect the parameters defining damage during Stages 2 and 3 but was not 
correlated with the Stage 1 parameter. Acoustic impedance was found 
to be related to the parameters defining damage during all stages of the 
process, as was viscosity. It was concluded that the physical processes 
occurring during Stage 1 are governed by the impact pressure and those 
during Stages 2 and 3 by both energy transfer from the impinging fluid 
and the forces generated during the impact. 

It has been shown that the erosion rate during Stage 2, Y~, is propor- 
tional to about the fifth power of the impact velocity when carbon tetra- 
chloride is used as the eroding fluid. This is similar to the relation found 
for water in other work. It was concluded that the physical properties of 
the liquid as they affect erosion are independent of flow velocity 
during impact. 

Measurements of the impact pressure distribution under the surface of 
a 5.0-ram-diameter water drop at 100 and 140 m/s have shown that the 
pressure distribution is symmetrical about the center of impact and is a 
maximum at the center where it reaches a value of about 0.7p,,coV. The 
maximum pressure was found to vary linearly with velocity in the range 
60 to 140 m/s. The pressure distribution along the central axis of the 
drop was found to decrease rapidly with distance from the center of 
impact; it was not found to have a simple shape and this, considered 
with the shape of a typical pressure pulse, suggested that complex inter- 
actions occurred between initial and reflected waves within the drop. 
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STP567-EB/Dec. 1974 

A. F. Connl--Once again the authors have, as we have come to 
expect from the laboratories at Cambridge, broken new ground and pro- 
vided us with unique and valuable information pertaining to erosion by 
both cavitation and liquid impingement. My questions pertain to certain 
details of the dynamic properties of the piezoelectric crystal which was 
used to make the pressure measurements, and the similar properties of 
the plastic material which was used to imbed this crystal. Could the 
authors supply the values of the wave speed, density, and impedances 
of each of these materials? Also, would they provide some details of 
their techniques to calibrate this system for making these dynamic 
pressure measurements. The authors are to be congratulated for manag- 
ing to continue to stay at the forefront of this difficult field of erosion, 
and for providing a clear path for many of us to follow. 

F. G. Hammitt, z I. B. Hwang? and Y. C. Huang4---The authors are to 
be congratulated for this most interesting study, particularly the experi- 
mental measurements of local pressure under the impacting drop as a 
function of time and position. We are of course especially grateful to 
note their statement that the results agree with our previous numerical 
calculations for the impact of spherical drops on rigid surfaces. This 
should help to end doubts which have been expressed concerning the 
accuracy of these numerical calculations, which in fact do not agree 
with previous simplified analyses of the same problem (as Messrs. 
Rochester and Brunton state). 

We have made a specific comparison between our previous calculated 
results[13,14] and the present experimental results, and are happy to 
note that the agreement in terms of magnitude, time, and spatial dis- 
tribution of maximum pressure is indeed very good. From Table 4 (data 

Principal research scientist and head, Material Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 

2Professor, Department of Mechanical Engineering, Automotive Engineering 
Laboratory, University of Michigan, Ann Arbor, Mich. 48104. 

Doctoral candidate, Cavitation and Multiphasc Flow Laboratory, University of 
Michigan, Ann Arbor, Mich. 48104. 

4 Nuclear Power Division, Combustion Engineering, Inc.. Windsor, Conn. 06095. 
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TABLE 4--Numerical values of normafized pressures at different impact velocities. 

Reference 

Impact Liquid Maximum Normalized Pressure 
Velocity, Maeh No., p=.= p=.= 

m/s V,, / C. poCo Vo poC Vo 

Present 
paper 

[/4] 

I 60 0.040 0.62 0.575 
80 0.053 0.615 0.568 

100 0.066 0.686 0.646 
120 0.080 0.655 0.565 
140 0.093 0.64 0.542 

300 0.200 0.69 0.495 
0.80 a 0.65 a 

750 0.500 1.07 0.52 
1.23 a 0.625 a 

= No-slip boundary condition. 

extracted from Refs 13 and 14 of paper, plus the present experimental 
data) we note that our calculated maximum pressure, if normalized to the 
corrected water-hammer pressure, is nearly independent of liquid Mach 
number, with a value slightly less than (but close to) the experimental 
values, which are also almost independent of liquid Mach number. The 
value ranges approximately between 0.5 and 0.6. The maximum pressure 
if normalized to "uncorrected" water-hammer pressure grows with Mach 
number, particularly as the Mach number becomes appreciable, for both 
calculated and experimental values. 

Our previous calculations[13,14] were done for both nonslip and 
full-slip boundary conditions at the material-liquid interface, although 
the fluid was assumed to be inviscid in all cases. As shown in Table 4, 
the higher pressures are predicted for the nonslip boundary condition (as 
would intuitively be expected). Comparison with the experimental values 
indicates that tthe true value may be approximately a simple average 
between these extremes, that is, about 0.57 for low Mach numbers 
(M ( 0 . 5 )  and spherical drops. 

Another factor which can be compared with the present experiment 
and our previous calculations is the duration of the high initial pressure 
caused by the impact. Pressure versus time curves from both the present 
paper and Huang et a1[13,14] have a peak after which the pressure drops 
to approximately the stagnation pressure. Huang's results show that this 
occurs at (C t /D)  - 1.5, where C = sonic velocity in liquid, t = time, and 
D = droplet diameter. For a droplet of 5-ram diameter, we can then 
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predict that the duration of pressure before reaching stagnation pressure is 

1,5D (1,5)(5 • I0 -3 m) 
t ~ ~ ~" 1500 m/s -~ 5 • 10 -6 

This matches exactly the experimental result of the present paper. 
We would also like to request from the authors further information on 

their experimental arrangements. What are the diameter, material, and 
response rate of the pressure transducer? What is its general form of 
construction? 

The authors mention strain energy to fracture as a failure criterion. 
ls this engineering strain energy or ultimate resilience? Along with 
numerous other investigators (for example, refer to the discussers' paper 
in Characterization and Determination of Erosion Resistance, ASTM 
STP 474, 1970), we have found the former to give statistically a very 
poor correlation to damage rate, while the best correlation (still not 
good) is generally provided with ultimate resilience (perhaps combined 
with hardness). 

M. C. Rochester and J. H. Brunton (authors' closure)--We should 
like to thank Dr. Corm and Professor Hammitt and his colleagues for their 
comments. Both discussers would like to know more about the properties 
of the piezoelectric ceramic and the material in which it was imbedded, 
and Professor Hammitt would like to know how the gage was constructed. 
Large sheets of the ceramic were obtained from Brush Clevite, Ltd. and 
ground on a polishing wheel to the dimensions given in the paper. The 
plastic bullet was made from a sheet of cloth-laminated plastic known in 
the U.K, as Tufnol and supplied by Tufnol, Ltd. The physical properties 
of the ceramic are given in Table 5. 

The ceramic was electroded with conducting epoxy and glued with epoxy 
resin in a groove cut in the front surface of the Tufnol bullet. The response 
time of the gage was taken to be the time a stress wave takes to cross the 
ceramic, that is, about 0.2/~s. 

Despite the excellent agreement between the results in the present paper 

TABLE 5--Physical  properties o[ the piezoelectric ceramic used in the 
pressure gages, c~ 

Density, Sound Speed, Acoustic Impedance, 
Material kg/m a m/s kg/m'-'-s 

PZT 4 7.5 X I0 a 4600 34.5 X I0 ~ 

Piezoelectricity, Brush Clevite, Ltd. 1966. 
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and the calculations of Professor Hammitt and his colleagues, more recent 
experimental results 5 show an important difference in the pressure distribu- 
tion over the central region of impact. Measurements of the impact 
pressure distribution for a 5.0-mm-diameter drop struck at a velocity of 
100 m/s were obtained using a gage of much improved design. The impact 
pressure distribution was found to be symmetrical about the center of 
impact but the maximum pressure occurred 0.5 mm either side of the 
center. The pressure at the center was about 0.7 pocoV and at the edges 
about 1.8 poCoV. The difference between these more recent results and the 
results presented in this paper is due to both an improvement in the design 
of the gage and a considerable reduction in the size of the piezoelectric 
ceramic. The ceramic used to obtain the results in this paper was 0.9 mm 
wide (about one fifth of the diameter of the drop) whereas the one used 
in the later paper was only 0.33 mm wide (about one fifteenth of the 
diameter of the drop). It is likely that the larger gage used in the afore- 
mentioned work missed the high edge peaks which were found to act over 
a very small area (for a 5.0-mm-diameter drop, it was less than 0.3 mm 
wide), and gave only an average value over the region measured. 

5 Rochester, M. C. and Brunton, J. H., "Surface Pressure Distribution During 
Drop Impingement," Report No. CUED/C--MAT/TR 15, Engineering Department, 
University of Cambridge, Cambridge, England, 1974; also, 4th International Con- 
ference on Rain Erosion and Allied Phenomena, Meersburg, West Germany, 1974. 
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ABSTRACT: The behavior of certain materials exposed to cavitation, in 
field as well as laboratory conditions, was observed. The investigations 
were aimed at uncovering differences as well as singularities occurring in 
cavitation damage processes and determining the efficiency of comparing 
"cavitational resistance" of material on the basis of testing specimens 
under various conditions. Observations of specimen surfaces geometric 
structure were made together with measurements of the specimen destruc- 
tion rate, microscopic observations of upper layers of material surface, 
and hardness measurements. 

KEY WORDS: cavitation erosion, cavitation resistance, tests, pitting, 
points (mathematics), positioning, cold-working, erosion 

The existence of a variety of hypotheses to explain the phenomenon of 
cavitational erosion results first of all from the complexity of the phenome- 
non itself, which depends on physico-ehemical properties of liquid and 
material as well as on other factors relevant to the initiation and progress 
of cavitation. The variety of hypotheses comes also as a result of differences 
in investigative methods used, that is, different ways and conditions of 
modeling eavitational erosion. 

In spite of the lack of a unique description of cavitation damage 
kinetics and controversies about the influence of some parameters]4] 3 on 

Doctor of engineering and mechanical engineer, respectively, Institute of Fluid- 
Flow Machinery, Polish Academy of Sciences, Gdaftsk, Poland. 

Doctor of engineering and lecturer, Technical University, Gdahsk, Poland. 
The italic numbers in brackets refer to the list of references appended to this 

paper. 
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the process of cavitation development, the following opinions pre- 
vail[I,3,5,8,11-13,15,17] regarding this effect: 

1. Cavitation damage occurs as the result of the collapse of cavitation 
bubbles--inside the material, on its surface, or near the wall--as well as 
of additional hydrodynamic effects (such as cavitation cloud separation 
and pulsing, instantaneous peaks of pressure changes in liquid, intensive 
turbulence in a boundary layer and collision of streams) which take place 
most often in unstable regions of cavitation zones. 

2. Mechanical effects, namely collisions between the material surface 
and stream of the liquid, and dynamic loads due to shock waves are the 
main and direct cause of the material damage. However, the contribution 
of nonmechanical processes and, particularly, electromechanical ones, is 
not ruled out. 

3. Physico-chemical and structural properties of materials as well as the 
properties of liquids are responsible for damage kinetics at a given form 
and intensity of cavitation. However, traces of cavitation are as a rule 
connected with strengthening of the upper layer due to plastic deformations. 

4. Damage intensity depends first of all--for the given material and 
liquid and determined investigation method or cavitation form (distin- 
guished as macro- or microscopic[6l, constant or transient[3], flow- or 
pulse-type[12], volume or local[8], border, boundary, tear-off, stream, 
wave[8,14] etc.)--on the cavitation discriminant ~r and parameters which 
describe collisions between hydraulic pulses and solid body[2,13]. These 
are: bubble shape and dimensions, potential of a mircostream resulting 
from an implosion, impact velocity and frequency, run of pressure fluctua- 
tions, and pressure distribution. 

The behavior of certain materials exposed to cavitation, in field as well 
as laboratory conditions, was Observed with the foregoing statements taken 
for a start. The investigations were aimed at uncovering differences as 
well as singularities occurring in cavitation damage processes, and at deter- 
mining the efficiency of comparing "cavitational resistance" of material on 
the basis of testing specimens under various conditions. Observations of 
the geometric structure of specimen surfaces were made together with 
measurements of the specimen destruction rate, microscopic observations 
of upper layers of the material surface, and hardness measurements. 

Investigations and Test Rigs 

Armco annealed iron (99.3Fe), two-component brass (62Cu-38Zn), 
and cast steel (0.26C-5Mn-0.4Si-0.03S-0.03P-0.2Cr) were tested. Test 
specimens made of those materials (39 specimens total) were subject to 
damaging on a magnetostriction rig, a rig with rotating disk, and in the 
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impeller chamber of a water turbine. Initial surface conditions were equal 
for all the specimens; namely, polished surfaces. 

Following are the main technical data of the test rigs: 

Magnetostriction Rig 
Vibration frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.5 kHz 
Vibration amplitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 /zm 
Input power (rated) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  250 W 
Specimen diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 mm 
Submersion depth of a specimen 

into a liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 mm 
Liquid . . . . . . . . . . . . . . . . . . . . . . . . . . .  tap water; temperature, 

20~ -+ 0.5 (68~ 
Rotating-Disk Rig 

Velocity of disk rotation . . . . . . . . . .  , . . . . . . . . . . . . . . . .  2980 rpm 
Specimen diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 mm 
Type and dimensions of 

cavitation exciter . . . . . . . . . . . . . . . . .  pins of 12 mm diameter 
and 8 mm length 

Diameter of mounting of specimens 
and exciters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  270 mm 

Driving motor power . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 kW 
Liquid . . . . . . . . . . . . . . . . . . . . . . . . . . .  tap water in a closed 

cycle;  t empera tu re ,  
20~ --- 0.5 (68~ 

Specimens subjected to tests in field conditions were of 30 mm diameter. 
They were kept by a holder inside the impeller chamber of a water turbine, in 
the region where near-wall cavitation occurs, in such a way that the front side 
of the holder was, together with the specimen surface, flush with the inner 
surface of the chamber. Operating conditions of the turbine (Kaplan type, 
specific speed n ~  o -- 148) changed in a narrow range. The suction number 
Sq = 0.82 to 0.88 whereas the cavitation discriminant o- = 0.4 to 0.45. 

Use is made of additional data collected in water power plants through- 
out Poland, as well as those obtained when testing other material specimens 
under laboratory conditions. The data refer to the macrostructure of 
cavitation damage. 

Geometric Structure of Surface Damage 

A variety of geometric structures can be observed on material surfaces 
damaged by cavitation. Three typical arrangements of pits can be dis- 
tinguished; namely, point arrangement (isolated pits), strip arrangement 
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(pits connected along a determined direction), and total one (pits connect- 
ing in one determined spot). 

Arrangement type depends on the run of cavitation development and 
a particular stage of it[14], location of a specified part of the element in a 
cavitation zone, and type of material[9]. The arrangement of pits in a 
given region of cavitation damage is therefore not necessarily fixed. 

The point arrangement (Fig. 1 ) is observed principally inside the region 
of the "stable" part of the cavitation cloud which developed either near the 
surface of the material element having large, even, and immovable surfaces, 
or in places behind an obstacle where pressure gradients are not large. �9 

A similar pit arrangement is obtained in conditions of pulsed cavitation 
(such as obtained, for example, with a magnetostriction device). When 
cavitation is caused by ultrasounds, bubbles are of course smaller and their 
pulsation rate higher. The damage pattern is compact because of the 
absence of flow and pulse concentration. 

Isolated pit distribution can be regarded as statistical; however, in many 
cases their appearance and development in certain places can be explained. 
For instance[8] alloys with well-defined heterogeneous structure and non- 
uniform physico-chemical properties are most susceptible to damaging. 
Heterogeneity of structural components and other material flaws lead to 
selective damaging, the weakest points being attacked. Moreover, in carbon 
steels corrosion takes place, resulting in a higher rate of pit penetration into 
the material. 

The plasticity of materials also influences the arrangement of pits. Metals 
with a low yield point are being damaged more uniformly than those with 
a high yield point. This is caused by, among other things, the differences 
in energiesrequired for plastic deformation to occur. As a result, different 
numbers of active impingements[7,16] capable of deforming a material 
surface are required for a unit area (Table 1). 

The strip arrangement of pits (Fig. 2) corresponds to the flow direction 
of the liquid. It is observed most often for high-velocity elements and in 

TABLE l - -Number  o/ hydraulic imphtgements of different values established 
on the basis o] signs o/ the cavitation effect in venturi nozzle a/ter 

60 s (in accordance with [18l), 

Flow Speed, Number of Hydraulic Impingements After 60 s 
m/s  p > l O T N / m  "-' p > 1 0 ~ N / m  -~ p>2  • 10~N/m 2 p>3 • 10~N/m z 

22.2 300 100 0 0 
30.4 1150 500 100 20 
36.9 3200 1200 350 150 
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156 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 1--Examples o] isolated cavitation pitting (point structure): (a) ]ragment o] 
damaged runner casing o[ Kaplan turbine; (b) fragment o] damaged nave o] cen- 
tri[ugal pump runner; (c) sur]aee o] cast steel specimen a[ter 1143 h exposure in 
natural conditions; (d) sur]ace o] Armco iron specimen a[ter 850 h exposure in 
natural conditions; (e) sur]ace o] Armco iron specimen after 360 rain exposure on 
magnetostriction rig; (f) sur]ace o] aluminum specimen alter 18 h exposure on 
rotating-disk rig (rotating speed o/ disk twice less than nominal). 
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places where high-pressure gradients occur. Such are the conditions in the 
"unstable" part of a cavitation cloud, containing a dense bulk of bubbles, 
which moves downstream by vibrating motion. Extending and shortening 
of the cloud, and particularly transportation of its fragments (torn off the 
stationary part of the cloud) by flowing liquid, lead not only to collisions 
of material with pulses caused by bubble collapsing but also with those 
resulting from the flow turbulence (for example, from droplets separated 
from the stream which pass a highly turbulent region[3]). 

The "total" arrangement (Fig. 3) appears as a result of high-intensity 
pulses directed, from a focused source, into a fixed area of the material 
surface. Hydraulic impingements generated by the conversion of the 
energy into pressure energy (for example, collisions between solid surface 
and liquid stream) or shock waves generated when liquid streams of high 
potential collide (for example, when burst cavitation cloud is being replaced 
by liquid) are responsible for such an effect. The total damage can 
be observed within the cavitation region in the end part of the cavitation 
cloud. 

Materials with a low yield point are more liable to get damaged in such 
a way, total damage occurring here at relatively low intensity of the 
cavitation processes. Such effects were observed, for instance, for lead 
within the stationary part of the cavitation cloud. 

FIG. 3--Example of the lead specimen surJace damaged totally. 
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Various geometrical patterns of surface damage are thus characteristic 
for processes in the natural conditions and for those laboratory devices 
where a flow of liquid is involved in the cavitational erosion modeling. 
The surface pattern of cavitation damage obtained with the magneto- 
striction rig is characteristic (point arrangement) and always the same. 

Damage Rate 

Diagrams of erosion rate versus time for materials tested are presented 
in Fig. 4. Weight losses of material are shown here as functions of reduced 
time t/trot, where t denotes time and tt,,t a total time of test specimen 
exposition in the test rig. Comparison of damage rate for t = trot leads to 
the conclusion that the ordering of examined materials with regard to 
cavitational resistance does not depend on the methods of modeling of 
cavitation processes. This conclusion did not prove strictly valid in all 
cases. Damage rates at t : tt,,t for cast carbon steel and the Armco iron 
are different, the differences depending on the test conditions. Slight differ- 
ences (about 5 percent) were observed between the results of field tests 
carried out on the rotating-disk rig, and relatively large ones (about 50 
percent) between them and those obtained with the magnetostriction rig. 

Larger differences of the damage rate were observed for initial periods. 
It is easy to see that, apart from quantitative differences resulting mainly 
from differences in cavitation intensity, the relative incubation and accumu- 
lation times are longer in natural conditions than in laboratory conditions. 
At the same time, however, notice must be taken of the similiar character 
of damage rate changes for the rotating-disk rig and field tests. A velocity 
extremum can be shown in both the cases; such an extremum is not 
observed for the magnetostriction testing method. 

The foregoing data lead to the conclusion that the modeling of cavitation 
damage by a rotating-disk rig is closer to the process occurring in natural 
conditions than is achieved with the magnetostriction method. 

Metallographic Examination 

Metallographic examination consisted of microscopic observation of test 
specimen surfaces in the first stage of damaging as well as in examination 
of microsections of the upper surface layers (with and without etching) 
after a time duration equal to 0.3 to 1 ttot. Some results of the observation 
are presented in Figs. 5-8. 

Figure 5 shows fragments of Armco iron and brass specimen surfaces 
before testing and after 10 min on a test rig. Surfaces changes deepened 
in time, from small plastic deformations to larger ones, related to the 
growing of micro-irregularities of the surface and the forming of hollows. 
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FIG. 6---Structure o / (a )  Armco iron, (b) brass, and (c) cast steel in the area o~ 
cavitation damage developing on the magnetostriction rig. 
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FIG. 8--Pictures o] cavitation damage revealed on the Armco iron specimens 
(top), and cast steel (middle and bottom) alter testing in natural conditions. 
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Extending of the hollows into the material and the connecting of neighbor- 
ing damaged spots were observed. No regularity which could disprove the 
thesis stating statistical distribution of surface damages was observed. 
However, the progress of surface destruction seems to show that certain 
spots are particularly susceptible to damage, which suggests the influence 
of anisotropy on the damage process. 

Cavitation pits in tested materials developed in a way that depended 
mainly on the conditions in which the materials were being exposed to 
cavitation. Examination of microsections has shown the following: 

1. Tests on the magnetostriction device (Fig. 6) lead to surface destruc- 
tion similar to pitting, without distinct penetration of the damage into the 
material. Microscopic observations did not show either plastic deforma- 
tions or the translation inside the crystals. Damage progress did not show 
any dependence on crystal grain boundaries. 

2. Damages which occur during tests with the rotating-disk rig (Fig. 7) 
are characterized by the extension of the pits into the material and the 
occurrence of microcracks. Pits are arranged in various ways. The effects 
of cold-working can be seen in some spots. Damage development did not 
depend uniquely on the material structure (leaving aside the influence of 
material flaws). 

3. Pits irregular and developing in three dimensions are characteristic 
(Fig. 8) of specimens tested in natural conditions. They have the form of 
hollows, rather smoothly shaped, which shows the simultaneous influence 
of the cavitational erosion and corrosion. Microcracks are not typical for 
these tests. No evidence was obtained of the dependence of damage 
development on crystal grain boundaries. Plastic deformations, however, 
were observed on the surface as well as around the points of material loss. 

The foregoing observations lead to the following conclusions: 
1. The progress of cavitation development is responsible for the pit 

arrangement. Microcracks develop intensively for high-density cavitational 
erosion (rotating-disk rig) whereas corrosion (in natural conditions) leads 
to formation of smoothly shaped pits. 

2. Despite the changes in the upper layers of material, plastic deforma- 
tions are not always seen during microscopic examination. It is suggested 
that visual effects depend on the shape, value, and rate of pulses acting 
on material. 

3. The supposition that the progress of damage development[I,5,16] 
does not depend in the first place on crystal grain boundaries was con- 
firmed. This takes place in spite of the fact that the boundaries form a 
discontinuity in the regular lattice of atoms and that a certain excess of 
energy is stored there. 
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Microhardness 

The Hanemann and Khruschev methods were used for microhardness 
measurements. 

The Hanemann method was used for measuring microhardness in spots 
not affected by cavitation as well as in those damaged. Comparison of 
results of the measurements (Table 2) shows that hardening of the material 
occurred in all cases, microhardness being increased by 30 to 50 percent. 
The test specimen subjected to cavitation on the magnetostriction device 
showed the least changes whereas the greatest changes were caused by 
cavitation in natural conditions. These results are a logical complement 
to the observations described earlier. 

The Khruschev method was applied to microhardness measurements of 
specimen fragments at various depths. The results have shown that hard- 
ness changes penetrate the material in natural conditions more deeply than 
in laboratory conditions. The following are depths of a hardened layer 
measured for the Armco iron and cast carbon steel: 

Magnetostriction device, 30 to 60 #m 

Natural conditions, 250 to 500 /zm 

These differences result from the differences in loading of the material. 
The duration of the tests was undoubtedly a very important factor here 
(in natural conditions the specimens were exposed to cavitation hundreds 
of times longer than during the laboratory tests). It is believed that the 
gathering of energy carried by hydrodynamic pulses of different potentials, 
and the corresponding process of stress increase inside the material, affects 
not only the thickness of the layer which has the structure changed, but 
also the damage mechanism itself. Lattice deformations and cold-working 
are regarded as possible factors facilitating corrosion. 

Conclusions 

The results of the investigations show limitations in the evaluation of 
the cavitational resistance of materials. For instance, relative cavitational 
resistance determined on the basis of tests carried out in certain conditions 
can differ from that obtained from tests carried out in other conditions. 
Cases are known[10]where material which proved resistant to cavitation 
in laboratory tests failed in natural conditions. For this reason, a way of 
modeling of the cavitation erosion should be applied such that disparities 
connected with the scale effect are as small as possible. Keeping the 
laboratory conditions as close as possible to natural conditions allows for 
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bet ter  evaluat ion  of the mater ia l  proper t ies  (as  well as o rder ing  them 
with regard  to cavi ta t ional  res is tance)  and for ant ic ipat ing damage  develop-  

ment  in s t ructural  components .  
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Studies on Cavitation Damages 

REFERENCE: Erdmann-Jesnitzer, F. and Louis, H., "Studies on Cavita- 
tion Damages," Erosion, Wear, and Interlaces with Corrosion, ASTM STP 
567, American Society for Testing and Materials, 1974, pp. 171-196. 

ABSTRACT: Tests in a new chamber for flow cavitation led to damages 
which are characteristic of erosive destruction caused by imploding cavita- 
tion bubbles. To develop material of greater cavitation resistance, it is 
necessary to find out exactly the different stages of damage. To do this, 
we started to examine model materials in a special testing chamber. 

In the case of soft aluminum, these damages, caused by single im- 
ploding bubbles, give an idea about the way of load that is the effect due to 
micro-liquid-jets which impact the specimen surface under special condi- 
tions. Typical stages of deformations, formation of cracks and fractures 
are described with regard to the structures of the model materials by 
scanning electron microscope. 

To transfer the different stages of damages from one material to others 
of the same crystalline structure, changes at different stages caused by the 
different mechanical properties, for example, as in the case of copper, must 
be taken into consideration. 

KEY WORDS: cavitation erosion, damage, erosion, cavitation resistance, 
crack propogation, ductile fractures, brittle fractures, deformation, mechan- 
ical properties, tests 

Material damages resulting from imploding cavitation bubbles are an 
economic factor. Therefore a lot of research has been done in the field 
of cavitation, particularly regarding the formation of cavitation bubbles, 
the way of their implosion, and the resulting material damages. 

These damages consist in aqueous solutions of an erosive and a corrosive 
part[l], z In the case of heavy destruction the erosive part, called cavita- 

z Head of institute and head of Material Damages by Hydraulics Group, respec- 
tively, Institut (B) f/Jr Werkstoffkunde, Technische Universit~it Hannover, Federal 
German Republic.  

2 The italic numbers in brackets refer to the list of references appended to this 
paper. 
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172 EROSION, WEAR, AND INTERFACES WITH CORROSION 

tion erosion, in particular is most important. That is why it is the central 
theme of many research projects. 

Test Equipment 

To simulate erosive cavitation damages we used a recently developed 
testing chamber for flow cavitation[2,3]. The chamber consists of a 
rectangular channel (30 • 40 mm 2) in which two cylinder-shaped barri- 
cades, called "Wehr" and "Gegenwehr," form a narrowing in the cross 
section of the channel (30 • 3.5 mm 2) which then leads to the release of 
bubbles. 

Figure 1 describes the way of flow and the formation of two water- 
bubble streams in this cavitation chamber and gives an idea of the amount 
of damage on an aluminum specimen (A1-99.988) loaded for 15 min by 
imploding cavitation bubbles. 

Special importance is attached to the barricades because only the 

FIG. 1--Way of flow (schematically) in the newly developed testing chamber for 
cavitation erosion and a damaged specimen (AI-99.988) after 15 rain o/ cavitation 
load. (1) ,  (3) : streams o1 bubbles; (2) ~ liquid, devoid o] bubbles; (4) ~ main 
region o[ destruction; ( a ) :  barricade I (Wehr): ( b ) :  barricade 11 (Gegenwehr). 
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ERDMANNJESNITZER AND LOUIS ON CAVITATION DAMAGES 173 

cylindrical form can enable us to reproduce their micro- and macro- 
geometrical shapes. In addition to  these special barricades, a maximum 
damage intensity is guaranteed by means of a significant combination of 
the geometrical and hydromeehanieal test parameters as shown in Fig. 2: 

1. Inlet pressure p], that is, the maximum velocity in the throat. 
2. Reverse pressure p.~, which influences the pressure field in the region 

of the imploding bubbles. 
3. Deflection angle a of the water-bubble streams. 
4. Distance s between the barricades which form the throat of the 

channel. 
5. Mean distance of the bubbles from the line of generation at the 

barricades to the place of implosion at the specimen surface by its posi- 
tioning h. 

A special combination of these test parameters leads to a maximum of 
the "damage intensity," the extent of which is not usually demonstrated 

4/-- z: 
Probe/speci m e n 

/ 
/ 

�9 deflection -angle 
h ,  p o s i t i o n i n g o f  the specimen 
s .  d i s t a n c e  of the barricodes 
pl= inlet pressure 
~= reverse pressure 

FIG. 2--New chamber /or testing Iqow cavitation damage (schematically), with 
geometrical and hydromechanical variations. 
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by such test devices for flow cavitation. The damage intensity is described 
by means of the mass loss as a function of testing time of a special material 
(A1-99.988). Therefore differences in the running of the mass-loss/testing- 
time curves signal a change in the intensity of the bubbles in respect to the 
resulting damage. 

The test conditions normally used are 
3 Inlet pressure, pl = 10-13 bar 
3 Reverse pressure, p._, = 1.25-1.75 bar 

Deflection-angle, a = 45 deg 
3 Distance, s = 3.5 mm 
3 Positioning, h = +4  - +6  mm 
The testing chamber is the main part of the cavitation apparatus, as 

shown in Fig. 3. A multistage centrifugal pump (1)  sucks the test fluid, 

3100 : ', 

r  

7 

2 

I 

r 

FIG.  3--Test  apparatus [or erosive cavitation damage. (1) --- multistage centriJ- 
ugal pump; ( 2 ) :  container (~3  m:~): ( 3 ) :  testing chamber: ( 4 ) :  slide valve in 
the bypass. 

�9 ~ Parameters  that can be varied in the testing chamber.  
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generally tap water, which has been partially degassed by its circulation. 
Taking it out of a container (2) lined with plastic material from the pump, 
the water reaches the test chamber (3). The insert pressure can be 
regulated by means of a slide valve (4) in a bypass. The reverse pressure 
within the area of the imploding bubbles can be regulated by the slide valve 
behind the test chamber. Then the water returns to the container in which 
are both a heating and cooling element to keep it at temperature. The 
liquid temperature normally used is 20~ (68~ 

Measurements of Cavitation Erosion 

One object of research during the past few years was the kinetics of 
destruction in materials caused by imploding cavitation bubbles. A knowl- 
edge of the kinetics of destruction is important in order to be able to 
produce successfully materials with a higher resistance to cavitation. 

As a rule, when cavitation damages are simulated in laboratories the 
mass loss or the velocity of erosion as a function of testing time is deter- 
mined. ]t is also useful to follow the changes in the profile of the surface 
as a result of the imploding bubbles. This can be done by means of a 
surface analyzer which gives us different results depending on the materials 
used. In the case of ductile materials the initial stage is characterized by 
a distinct increase in the surface roughness without any mass loss up to a 
certain value of testing time. In the case of brittle materials without plastic 
deformability there are no changes in the surface profile until parts of the 
material break away, which signifies the beginning of a mass loss. Figure 4 
compares typical changes in the surface profiles of a ductile (AI-99.988) 
and a brittle (Plexiglas) 4 material. 

Such test methods, namely, which change the surface profiles or mass 
of the specimen as a function of testing time, are able to describe macro- 
scopically the behavior of the material when it is loaded by imploding 
cavitation bubbles. These test methods---in particular the determination of 
the mass-loss/testing-time curve--contribute only to a small extent to the 
knowledge of the kinetics of destruction. This results from the fact that the 
method encompasses the entire damaged area which is anisotropic in its 
load due to the imploding bubbles and in its mechanical properties. 

If we consider a microscopically small "element" of the surface of a 
ductile material, imploding bubbles with sufficient damage energy will 
deform this element plastically. This happens first of all without any 
detectable erosion, behavior that corresponds to the incubation period 
of a mass-loss/testing-time curve[4,5]. After reaching a certain stage of 

* Plexiglas 240 from Fa. R~hm u. Haas, Darmstadt, FGR. 
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deformation the imploding bubbles lead to the fatigue of the material, and 
cracks begin to form. These cracks spread and finally cause erosion of the 
whole or in parts of the elements. In a theoretical mass-loss/testing-time 
curve, erosion begins right at this point, Fig. 5. This theoretical curve 

In 
In 
0 
F 

in 
in 
o 

testing-time 

FIG. 5--Theoretical mass-loss/testing-time curve. ( I ) :  incubation period; (II) 
-- period of advanced erosion. 

suddenly rises to a certain value and remains at this value. The erosion 
of parts of the specimen forms a new surface. In contrast to the surface 
of the specimen when the test started, the new surface is already deformed 
plastically and cracks are also present. Thus the underlying areas of the 
eroded surface element will show the same damaging process as men- 
tioned before but with an extremely shortened incubation period; that is, 
the formation of cracks, their spreading and final erosion all take place 
in a shorter space of time. This behavior of the material is characterized 
by steps in the theoretical curve whereby the separate steps will not neces- 
sarily be constant. 

In the usual test, the mass-loss/testing-time curves will not show this 
theoretical shape. Some reasons are: 

1. The material is not homogeneous in its mechanical and physical 
properties, even if a metal of high purity or a single crystal is used. 

2. The effect of the imploding bubbles differs from bubble to bubble 
because of the different energy of the bubbles, as a result of, for example, 
the spectrum of nuclei and the different conditions of implosion, which 
are a result of, again as an example, the different distances from the surface 
to be damaged. 

3. The deformation of the surface by the imploding bubbles is not 
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178 EROSION, WEAR, AND INTERFACES WITH CORROSION 

homogeneous but leads to craters. These craters change the intensity of 
loading of the specimen surface. 

For these reasons, we do not obtain more knowledge about the kinetics 
of destruction from the macroscopical observation of the material loaded 
by imploding bubbles. Besides this, a distinct transition from the incuba- 
tion period without mass loss (I) to the period (II) with loss of mass 
(see Fig. 5) and a discontinuous run of the curve only be detected 
by analytical balance with very high accuracy of measurement. Normally, 
the analytical balance will only detect a loss of mass greater than I mg or 
0.1 rag. 

In the case of aluminum a mass of 0.1 mg means a volume of 0.04 mm 3. 
We only get a shape of the curves like the theoretical one if the eroded 
volume is greater than 0.04 mm 3 (in the case of aluminum) and we use 
very small time intervals. In practice, you may get this stepwise shape of 
the curve only in the state of great destruction. Nevertheless, if we add 
together many of these theoretical curves in which the length of incubation 
period and the amount of the average rate of erosion may differ, we will 
arrive at a curve which is similar to the macroscopic one. But there is no 
connection between the shape of this macroscopic curve and the respective 
changes in the surface. This may only be possible if we observe minute 
surface elements and their changes as a function of testing time by means 
of a microscope or scanning electron microscope (SEM). 

That is why this way of testing was chosen in order to demonstrate the 
kinetics of destruction of metallic materials by imploding cavitation bubbles. 

Materials and Test Procedure 

To demonstrate the behavior of metallic materials, we took model mate- 
rials such as 

1. aluminum, as an example of.a face-centered cubic material with its 
ductile behavior; 

2. zinc, as an example of a close-packed hexagonal material with moder- 
ate plasticity and with extremely anisotropic behavior; and 

3. iron, as a body-centered cubic material, the basic material of many 
iron-alloys. 

Table 1 gives a summary of material compositions and some of their 
mechanical properties. 

In order to demonstrate the kinetics of destruction of materials loaded 
by imploding bubbles, the first period of change in the surface correspond- 
ing to the incubation period of the mass-loss/testing-time curve is of great 
importance. In this period the specimen surface will be prepared for a 
subsequent high rate of erosion. 
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180 EROSION, WEAR, AND INTERFACES WITH CORROSION 

The changes in the material from its undamaged state to a state of 
starting erosion can only be observed during the incubation period. 

If we continue further development of the damages we will only find a 
spreading of the cracks and different kinds and shapes of fractures which 
recur time and time again. To demonstrate the microscopical changes 
of the specimen surface, we used a SEM, model JSM-U3 of the Japan 
Electron Optics Laboratory. 

The specimens were loaded with imploding cavitation bubbles for a cer- 
tain time under test conditions normally used; then the surface changes 
were observed and afterwards loaded again, etc. 

Results 

Aluminum 

In general, the energy of one imploding bubble in the case of our 
apparatus and the chosen test conditions does not lead to an erosion. 
However, only very few of the bubbles have sufficient energy to cause 
some visible changes in the surface. In the case of annealed aluminum 
they have the form of depressions which are partially surrounded by 
plastic deformation waves[6]. Depressions without plastic deformation 
waves represent as a rule the majority of these initial damages. Besides 
these visible changes we can note a strengthening of surface areas which 
do not show traces of plastic deformation. The strengthening can be 
detected on almost plain surface spots by microhardness measurements as 
a function of testing time[I,7]. 

All these kinds of characteristic surface changes, namely, depressions 
sometimes surrounded by plastic deformation waves, and strengthening 
without any visible traces of plastic deformation, can be explained by 
means of micro-liquid-jets resulting from collapsing bubbles. The differ- 
ent shapes of the damages are caused by two factors: (1) the bubbles, 
and the jets resulting from these bubbles, possess different amounts of 
energy; and (2) a thin liquid film of different thicknesses between the surface 
and the iet influences the damage. 

In the case of very thin liquid films, depressions are surrounded by 
plastic deformation waves. An increase in the thickness of the film would 
prevent firstly any deformation waves and lastly any depressions in the 
surface. 

Figure 6 shows the initial damages by imploding bubbles that will be 
found in annealed aluminum. The ratio thickness of a liquid-film/jet 
diameter describes the condition of the surface when the bubble implodes. 
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ERDMANN-JESNITZER AND LOUIS ON CAVITATION DAMAGES 181 

FIG. 6---Sur/ace darn'ages caused by individual bubble implosions and their con- 
ditions with regard to different sur/ace-liquid films, obtained ]rom comparative tests 
with macroscopic liquid-jet attacks [3]. 

The given factors are only approximate values because of the chosen test 
conditions and the extent of the initial damages, which differs from bubble 
to bubble. 

The results have been obtained by making comparative experiments on 
damages caused by macro-liquid-jets[3]. The characteristic changes in 
the surface, known as initial damages, can be observed on the plain surface, 
but only as long as an irregular collapse of bubbles takes place at un- 
deformed areas of the surface. In the case of the chosen material and 
test conditions, this period was less than I0 s. If the specimen is experi- 
mented on for a longer period, more and more cavitation bubbles implode 
in already deformed and therefore work-hardened surface areas. This 
strengthening by work hardening, however, does not impede any further 
deformation. On the contrary, greatly deformed surface areas, for example, 
large depressions, form specially favored places for imploding cavitation 
bubbles. This leads to a favored growth in some depressions, evidently 
caused by the increased effect of cavitation bubbles imploding at this point. 
Figure 7 gives an idea of the changes in the specimen surface loaded by 
imploding cavitation bubbles. The times of loading of this aluminum speci- 
men are 30, 45, 60, and 70 s. These increasing depressions do not appear 
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184 EROSION, WEAR, AND INTERFACES WITH CORROSION 

to depend on, for example, the orientation of the crystals or on a special 
behavior of the grain boundaries. 

A further loading of imploding bubbles leads to an even higher rate of 
deformation of some depressions, forming craters. This in its turn leads to 
a further subsection of the incubation period where, among other things, 
distinct phenomena of flow appear at particular craters. These craters 
give the impression that the crystalline aluminum behaves like a viscous 
liquid, Fig. 8, after 70 s of cavitation load. 

At the initial stage of loading the resulting damages in the surface are 
characterized by the implosion of single bubbles, which form the jets. 
In this following period, characterized by plastic deformations of the whole 
surface and a viscous-like flow of some of the craters, the loading of the 
specimen is the combined effect of all the imploding bubbles. They cause 
a quasi-static loading which is superimposed by an alternating stress of 
high frequency. That results in a favorable flow of the crystalline material, 
which has been a well-known fact for many years; for instance, in the 
case of lead and lead-aUoys[8,9]. The effect of the individual bubble- 
implosion cannot be seen at this stage of the surface changes. At the 
beginning the deformation corresponds to the cohesion strengthening up 
to a maximum. A continued loading would lead to even greater deforma- 
tions, resulting in bizarre shapes. These deformations lead to a fatigue 
in the material after which cracks begin to form. The appearance of the 
whole specimen surface is characterized by areas which are greatly 
deformed and areas which are less deformed, found next to each other, 
Fig. 9. 

The spreading cracks, Fig. 10, lead to ductile fractures, which initiate a 
mass loss. The cracks may result from a shearing fatigue, or in the case 
of many imploding bubbles to an alternating shearing fatigue. It has not 
been proved whether the well-known accumulation of dislocations leads 
to the formation of the cracks, or, which could be possible, whether 
vacancies resulting from the alternating load of jets at high velocity con- 
tribute to the crack formation. 

The appearance of dislocations loops resulting from condensed vacancies 
caused by deformation at high velocities, has been demonstrated by several 
authors[lO,11]. The high deformation velocity of surface regions is given 
in the ease of imploding bubbles by impacting micro-liquid-jets. Due to 
the erosion of the specimen by the imploding bubbles and the breakaway 
of material, new surfaces are formed which already contain initial cracks. 
These cracks then grow rapidly, resulting in a further mass loss without 
a noticeable incubation period. 

Figure 11 gives an idea of the great differences in the kind of damage 
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ERDMANN-JESNITZER AND LOUIS ON CAVITATION DAMAGES 185 

FIG. 8--Viscous-like [tow o[ a crater in aluminum, testing time 70 s (by SEM), 
CScale mark indicates I00 Ism.) 

FIG. 9--Aluminum specimen a]ter 70 s of cavitation load, showing great differ- 
ences in the rates o] sur]ace de]ormation (by SEM). (Scale mark indicates 100 #m.) 
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186 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. lO---Growing cracks after 70 s o/ testing time (by SEM). (Scale mark indi- 
cates 50 #m.) 

FIG. 11--The same surface region as shown in Fig. 9, changed direction o[ view. 
Erosion starts only at one single area o[ the surface (by SEM). (Scale mark indicates 
200 #m.) 
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of an aluminum specimen, loaded 70 s by imploding cavitation bubbles. 
This picture demonstrates that an overall examination of the specimen, 
for example, as in the case of a mass-loss/testing-time curve, can tell us 
nothing about the actual behavior and the different stages of damage of 
individual surface areas. Therefore, only an examination of the changes 
in individual surface area, for example, by SEM, can provide us with par- 
ticular information about the kinetics of destruction. 

Zinc 

The behavior of zinc (see Table 1) during implosion of cavitation 
bubbles is determined by its excessively anisetropic properties. As in the 
case of aluminum, the energy of individual bubbles does not lead to any 
erosion, due to the chosen test conditions. 

In general, the material will be plastically deformed. This deformation 
can be caused by an individual imploding bubble or by many bubbles 
which implode both locally and one after the other. One individual energy- 
bearing bubble implosion may lead to an impression which, in contrast 
to aluminum, is not surrounded by plastic deformation waves. Within and 
closely around the impression, minute deformation twins can be observed. 
The second noticeable surface change is the appearance of macroscopic 
deformation twins which are caused not by single-bubble implosion but by 
a lot of imploding bubbles. The number and size of these macroscopic 
twins increase with testing time. The formation of these twins is not 
homogeneous in each individual grain because the material is so anisotropic 
that the grains differ in their lattice orientation. 

Figure 12 shows initial damages in the kind of depressions and an 
increasing size and number of deformation twins after 30 s of cavitation 
load (b), which can be compared with the undamaged surface (a). The 
pictures were taken by a microscope with polarized light. With increasing 
time of loading, the size and the number of the deformation twins also 
increase. That means the amount of deformation grows. Some depressions 
even increase, but to a much smaller extent than they do in the case of 
aluminum. 

The anisotropic behavior of the disorientated grains has visible effects in 
the regions of the grain boundaries, which sometimes form steps. These 
steps, however, lead to a favorable implosion of the bubbles. Therefore, 
as has often been proved, cracks start in the region of these grain 
boundaries. In that case they are not intercrystalline but transcrystalline 
in direct proximity to the grain boundaries. Sometimes, cleavages are 
detectable in grains that do not show a great amount of deformation. This 
is caused by a special lattice orientation of the grain which does not allow 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



01
) 

0
 

0
 

Z
 Z
 

-7
 

>
. 

N
 

0 0 Z
 

F
IG

. 
1

2
--

In
it

ia
l 

da
m

ag
es

 
a

n
d

 
in

cr
ea

si
ng

 
si

ze
 

a
n

d
 

n
u

m
b

er
 

o[
 

d
e[

o
rm

a
ti

o
n

 
tw

in
s 

in
 

a 
ca

vi
ta

te
d

 
zi

n
c 

su
r]

ac
e 

u
n

d
er

 
po

la
ri

ze
d 

li
gh

t.
 

(a
) 

~ 
u

tl
d

a
m

a
g

ed
 

su
r[

ac
e;

 
(b

) 
=

 
su

r[
ac

e 
a

lt
er

 3
0 

s 
o

f 
ca

vi
ta

ti
ot

z 
lo

ad
. 

(S
ca

le
 

m
a

rk
 

in
d

ic
a

te
s 

5
0

 t
zm

.)
 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 F

ri
 J

an
  1

 2
3:

21
:2

0 
E

S
T

 2
01

6
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t t
o 

L
ic

en
se

 A
gr

ee
m

en
t. 

N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



ERDMANN-JESNITZER AND LOUIS ON CAVITATION DAMAGES 189 

any plastic deformation due to the load. The implosions of the cavitation 
bubbles result in an enrichment of energy in parts of the crystalline 
material. This can suddenly lead to the formation of new surfaces by the 
formation of cracks. The spreading of the cracks then cause a mass loss. 
The destruction of this material is brought about by cleavages in special 
crystallographic planes. This can be proved by Fig. 13, which shows 
cracks and cleavage faces in grains of a large diameter, The same effect 
can also be seen in zinc with a small grain size. The cleavages are formed 
in the basic planes of this material. Sometimes cracks are found running 
in different but special directions, as shown in Fig. 14. In this case the 
regions of the cracks are former deformation twins, which have a particular 
connection with the surrounding parts in their crystallographic directions. 

As in the case of aluminum, this state of knowledge could only be 

FIG. 13--Cracks attd cleavage /aces in a zinc specimen alter a long period o/ 
cavitation load (by SEM). (Scale mark indicates 10 urn.) 
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190 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 14--Eroded zinc specimen with cracks running in di]Jerent directions (by 
SEM). (Scale mark indicates lO #m.) 

reached by observing the changes of cavitated surface regions and not, for 
example, by taking a mass-loss/testing-time curve. 

/ron 

Iron (see Table 1) in respect of its body-centered cubic structure takes 
on a middle position between aluminum and zinc; that is, it is more ductile 
than zinc but less deformable than aluminum. This fact leads to a behavior 
sometimes similar to aluminum, sometimes similar to zinc, when loaded 
by imploded bubbles. 

As a result of its greater resistance to flow, initial damages caused by 
only one imploding bubble are to be seen in a smaller amount and in a 
smaller size than in the case of aluminum. These depressions in general 
do not have any surrounding plastic deformation wave. In addition to 
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these visible plastic deformations, an increasing hardness of the surface 
demonstrated by X-ray photographs or microhardness measurements can 
be determined. 

The period of time in which initial damages can be proved is longer for 
iron than for aluminum or zinc. When continually loaded by imploding 
bubbles, some of these depressions grow. They do not reach the same size 
as in the case of aluminum. Distinct viscous flow in the formed craters is 
not to be seen. Impurities like manganese sulphide (MnS) in the surface, 
Fig. 15, have no important influence on the velocity of destruction. 
Although some of them break away after short periods of loading, the 
formed craters do not initiate positively a further destruction at this point. 

The behavior of the regions of the grain boundaries is somewhat similar 

FIG. 15--Armco iron specimen alter 9 min o/cavitation load (by SEM), showing 
impurities like manganese sulphide in the sur]aee (a) and holes alter breaking away 
o/the MnS (b). (Scale mark indicates 33 ~m.) 
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192 EROSION, WEAR, AND INTERFACES WITH CORROSION 

to that in the case of zinc. All the imploding bubbles deform the whole 
surface of the specimen, Fig. 16. This deformation is unequal particularly 
near the grain boundaries, which are influenced in their mechanical 
behavior by the neighboring grains. Therefore, similar to the case of zinc, 
steps were found at the grain boundaries which are specially favored areas 
of imploding bubbles. The cracks resulting from this enforced loading run 
transcrystalline, often in direct proximity to the grain boundaries, Fig. 17. 
The increasing deformation of the surface, which is less pronounced than 
in the case of aluminum, leads to a fatigue of the iron[12]. 

In general the first initial fractures, resulting in a detectable mass loss, 
seem to be ductile. A continued loading of the specimen by imploding 
bubbles leads to an increasing rate of erosion. At this stage, cleavage 
planes demonstrating a brittle fracture are often to be seen, Fig. 18. 

FIG. 16--Plastic de]ormations of an Armco iron specimen alter 4 rain o] cavita- 
tion load (by SEM). (Scale mark indicates 50 #m,) 
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FIG. 17--Transcrystalline cracking near a grain boundary in drmco iron a#el 
20 min o] cavitation load (by SEM). (Scale mark indicates 20 #m.) 

Conclusions 

To find out more about the kinetics of destruction of materials caused 
by imploding cavitation bubbles, you have to observe the changes of minute 
surface elements. An overall examination, that is, changes in surface 
profiles or in the mass of the specimen as a function of testing time, is only 
able to describe macroscopically the behavior of materials. 

Studies on cavitated specimens by SEM provide us with more informa- 
tion about the kinetics of destruction, though some special mechanisms are 
not completely identified. 

When transferring the results from one material to another, we must 
not only take into consideration the structure, which surely influences 
the behavior of the material under this special loading, but also the changed 
mechanical properties. This fact is of great importance especially if we 
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194 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 18--Cracks and ]ractures in iron (by SEM). (Scale mark indicates 60 ~m.) 

want to estimate the cavitation resistance of heterogeneous materials with 
different mechanical properties in individual phases. However, knowledge 
of the kinetics of destruction enables us to produce successfully materials 
with a higher resistance to cavitation[13]. 
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DISCUSSION 

A. F. Conn~--From the oral presentation of this paper, I had the 
impression that cracks were observed in the aluminum specimens. Do 
these cracks imply the presence of a fatigue mechanism during the cavita- 
tion erosion of this aluminum? If so, this would conflict with the obser- 
vations stated earlier in this symposium, during the paper presented by 
C. M. Preece. Or, as Dr. Preece has described the process, are these cracks 
merely the result of large ductile deformations? 

C. M. PreeceZ--Are you suggesting that cracks are initiated in the 
aluminum by cavitation, and proceed to propagate during subsequent 
exposure, or that material removal is by ductile rupture of the protruding 
edges of deformation craters, as we observe in our experiments with the 
vibratory probe? 

F. Erdmann-Jesnitzer and H. Louis (authors' closure)--Cracks ob- 
served in damaged aluminum specimens were mainly the result of large 
ductile deformation of the soft material. But in respect to the loading 
of the specimen, there can be observed also a quasi-static pressure super- 
imposed by an alternating stress which results from the single-bubble- 
implosions fatigue phenomena. 

In opposition to zinc, where cracks can be found without plastic 
deformation, the aluminum specimen shows large ductile deformation 
before cracks will be formed. The formation of cracks without plastic 
deformation is not to be seen in aluminum. This fact accords along general 
lines with the result C. M. Preece obtained in vibratory tests. 

1 Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 

2 Associate professor, Materials Science Department, State University of New 
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Liquid Impact Behavior of Various 
Nonmetallic Materials 

REFERENCE: Hammitt, F. G., Timm, E. E., Hwang, J. B., and Huang, 
Y. C., "Liquid Impact Behavior of Various Nonmetallic Materials," Erosion, 
Wear, and Inter~aces with Corrosion, ASTM STP 567. American Society 
for Testing and Materials, 1974, pp. 197-218. 

ABSTRACT: Detailed photographs of liquid jet impact against elastomeric 
surfaces are presented and compared with impact and also cavitation erosion 
resistance. Two correlations between erosion resistance and material 
properties are presented. 

KEY WORDS: cavitation erosion, velocity, deformation, mechanical prop- 
erlies, impact tests, liquid metals, erosion 

Liquid droplet impact at high velocities upon materials is of importance 
in several applications. For instance, the low-pressure stages of large steam 
(or other vapor) turbines where moisture droplets form and impact rotating 
blading; high-speed military and civil aircraft where rain erosion of compo- 
nents such as radome surfaces is an important problem; and cavitation 
damage where the damage mechanism appears to include a major contribu- 
tion from microjet impact induced by asymmetries such as an adjacent 
wall and pressure, or velocity gradients or both. In recent years, much 
theoretical and experimental work has been done upon liquid droplet 
or jet impingement or both upon material surfaces, including some at the 
authors' laboratory. However, most of this work, involving the details of 
the collision process, has been concentrated upon impacts on rigid surfaces 
rather than on surfaces for which substantial deformation takes place during 

t Professor-in-charge and research assistants, respectively, Cavitation and Multi- 
phase Flow Laboratory, College of Engineering, Department of Mechanical Engi- 
neering, University of Michigan, Ann Arbor, Mich. 48105. 

z Combustion Engineering, Inc., Windsor, Conn.; formerly research assistant and 
doctoral candidate at coauthor's lab. 
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198 EROSION, WEAR, AND INTERFACES WITH CORROSION 

the impact, thus importantly influencing the collision process itself. The 
present paper reports upon photographic and theoretical studies of the 
impact process upon elastomerie and other nonmetallic materials. 

High-speed motion picture sequences taken at about 0.6 million frames 
per second of short liquid jets of -1 .2  mm diameter and 500-mph 
(223 m/s) velocity, upon various elastomeric materials, 3 Epon-828 and 
Plexiglas, are presented. The water slugs result from our automatic water 
gun device[I], 4 and resemble closely those produced by the type of momen- 
tum exchange device pioneered by Brunton [2], for example. Since the 
jets have an approximately hemispherical leading edge, the resultant flow 
and pressure upon the target during the initial part of the impact are very 
similar to those obtained from a spherical drop of the same diameter. Pre- 
vious theoretical work[2], including our own recent numerical studies[3-5], 
shows this is the case, and also that only the very initial part of the impact 
is likely to be important to the damage process. 

The high-speed photographs indicate the large differences in splash pat- 
terns resulting from the different materials, which are then compared with 
the erosion resistance of some of the same materials as measured with the 
same automated water gun device, by cavitation, and by a propeller arm. 
In addition, quantitative data on the axial and radial velocities resulting 
from the impacts upon the various materials are presented, and comparison 
with the observed splash pattern is possible. It is hoped that this informa- 
tion may help to improve understanding of the relations between the 
mechanical properties of the materials and erosion resistance, and may 
perhaps also allow the eventual prediction of erosion resistance from splash 
patterns which can be observed fairly easily with suitable photographic 
equipment. 

To further assist the understanding of the detailed mechanism of damage 
from droplet or jet impact upon elastomeric materials, we have performed 
numerical calculations showing surface deformation for such materials as 
well as velocities and pressures along the surface[5] during impact with 
spherical droplets. These preliminary results, using a somewhat restricted 
mathematical model, are discussed. 

Since it is generally agreed today that cavitation damage includes a 
strong contribution from liquid microjet impact, but that detailed differences 
certainly exist between jet impact per se and cavitation damage mecha- 
nisms, including that of scale, it is useful to compare the cavitation and jet 
impact damage resistance of a group of materials. This has been done for 

�9 ~ Supplied by B. F. Goodrich Company. 
4 The italic numbers in brackets refer to the list of references appended to this 

paper. 
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HAMMITT ET AL ON LIQUID IMPACT BEHAVIOR 199 

the present material group, using a relatively standard vibratory cavitation 
test to be compared with the water gun tests, and also with tests from the 
Goodrich propeller-arm rain erosion test facility. The detailed results are 
presented. For this particular group of materials it was found that often 
an almost inverse relationship exists between liquid impact and cavitation 
damage resistance. 

Correlations of both impact and cavitation damage resistance with Shore 
hardness are shown. Shore hardness was found to be reasonably successful 
in this respect, particularly for cavitation resistance, for the particular 
group of materials here tested. 

Experimental Results Obtained 

Experimental Facilities Utilized (Figs. 1, 2) 

Water Gun Device--While the water gun device has been described 
elsewhere[l], the most important points are included here for convenience. 
The device is shown schematically in Fig. 1. Elongated jets of about 
1.2 mm diameter are produced with velocity adjustable up to ~600 m/s, 
and with a repetition rate of about 30 per minute by the impact of a spring- 
driven steel bolt upon a hardened steel diaphragm, the opposite side of 
which is in contact with a small quantity of water within a closed chamber, 
itself opening into an orifice of suitable diameter from which the impacting 
jet emerges. This device is patterned after a similar unit developed by 
Kenyon[6] at Associated Electrical Industries in the UK. The appearance 
of the jet at the velocity used for these tests (223 m/s, or 500 mph) is as 

~ORIFICE PLATE 

/ / / / /  

/ / / / /  

FIG. I--Schematic  o / w a t e r  gun device. 
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AUDIO 1~ OSC.,LLOSCOPE 

[ FREQUENCY / 
J COUNTER i 

ACCELEROMETER 

I "Pnw~'~' I L ~  APIEZOELECTR|C 

. . . . . . . . .  ~ X P O N E N T I A L  TEST FLUID'.~ if_~ O~ORN 

TEMPERATURE o] j ~  SPECIMEN CONTROL' O0} )~ o 

SUPPLY DISH CAVITATION VESSEL 

FIG.  2--Schematic o] stationary specimen vibratory cavitation test tacility. 

shown in Figs. 3-6. The portion of the impact shown (up to 80 /~s) is 
with a "precursor jet" of ~1/3  mm diameter, only about 1/4 the diameter 
of the main jet which follows. It is generally believed, and verified by 
numerical calculations ([3-5] etc.) as well as basic theory, that the damag- 
ing part of the impact is the initial part during which very high transient 
pressures and velocities exist. The pressure and velocity across the surface 
of a "steady-state" jet of the impact velocity here used would be much 
smaller and probably not damaging during the short-time duration of 
collision. It is still virtually beyond the state of the art to accurately 
measure pressures under such jets, though work at Cambridge under 
Brunton is progressing in this direction. 

High-Speed Motion Picture Facility--The motion picture sequences of 
the water jet impacts (Figs. 3-6) were made with a Beckman-Whitley 
framing camera capable of a maximum framing rate of 2 million frames 
per second, with a total of 80 frames per run. To obtain maximum infor- 
mation per run, rates of between 0.5 and 0.66 million frames per second 
were used for the present tests. A laser-photocell arrangement interrupted 
by the water jet is used to trigger the camera light source. 

Cavitation Damage Facility--Cavitation damage tests on many of the 
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FIG. 3--High-speed motion picture sequence of jet impact--Goodrich No. I 
(natural rubber). 
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FIG. 4--High-speed motion picture sequence of jet impact--Goodrich No. 10. 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HAM, MITT ET AL ON LIQUID IMPACT BEHAVIOR 203 

materials were made in a vibratory-horn, stationary specimen setup 
(Fig. 2), described in more detail elsewhere[l]. The specimen is held 
20 mils (0.51 mm) from the 20-kHz vibratory horn of 2-mil (0.051 ram) 
double amplitude. 

Photographic Results Obtained 

General Observations--Figures 3-5 are high-speed motion picture se- 
quences of water-jet impacts at 500 mph (223 m/s ~ 0.67 Mach at STP) 
upon various elastomeric materials supplied by Goodrich; Fig. 6 is for 
Plexiglas. The times in microseconds from the start of impact are shown 
in each frame. Although approximately 80 frames were exposed per run, 
only selected frames are shown, chosen to indicate the significant features 
of the impact. The portion of the impact shown is that with the "precursor" 
portion of the main jet, having a diameter of H1/3 mm and persisting for 
~80 /~s. The main jet of about 1.2 mm follows, but since this latter 
portion is roughly steady-state impingement, it is not believed important 
to the damage process. Our numerical calculations ([5-7] etc.) indicate 
that damaging pressures persist for only about the first microsecond after 
start of impact, steady-state pressure being rapidly approached thereafter. 

Although the impact phenomenon is quite similar for all the materials 
tested, there are significant differences in the velocity and direction of the 
splashback. The splashback was minimal for the more rigid materials 
such as Plexiglas, but quite pronounced for most (but not all) of the 
rubber-coated 5 materials. Presumably the larger splash patterns for the 
elastomeric materials are due to the increased surface deformation, which 
would no doubt result in a directing of the outflow away from the surface, 
causing a "splasbback." Why these splash patterns differ as much as they 
do for the different elastomerics is not known at this time. 

The axial and radial velocities as a function of time after collision have 
been estimated for some of the materials from the known time increment 
and leading-edge displacements in the photos. The flow patterns are well 
developed during the first 40 /zs, and there are considerable differences 
in flow patterns between materials. Unfortunately, it is not possible from 
these photos to observe the deflection of the specimen surface during 
impact, and this is in fact a very difficult parameter to measure. However, 
from the steep angle of splashback, it appears that in some cases the surface 
deformation is considerable. 

As is well known, the radial velocities of the splash component can be 

�9 ~ Coating thickness = 0.033 in. bonded to V4-in. stainless steel substrates in all 
cases. 
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FIG. 5--High speed motion picture sequence o[ jet impact--Goodrich No. B. 
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FIG. 5--4Continued). 
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FIG. 6--High speed motion picture sequence o[ jet impact--Plexiglas. 
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considerably greater than the impact velocity, (~6.5 x impact velocity) 
for Goodrich No. 10 being the greatest ratio observed in these tests 
(Table 2). A more common ratio here observed was -1.3,  but in all cases 
the radial splash velocity attains higher values than the impact velocity. 
Thus it has often been assumed that the shear stress with the surface 
caused by this outward-flowing liquid sheet could contribute importantly to 
the damage. This certainly remains a possibility, but these tests appear 
to indicate that much of the splash liquid is directed upward and away 
from the surface with resilient materials of this type, so that contact with 
the surface may not be maintained except very close to the center of impact. 
The photos also appear to suggest that the splashback is not in the form 
of a continuous sheet, but rather is fragmented into individual rays and 
jets. If so, the erosion due to the radially outward-flowing liquid would 
certainly be affected by the actual flow geometry, and no actual shear stress 
could be computed. In addition, the various roughnesses and asperities 
found on an actual surface will affect the flow and stresses in different ways 
for different properties of the base material. 

Specific Photographic Results--The photographic sequences of Figs. 3-5 
illustrate differing splashback patterns for three of the elastomeric materials 
supplied by Goodrich. Figure 3 shows the minimum type of splash pattern 
observed in these tests upon an elastomeric material, natural rubber in this 
case. Figure 4 shows a maximum splashback pattern and Fig. 5 an inter- 
mediate splashback, but with more radial spreading than in the other cases 
shown. Figure 6 shows results with Plexiglas, which produces little splash- 
back (much like the natural rubber tested) but considerable radial spread- 
ing. In Table 1 the Shore hardnesses and tensile strengths of various 
materials are listed with other material properties, along with the erosion 
results from the cavitation and impact tests. Table 2 lists the radial and 
axial maximum splash velocities as well as the plume heights obtained. 
Table 3 provides comparative erosion data as well as a relative ranking 
of erosion resistances for the materials in the impact and cavitation tests. 

According to Table 2, Goodrich materials Nos. 3, 4, 6, and 10 show 
relatively large splash activity, while Goodrich Nos. 1 and 5, Epon-828, 
and Plexiglas show relatively small splashes. From the data of Table 3, 
the relative ranking in all tests of each of these groups of materials averages 
about 4. Hence, from the present results, the splashback parameters cannot 
be used as a reliable indication of erosion resistance. They do, however, 
indicate something of the surface deformation behavior which is at present 
otherwise extremely difficult to measure. Eventual comparison of the 
splash data with numerical calculations for the overall impact phenomenon, 
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TABLE 2--Liquid #npact collision parameters. 

209 

Specimen 

Max Radial Velocity 
of Splashback Plume, 

m / s  Max Plume Height 
Max V,~, Max V,.,,~. (impact velocity (40 ~s) mm 

m / s  m / s  --  223 m/s)  left right avg 

Goodrich No. I 

Goodrich No. 3 

Goodrich No. 4 

Goodrich No. 5 

Goodrich No. 6 

Goodrich No. 10 

Epon-828 

Piexiglas 

180 299 28 1.8 2.2 2.0 
(0-1.7 #s) (0-1.7 ~s) 

299 539 108 3.3 3.7 3.5 
(0-1.7 /Ls) (I)-1.7 us) 

120 240 110 3.8 5.4 4.6 
1"0-1.7 t~s) (0-1.7 /~s) 

240 299 37 2.8 2.7 2.7 
(0-1.7 #s) (0-1.7 #s) 

180 299 63 4.1 4.5 4.3 
(0-1.7 /~s) (0-1.7 #s) 

180 1170 80 4.6 4.5 4.6 
(0-1.7 #s) (0--1.7 /zs) 

240 299 170 2.0 2.2 2. I 
(0-1.7 #s) (0-1.7 #s) 

180 240 180 1.8 2.3 2.1 
(0--1.7 /~s) (0--1.7 ~s) 

TABLE 3--Relative rankings /or erosion resistance: 

Material 

Goodrich U-M U-M 
Propeller Arm Water Gun, Cavitation, 

10 mm a 100 mm 3 60 min impacts to 1 mm :~ mils/h 

Goodrich No. 1 I I I 1 I b 5 8 b 

Goodrich No. 5 2 4 4 4 4 2 5 

Goodrich No. 3 3 3 3 5 7 6 9 

Goodrich No. 6 4 5 5 3 3 4 7 

Goodrich No. 4 5 2 2 2 2 3 6 

Goodrich No. 10 6 6 6 6 8 1 4 

Epon-828 . . . . . . . . . . . .  6 . . .  1 

Plexiglas . . . . . . . . . . . .  5 , . .  2 
Goodrich No, I l . . . . . . . . . . . .  9 . . .  3 

a Highest value = greatest resistance, 
This column includes Epon-828, Plexiglas, and Goodrich No. 11 in the rankings, 
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210 EROSION, WEAR, AND INTERFACES WITH CORROSION 

such as Ref 5 and our ongoing work[7], will be possible and will contribute, 
we hope, to an understanding of the overall phenomenon. 

Figure 7 shows our calculated surface deformation[5] for a rubberlike 
material (inertial but zero-strength properties were assumed, and specimen 
represents an infinite planar half-surface) for impact with a spherical water 
drop at about 270 m/s. The sharp deformation of the surface under this 
condition indicates the mechanism for the generation of splashback, though 
it is not clear why the intensity of splashback differs so greatly between 
materials, since the properties of the materials do not differ very widely 
(Table 1). 

Figures 8 and 9 indicate the type of surface failure encountered with 
typical materials, Fig. 8 being one of the elastomeric materials, and Fig. 9, 
Plexiglas. In those cases (Fig. 9) where the cavitation and impact damage 
are compared directly, it is noted that the cavitation attack is on a much 
finer scale due no doubt to the large diameter ratio between impacting 
jet and microjet. The large-scale brittle nature of the impact Plexiglas 
failure compared with that of the other materials is also evident. 

z Ct 1.25 D -~" 

I psc . j. o 
PoCo 

P 

J_ 
R 

FIG. 7--Calculated profilex lor liquid impact on flexible surIace. 

(= A c o u s t i c  i m p e d a n c e  r a t i o .  
l i q u i d  to s o l i d )  

C : s o n i c  v e l o c i t y  

t : r e a l  t i m e  

D : d r o p  d i a m e t e r  
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FIG, 8--Typical [ailure o/elastomeric specimen [ram water ~un test. 

Comparative Erosion Results 

Both impact and cavitation erosion tests were conducted on most of the 
materials for which photographic results were obtained, and in addition 
some erosion results were also available from the Goodrich propeller-arm 
rain erosion test facility. Figure 10 shows the correlation of our gun impact 
results with Shore hardness, and Fig. 11 cavitation erosion resistance with 
Shore hardness. Table 2 compares erosion resistance as measured by 
water gun, cavitation, and propeller arm, and Table 3 provides relative 
ranking of materials in all these devices according to erosion resistance, 
as already discussed. It is noted that the relative ranking of materials 
(Table 3) is often in strong disagreement for the different types of materials. 
This tends to emphasize the increasingly apparent fact that erosion tests 
of all kinds, even for relative rankings, depend very heavily on the particular 
test, and test geometry, used. This was made evident even for the recently 
completed ASTM Committee G-2 Cavitation Round Robin[8] and also 
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212 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG 9--Damaged specimen photos: (loft) impact specimen, (right) cavitation speci- 
men. (a) Epon-828, (b) Plexiglas. 
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from the preliminary results of the ongoing Liquid Impact Round Robin. 
With regard to the present comparison between cavitation, water gun 
impact (elongated slugs), and rotating arm (round drops) erosion rates, 
it is apparent that the size, shape, and impact velocity differences have 
importantly influenced the results. It appears possible that nonmetallic 
materials of the type here tested are more sensitive to these influences 
than are usual metallic materials. It thus appears that only round droplet 
impact as provided by a rotating arm can be used to evaluate such 
materials for the aircraft rain erosion application. 

Figures 12 and 13 indicate respectively that with the present group of 
materials there is at least a trend indicating increasing erosion resistance 
with increasing hardness for both the impact and cavitation tests. The 
correlation appears much closer for the cavitation than for the impact 
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FIG. 13----Cavitation data correlations with hardness. 

tests, but there are some "bad" points involved for this as well as for the 
other. The hardness correlations are in general better than those obtained 
with tensile strength[9]. Admittedly these correlations are probably not 
general, but apply only to this rather limited group of materials in these 
particular devices. The utility of quasi-static mechanical properties to 
evaluate cavitation or impact erosion resistance is no doubt questionable 
because of the strong dependence of mechanical properties on rate of 
loading. In addition, the situation for cavitation is different from and more 
complex than that for impact, since the bubble trajectory (in approaching 
or being repelled from the surface) is strongly influenced by the surface 
elasticity[10]. 
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Conclusions 

Detailed photographs of the splash behavior in liquid impact against 
elastomeric and other nonmetallic materials are presented. No direct 
correlation between these patterns and erosion resistance seems possible 
from these results. However, detailed information on the splash is obtained 
that can hopefully be correlated with the on-going numerical studies of 
the impact phenomenon, thus improving overall understanding. 

A rough correlation between Shore hardness and erosion resistance for 
both liquid impact and cavitation tests is presented. 
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DISCUSSION 

STP567-EB/Dec. 1974 

A. F. Connl--The authors are to be congratulated on developing and 
performing a most difficult series of experiments in order to photo- 
graphically capture considerable detail of the impact and splash from a 
jet of water on elastomers. However, I feel that if the objective of using 
such splash data to understand either the impingement or cavitation erosion 
behavior of such materials is to be met, one must utilize their dynamic 
properties and not the static values cited during the oral presentation of 
this paper. Our tests at HYDRONAUTICS with such elastomers have 
shown that their dynamic response differs greatly from the static properties. 
Due to the extremely high rates of loading associated with either droplet 
impingement or cavitation, one should not expect static mechanical property 
test results to shed light on these dynamic phenomena. 

F. G. Hammitt (authors' closure)--The authors would like to thank 
Dr. Corm for his kind remarks concerning our high-speed photography 
used in this study. We agree with him that the dynamic properties of 
the materials should certainly be used, rather than the static properties, 
to correlate damage resistance, provided these are available. However, 
as far as we know they are not at present available for the materials here 
tested. 

x Principal research scientist and head, Materials Sciences Division. HYDRO- 
NAUTICS, Incorporated, Laurel, Md; 20810. 
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G. F. Schmitt, Jr., 1 W. G. Reinecke) and G. D. Waldman 2 

Influence of Velocity, Impingement Angle, 
Heating, and Aerodynamic Shock Layers 
on Erosion of Materials at Velocities of 
5500 ft/s (1700 m/s) 

REFERENCE. Schmitt, G. F., Jr., Rr W. G., and Waldman, G. D., 
"lrdluenee d Velocity, Impingement Angle, Heating, and Aerodynamic 
Shock Layers on Erosion of Materials at Velocities of (5500 ft/s (1700 
m/s)," Erosion, Wear, and Interfaces with Corrosion, ASTM STP 567, 
American Society for Testing and Materials, 1974, pp. 219-238. 

ABSTRACT: The dependence of materials erosion in rain at supersonic 
velocities up to 1700 m/s (5500 ft/s) has been determined as a function of 
velocity, impingement angle, and aerodynamic heating. The erosion rate 
of materials has been found to vary with the 4.5 to 6.5 power angle. 
Coupled heating and erosion effects are highly significant for polymeric 
composites. The effects of shock layer breakup, acceleration, d.'fleclion, 
and deformation of the droplets have been quantitatively assessed, and 
damage gradients in materials are shown to be a function of primarily 
droplet distortion and breakup resulting from drop traversal of the shock 
layer around the vehicle. 

KEY WORDS: rain erosion, velocity, cavitation erosion, impingement 
angle, heating, shock layer breakup, distortion, deflection, deceleration, 
mean depth of penetration, erosion 

Erosion Rate-Velocity Impingement Angle Dependence 

Rain erosion of ceramic, graphite, and plastic composite materials at 
supersonic speeds of 450-1700 m/s has been extensively investigated by 
the Air Force Materials Laboratory over the past five years utilizing the 

x Materials engineer, Air Force Materials Laboratory, Wright-Patterson AFB, 
Ohio 45433. 

z Senior consulting scientists, Avco Corporation, Wilmington, Mass. 01887. 
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220 EROSION, WEAR, AND INTERFACES WITH CORROSION 

Holloman AFB rocket sled track[I]. 3 Shock layer effects on droplets have 
likewise been investigated by Avco Corporation[2]. 

For runs up to 1300 m/s (4500 ft/s) a wedge-shaped holder which 
accommodated forty-eight 1.25 • 1.25-in. material specimens (16 each) 
at 13.5-, 30-, 45-, and 60-deg angles (measured from surface) was 
used. For 1700 m/s velocities, two pyramidal shapes with half angles of 
13.5 deg (holding 32 specimens) and 30 deg (holding 16 specimens) were 
developed. These fixtures are mounted on the front of a rocket sled and, 
by proper choice of rocket motors, various velocity profiles were achieved. 

In these experiments weight loss is determined on the specimens after 
exposure. In the analysis, a mean depth of penetration rate (MPDR) in 
centimeters per second has been defined in which edge effects or uneven 
erosion on the specimen have been eliminated by assuming uniform erosion 
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. 

A relationship was developed relating M D P R  as determined from the 
weight loss per unit area to the impact and the impingement angle 0, 
as follows: 

MDPR = K V  a sinZO 
where 

MDPR = mean depth of penetration rate, 
V = velocity, 

K, a = constants for a particular material, and 
0 = impingement angle. 

The foregoing expression with the sin20 term differs from a previously 
developed relationship[/], namely: 

MDPR sinO= K (V sinO) ~ 

which correlated experimental data up through 1300 m/s. The V sin0 term 
or normal component of the velocity governs the impact pressure up 
through 1300 m/s at impingement angles of 30 deg or greater. However, 
at 1700 m/s it was found that the tangential component of the velocity 
which influences the flow of an impinging water drop along the surface in a 
low-angle (less than 30 deg), high-velocity impact is as damaging as the 
impact pressure associated with the normal component of the velocity. 
This effect had not been isolated in any previous erosion investigations and 

.~ T h e  italic n u m b e r s  in brackets  refer to the list o f  references  appended  to this  
paper .  
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SCHMITT ET AL ON EROSION OF MATERIALS 221 

is highly significant for shallow-angle cone shapes at high supersonic 

velocities. 
The erosion rate (surface recession due to particle impingement) of 

composite materials varies with the 4.5 to 6.5 power of the velocity and 
the sine squared of the impact angle at speeds from 450 to 1700 m / s .  

This dependence is determined by computer analysis of weight loss data 
as a function of velocity and impingement angle. Computer-determined 
plots of MDPR/sin20 versus velocity are shown in Figs. 1 and 2. Values 
of velocity exponents, a, the value K in the equation, and the correlation 
coefficient, r, describing degree of fit for various materials and the number 
of data points are given in Table 1. 

The tangential component of the velocity, that is, the component asso- 
ciated with flow of the droplet along the surface after impact, is significant 
at velocities of 1700 m/s  or above. The depth-of-penetration rate obtained 
for low-angle (13.5 deg) exposures at 1700 m/s  is a full order of magni- 
tude higher than that predicted from the normal velocity component and 

TABLE i - -Rain erosion equation constants: MDPR : KV~ sin z r 

No. of 
Class Material a K r Data Points 

BULK CERAMICS 

A-8 7941 Fused silica 
A-13 Isotropic pyrolytic 

boron nitride 
A-16 Silicon carbide 

(0.020 in.) on bulk 
graphite 

4.480 9.22 X 10 -17 0.797 36 
4.643 6.05 • 10 -lr 0.902 28 

5.243 1.11 • 10 -1~ 0.910 29 

PLASTIC LAMINATES AND COMPOSITES 

C-2 Furane B265 epoxy-glass 6.526 1.32 • 10- z4 0.981 32 
C-3 Epon 828 epoxy-glass 7.574 3.49 X lff ~ 0.970 41 
C-10 Polyphenylene oxide 5.756 8.90 X 10- ~'-' 0.958 35 

(531-801)-glass 
C-13 Low-void polyimide-glass 6.247 7.81 X 10 ~2~ 0.956 25 
M-2 Perpendicular glass-epoxy 4.795 1.28 • Iff 1~ 0.863 19 

composite 

I-1 Polyphenylene oxide 531-801 8.721 9.80 • 10- :~:~ 0.983 29 
I-2 Plexiglas (Type II-UVA) 6.402 5.54 X IO ~4 0.959 28 
1-3 Trifluoroethylene (TFE) 4.642 1.13 X 10 ~r 0.978 55 

resin 
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224 EROSION, WEAR, AND INTERFACES WITH CORROSION 

erosion rate-velocity dependence based upon supersonic speed relation- 
ships. This increased penetration is partially due to combined-particle 
erosion effects but its magnitude is much greater than would be predicted 
from higher-angle data. 

This finding is significant because no studies have been conducted at 
a combination of this high a velocity and this low an impingement artgle 
before, such that the tangential velocity component effect could have been 
determined. 

The traditional technique for mitigating the damaging effects of erosion 
at high velocity has been to protect the 90-deg angle area with a metal or 
ceramic tip and reduce the impingement angle to as low a value as possible 
consistent with transmission, drag, and other requirements. The results 
of this high-speed low-angle erosion investigation indicate that considerable 
damage can still occur in a supersonic rain exposure even at low angles. 

Influence of Materials Construction Variables 

The failure of bulk brittle materials, including dense ceramics such as 
alumina, beryllia and Pyroceram and bulk graphites, is the result of impact 
fracture. These materials do not erode as such. The erosion rate-velocity 
relationships for some isotropic ceramics could not be meaningfully 
developed because breakage of these materials under droplet impact was 
so severe that true erosion could not be measured. Only fused silica and 
isotropic pyrolytic boron nitride eroded rather than fractured, and the 
erosion rate of these two ceramics varied with the 4.5 power of the 
velocity. 

The coupled heating from the high-speed sled run and the erosion from 
rain droplets produces a high degree of charring and material removal of 
reinforced plastic composite materials, thus graphically demonstrating their 
limitations in this environment. 

Reinforced laminates and composites cannot be used in an unprotected 
form because of their poor erosion resistance. The erosion of uncoated 
laminates was remarkably uniform and consistent. Heating effects at 
Math 5 exert a considerable influence over the erosion behavior of 
polymeric-based materials as a function of their thermal stability. The 
low-void polyimide glass laminate retains its strength better at elevated 
temperature and hence was less eroded than other laminates at 1700 m/s, 
where thermal effects seriously degraded the epoxy-glass and polyphenylene 
oxide-glass laminates. However, all composites evaluated exhibited rela- 
tively poor erosion resistance and must be coated for erosion protection. 
The use of a three-dimensional fiber construction did not yield improved 
rain erosion resistance in a multiple-particle environment compared with 
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SCHMITT ET At ON EROSION OF MATERIALS 225 

more conventional two-dimensional layups. A composite construction 
which incorporates the one-dimensional orientation of fibers in the direc- 
tion of the impinging drop exhibits potential for supersonic erosion 
resistance. 

Shock Layer Effects on Droplets and Their Resulting Influence on 
Materials Erosion 

When a vehicle passes through a rain storm at high speed, the vehicle 
surface may experience erosion from drop impingement. However, the 
flow field around the vehicle provides some protection to the surface-- 
(1) by shattering the drops into smaller droplets that conform to stream- 
lines and do not reach the vehicle surface; (2) by accelerating the drops 
away from the vehicle and thus reducing their impact speed and impact 
angle[2]; and (3) by deforming the drops and thus reducing the stresses 
at impact[3]. We will discuss these effects as they apply to data obtained 
at the Holloman Air Force Base sled facility. 

Two right-octagonal cone models (of 30- and 131/2-deg inscribed circular 
cone half angles) as described earlier were used in the experiments. The 
test specimens were located on the test cone faces flush with the surfaces 
at slant locations 5.8 and 8.1 in. from the tip of the 30-deg model, and 
12.2, 14.9, 17.5 and 20.2 in. from the tip of the 13Y2-deg model. Measure- 
ments of the mass removed from the test specimens (homogeneous and 
reinforced plastics), resulting from passage through the rain field nominally 
at Math 5, are shown in Figs. 3 and 4, in which the average (over all 
materials) of the mass eroded at each station has been divided by the mass 
eroded from the first station and plotted versus distance aft of the first 
station: Each point shown represents the mean of from 7 to 13 measure- 
ments and is bracketed by the rms variation. Although there is substantial 
scatter, a decrease in damage with distance aft is clearly exhibited. Because 
of the way the data were averaged and normalized, this gradient in damage 
cannot result from variations in rain field concentration during a test or from 
test to test. Thus shock layer shielding effects appear to be the most likely 
cause. 

Drop Breakup 

The reduction in mass impinging the test cone surface resulting from 
the shock layer effects can be calculated from the results of Ref 2. In order 
to make this calculation the ralnfield characteristics must be known, as well 
as the test speed and geometry. The Holloman rainfield has been calibrated 
in detail as reported in Ref 5. Figure 3 is reproduced from that report and 
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FIG. 3--Drop spectra for Sept. run i as determined by the drop camera and by 
the HTRI spectrometer. 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



o_
, 

.9.
 

N
 i 1

.0
 

0
.8

 

0
,6

 

0
.4

 

0
.2

 

I 
I 

I 
! 

.
.

.
.

 
I 

I 
I 

...
. 

I 

0 Z
 

0 5 Z
 o 

0 
I 

2 
3 

4 
5 

6 

D
IS

T
A

N
C

E
 A

F
T

 O
F 

F
IR

S
T

 
S

P
O

~~
 

IN
C

H
E

S
 

F
IG

. 
4-

--
13

~.
/z

-d
eg

 c
on

e 
re

su
lt

s.
 

7 
8 

9 

t~
 

"M
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; F

ri
 J

an
  1

 2
3:

21
:2

0 
E

ST
 2

01
6

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.
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shows the drop size distribution. The straight line in Fig. 3 is the analytical 
representation of the drop size used in the calculation discussed in the 
following (In the terminology of Ref 4, D• = 0.489 mm). 

In Ref 4 it is shown that the Math number corresponding to the compo- 
nent of velocity normal to the sled bow shock determines (along with 
ambient density) the time required for drops to be shattered by the air in 
the shock layer. This Mach number is 1.6 for the 131/2-deg cone and 
2.9 for the 30-deg cone. Thus based on the experiments and discussion 
in Refs 2 and 6, dimensionless times to breakup of 2.0 and 3.5 were used 
in the shattering calculations for the 131A - and 30-deg cones respectively. 

Table 2 is a summary of the drop breakup calculations pertaining to the 
30- and 131A-deg, Mach 5 sled tests. The rain mass impinging the first 
station divided by the mass that would reach that station in the absence 
of the shock layer is 0.820 for the 131A-deg cone and 0.933 for the 30-deg 
cone, indicating a nonnegligible shock layer drop shattering effect on the 
absolute erosion measurement even at the most forward stations. Since a 
reduction in mass impinging would lead to a proportional reduction in 
mass eroded, the data in the last column of Table 2 are plotted as the 
interrupted lines in Figs. 4 and 5. Note that while the drop shattering 
should cause a measurable reduction in the experimentally determined mass 
removal (up to 37 percent at the 131A-deg cone after station), the drop 
breakup effect is too small to account for the actual decrease in erosion 
with distance aft. 

Drop Deceleration and Deflection 

The calculation discussed in the foregoing section also yields the trajec- 
tories of the water drops in the conical flow fields. In particular, the 
reduction in the velocity component normal to the surface is calculated 
along with the reduction in impact angle. In the absence of the shock 
layer, the normal velocity at impact is simply u sin0 (where u is the test 
speed and 0 the cone half angle) and the impact angle is 0. in Table 3 
the effects of the shock layer in decelerating and deflecting drops of !.5 mm 
diameter are given. This diameter represents the peak of the rain mass 
distribution function. At the first station the impact angles for the 30- and 
131,~-deg concs were dctermined to be 29.0 and 12.8 deg, respectively, 
indicating that drop deceleration and deflection are not significant effects 
in these tests. Furthermore, we note from Table 3 that even if the erosion 
damage varies as the fifth power of the normal velocity component, the 
drop deflection would only result in a 10 percent reduction in damagc at 
the last station relative to the first station. Thus drop deflection effects 
cannot account for the experimental results. 
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Water Layer 

Is it possible that the encountered rain water forms a layer on the cone 
surface and provides protection for the test specimens? We can estimate 
this effect by calculating the thickness of the water layer on the model. 
Assuming all the encountered water stays in a cireumferentially uniform 
layer on the model surface, that the mean speed of this layer is half the 
external air speed (that is, half the drops' initial relative tangential speed), 
and that the aerodynamic shock layer is fairly thin, it is easy to show that 
the water layer thickness t at a distance R from the tip is given by 

t w 
-- tanO 

R d 

where w is the rainfield liquid water concentration, d the water density, 
and 0 the cone half angle. Using w = 7.8 • 10-6 g/co, the water layer 
thicknesses were calculated to be 0.58 to 0.96/~m. Since the characteristic 
rain drop diameter in the tests is about 1.5 /~m (1500/~m), these values 
of t make it clear that water layer buildup cannot have any appreciable 
effect on the test results. Even if all the eroded material were also confined 
to this layer, it would be less than doubled in thickness (since the measured 
mass loss ratios were of order one and only a small fraction of the cone 
surface consisted of eroding specimens) and this conclusion would be 
unaltered. 

Drop Deformat ion  

Experiments reported in Ref 4 indicated that an aerodynamic shock 
layer can provide significant rain erosion protection at transonic speeds 
(up to 1260 ft/s) even when the drops are neither significantly reduced in 
mass nor significantly decelerated. The reduction in erosion damage in this 
case appears to be the result of the deformation of the initially spherical 
drop into an oblate spheroid by the relative air flow. This deformation 
results in the energy of the drop being dissipated over a larger area of the 
impacted material through either lower average stress levels or shorter 
loading time. 

Since the impact velocity component normal to the surface in the subject 
131/2-deg-cone, Mach 5 tests was about 1300 ft/s, it is of interest to 
determine if the drop distortion effects reported in Ref 4 can result in the 
decrease in erosion damage measured. We will also extrapolate these 
distortion results and apply them to the 30-deg cone tests, where the normal 
component is about 2800 ft/s. The calculations in this case, however, 
are of very uncertain applicability and accuracy. 
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The relevant data in Ref 4 consist of only two classes of results: those 
in which the test surface was damaged, and those in which it was not. 
Since shock layer shielding is least effective against large drops, the damage 
threshold of Ref 4 must be associated with the largest drop encountered 
by the vehicles tested. This is explicitly recognized in Ref 4 and the 
"distortion parameter" therein computed is based on the largest drop 
existing in the rain field as determined by oil suspension sampling. At test 
speeds of 1260 ft/s, the damage threshold "distortion parameter" was 
between 1 and 1.5, corresponding to dimensionless times of between 0.82 
and 1.00. Since recent rain field calibration work at Holloman AFB[5] 
indicates that rain drop samples obtained from static samplers significantly 
underestimate the actual population of large drops present as determined 
by photographs of the falling drop field, we feel that the lower value of 
dimensionless time in Ref 2 is probably more nearly correct than the upper 
value (and still may be too high). At this time (T = 0.82) the drop has 
flattened such that its diameter in the plane normal to the relative wind 
or parallel to the target surface is 2.4 times the original diameter[2], 
resulting in a nearly sixfold increase in projected area. Extrapolating the 
results of Ref 4 to 2800 ft/s yields a lower bound on the threshold 
"distortion parameter" of 2.2 and a corresponding dimensionless time 
of 1.21. 

To apply these results to the cone tests, we simply exclude from the 
calculation of impinging mass those drops whose dimensionless time to 
impact is greater than 0.82 on the 131/2-deg cone and 1.21 on the 30-deg 
cone, that is, those smaller drops which flatten sufficiently to cause no 
damage upon impact. The results in the data shown in Table 4. The 
result of this phenomenon is that the mass effectively impinging the first 
station on the 131/2-deg cone is 0.87 of the mass that would impinge in 
the absence of the shock layer. Since the mass eroded at each station 
is proportional to the effective impinging mass, the relative damage at each 
after station can be equated to the effective impinging rain mass divided 
by the effective mass reaching the first station. This calculation yields the 
dashed lines shown in Figs. 4 and 5. As noted, the distortion effects given 
in Table 4 and Fig. 5 for the 30-deg cone should be viewed with skepticism 
since they represent more than a twofold extrapolation in normal impact 
speed over the test reported in Ref 4. Nevertheless, it appears that shock 
layer-induced drop distortion effects are a partial cause of the measured 
reduction in damage with distance aft. Note at this point that, first, the 
tests in Ref 4 were for normal impact on glass, not oblique impact on 
plastic (which almost certainly erodes by a different mechanism); and 
second, the flow yield experienced by the drops in the tests of Ref 4 was 
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nonsteady, and a superpositional computational method was used to deter- 
mine the appropriate values of "distortion parameter" and dimensionless 
time. Nevertheless, since the other possible modes of shock layer protec- 
tion alone cannot account for the measured damage reduction, while 
(as will be seen in the following) a combination of drop distortion and 
drop breakup effects can, it appears that the distortion phenomenon is, 
indeed, a significant contributor to the gradient in measured damage. 

Combined Deformation and Breakup 

The preceding discussion makes clear that both drop stripping and drop 
distortion induced by the aerodynamic shock layer contribute significantly 
to the measured damage gradient. Using the methods of Ref 4, we have 
calculated the combined effects of stripping and distortion by excluding 
from the calculated mass impinging all drops whose dimensionless time 
to breakup is greater than 0.82 and 1.21 on the 131/~ - and 30-deg cones, 
respectively, and subjecting the remaining drops to mass reduction due to 
stripping. As before, dimensionless times to breakup of 2 and 3.5 were 
used for the 1392- and 30-deg cones, respectively. The results are shown 
in Table 5 and as the solid lines in Figs. 4 and 2. The mass impinging the 
first location divided by the mass that would impinge in the absence of 
shock layer is 0.78 and 0.92 for the 1392- and 30-deg cones, respectively. 
Figure 4 indicates that the calculated combined effects of the shock layer 
in distorting and breaking the drops result in an accurate prediction of the 
measured damage gradient in the 13Y2-deg tests. However, Fig. 5 suggests 
that the calculated damage reduction is too small to explain the experi- 
mental gradient on the 30-deg cone. Since the calculation of the drop 
breakup is rather well understood and based on directly applicable experi- 
ments, it appears that the drop distortion effects on the Mach 5, 30-deg test 
data are more important than we have postulated. To illustrate this point, 
we have repeated the 30-deg calculations using a threshold distortion time 
of 0.82. The results are shown in Fig. 5, where, as before, the datum is 
compared with calculated drop breakup effects only (interrupted line), 
drop distortion effects only (dashed line), and a combination of both 
(so!id line). The agreement of the combined calculation with the experi- 
mental gradient is good. We do not imply by presenting Fig. 6 that we 
have quantitatively explained the 30-deg data; almost nothing is known 
about drop distortion effects in this speed regime. Rather we wish to make 
the point that the distortion-induced phenomenon is causing damage reduc- 
tion in addition to drop breakup effects at test speeds as high as Mach 5. 

In summary, a significant damage gradient exists in the subject experi- 
ments. This gradient cannot be accounted for solely by the effects of the 
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shock layer in shattering and deflecting the raindrops; drop distortion 
effects are significant even at Mach 5. The gradient apparently results from 
the combined effects of raindrop distortion and breakup resulting from 
drop traversal of the shock layer around the vehicle. Moreover, distortion 
effects are more important than shattering, and both effects are more 
important than deflection. Using existing theory and experimental data, the 
gradient, as well as the absolute reduction, in damage can be accurately 
calculated for the 13 ~A-deg cone tests, and can be approximately calculated 
for the 30-deg cone tests. These shock layer effects reduce the damage 
experienced by the test samples by about 10 to 50 percent, depending on 
the sample location and cone half angle. 
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Effects of Fatigue and Dynamic Recovery 
on Rain Erosion* 
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ABSTRACT: The latest results from a study of the dynamic behavior of 
rain erosion-resistant coating and substrate materials are described. The 
correlations between rocket sled erosion data and fracture stresses deter- 
mined from single-impact tests with a split Hopkinson pressure bar 
facility have been extended to include polyurethane. The results of tests 
within a small-scale erosion facility, and analyses of large whirling-arm 
studies, have shown that a fatigue type of behavior, already found to be 
applicable for an acrylic plastic, may also be used to describe the rain 
erosion resistance of elastomeric coatings such as polyurethane, and the 
glass fiber-reinforced epoxy composite substrates which are frequently 
utilized for radome construction. The importance of the "dynamic recov- 
ery rate" or relaxation time, and stress wave interactions, in understanding 
the rain erosion phenomenon is described in this paper. The applicability 
of the elastic-plastic, uniaxial stress wave theory for making rain erosion 
predictions is also discussed. 

KEY WORDS: coatings, composites, rain erosion, dynamic properties, 
fatigue, recovery rate, stress waves, erosion 

This paper describes the most recent phase of an investigation of funda- 
mental aspects of the rain erosion phenomenon. The damage to components 
of high-speed aircraft and missiles has motivated extensive research, both 
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240 EROSION, WEAR, AND INTERFACES WITH CORROSION 

basic and applied, toward understanding rain impact erosion and develop- 
ing improved methods for minimizing its effects. In particular, much 
attention has been focused on the protection of nonmetallic components 
such as reinforced plastic radomes, which are particularly susceptible to 
erosion from raindrop impacts. This led to the creation of various elas- 
tomeric coating systems with dynamic, that is, impact stress-strain, relations 
which were vastly different from those measured by traditional static 
techniques. 

This program at HYDRONAUTICS, Incorporated began with a study 
of the dynamic properties of various candidate coating and substrate mate- 
rials which have been developed for improved resistance to the erosion 
caused by raindrop impact[I,2], z Using the split Hopkinson pressure bar 
(SHPB) facility, the properties of a wide variety of elastomeric and rigid 
polymers were determined, including their dynamic fracture strength[3,4]. 
It was found that this dynamic fracture strength, as measured in our 
laboratory, could be correlated with rain erosion, observations in large 
whirling-arm and rocket sled test facilities[4,5]. Study of an acrylic plastic 
(polymethylmethacrylate) has shown[4,5], that a fatigue-like behavior may 
be successfully used to characterize rain erosion response. 

In this paper we describe an extension of our earlier investigation, with 
emphasis on the rain erosion behavior of polyurethane coatings and glass 
fiber-reinforced epoxy substrates[6]. This particular coating-substrate 
system has received considerable attention in the literature (see Refs 
7 to 14). Measurements made within our small multiple-impact erosion 
facility have been correlated with the results from large whirling-arm tests, 
demonstrating that fatigue-like behavior is also the unifying factor in these 
tests. The "dynamic recovery rates" of these materials were measured and 
shown to be another important factor in rain erosion[6]. 

The SHPB test involves a uniaxial stress measurement within the elastic- 
plastic deformation range. Although these tests were expected to simulate 
dynamic rates of loading created by the raindrop impact, they were not 
intended to completely simulate either the geometrical or temporal aspects 
of this impact. Hence, we had originally planned to use the SHPB test 
results only to provide a relative assessment of the impact resistance of 
various materials, and did not expect the successful quantitative predictions 
of rain erosion behavior which have been obtained. These predictions 
have been the subject of considerable discussion[5,6,8,13,14], mainly 
centering on two conflicting points of view: (a) the uniaxial stress, elastic- 
plastic theory utilized in our studies[I-6]; and (b) the uniaxial strain, 

2 The italic numbers in brackets refer to the list of references appended to this 
paper. 
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shock-wave theory proposed by Morris[8,13,14]. A brief discussion is 
given of the observations that can be correctly explained by the uniaxial 
stress, elastic-plastic theory, particularly in predicting the initiation of rain 
impact erosion. Further details are contained in Ref 6. 

Dynamic Property Measurements 

Split Hopkinson Pressure Bar Facility 

This dynamic property measurement facility has been described in detail 
in earlier reports[I--4]. The facility as shown in Fig. 1 consists of an air 
gun for accelerating an impact projectile, two long elastic bars with strain 
gages affixed, and electronic equipment to record the projectile velocity 
and the strain waves created in the elastic pressure bars. A furnace allows 
testing at elevated temperatures. The test specimen, which is sandwiched 
between the two pressure bars, receives an extremely high rate of deforma- 
tion, at strain rates on the order of 103s -1, which is caused by the trans- 
mission of a strain-wave pulse through the first pressure bar after impact 
by the projectile. In addition to the strain-time records in each pressure 
bar, which are used to derive the dynamic stress-strain behavior of the 
test specimen, high-speed photographic records of the dynamic deforma- 
tions of the specimen have been made[4-6]. 

Test Results 

The dynamic properties for a number of materials have been reported 
earlier[I-5]. The two materials that are the main subject of this paper 
are an epoxy resin which has been reinforced with glass fiber fabric, to be 
hereafter referred to as "epoxy laminate"; and a polyurethane material 
specifically developed for its ability to resist rain erosion, to be hereafter 
referred to as "AFML polyurethane." The dynamic stress-strain curves 
for these two materials are shown in Fig. 2. Also shown are multilinear 
approximations for each of these stress-strain curves. These linearized 
approximations are used in the impact stress calculations and wave inter- 
action analyses which were performed. Also shown in Fig. 2 are the 
corresponding relationships between dynamic stress and particle velocity 
as derived from the stress-strain measurements and the dynamic impedances 
required for these calculations. The dynamic impedance Z = (pd~r/d~) 1~, 
where p is the mass density, o- the dynamic stress, and E the dynamic strain. 

Correlation of Impact Stress Predictions with Rocket Sled Erosion Data 

A valuable collection of rocket sled data has been reported by Schmitt 
and Krab 1119]. Among the extensive list of materials tested is a series on 
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everal versions of the same AFML polyurethane which we have studied 
with the SHPB technique, namely, a compound containing Polymeg 650 
polyols. Using the method[4] for predicting the stress created by a raindrop 
striking a surface at various velocities, we calculated impact stresses for 
many of the materials studied with the rocket sled technique. The resulting 
stresses are plotted in Fig. 3 versus the equivalent dynamic impedance 
for the material at that impact velocity. Also shown in this figure are the 
dynamic fracture stress amplitudes for these materials, as determined with 
the SHPB. 

It has been estimated[3,4] that each 2 ram-diameter area of these rocket 
sled specimens receives on the average only about three impacts during 
the run. This 2 mm diameter of an "average" raindrop has been used 
to define the impact area for all of our calculations. Hence, it seems 
reasonable to ignore fatigue effects and treat sled studies as essentially 
single-impact tests, with dynamic fracture stress as the essential factor in 
erosion initiation. For each of the rigid plastics shown in Fig. 3, the datum 
point indicating its dynamic fracture stress lies between the curves which 
bracket the onset of measurable weight loss. 

A summation of some results from rocket sled testing of AFML poly- 
urethane is shown in Fig. 4. It is seen that the specimens which suffered 
"slight" and "some" weight losses were struck by raindrops which created 
stresses in the polyurethane within the range of measured dynamic fracture. 
However, the tests causing "considerable" weight loss involved impact 
stresses well above the fracture range for this elastomer. Thus, the fracture 
stress for this type of polyurethane, as determined within the SHPB facility, 
can be correlated with the rain impact erosion behavior of such materials 
in a rocket sled test, where only a few impacts may be expected. 

Multiple Impact Observations 

Water impact erosion tests were conducted on both the AFML poly- 
urethane and the epoxy laminate using the HYDRONAUTICS multiple- 
impact erosion facility[J5,16]. This device, shown in Fig. 5, consists of 
a rotating disk driven by a 2�89 variable-speed motor, capable of sus- 
tained operation at 20 000 rpm. Impact velocities in excess of 733 ft/s 
(500 mph) may be achieved without evacuating the test chamber. The 
rotating disk shown in Fig. 5 is capable of holding up to six specimens. 
The lighter disk used in these tests supports only two specimens, allowing 
higher speeds for less power. The disk rotates in the horizontal plane, 
causing the specimens to cut two 1/32-in.-diameter vertical columns of 
water during each revolution, as shown schematically in Fig. 6. 
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MATERIAL: AFML POLYURETHANE Weight Loea ~ 60 ~ SPECIMENSj 

,I 
RANGE OF DYNAMIC 
FRACTURE STRESS 
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w 
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/ M A C H  2.0 ( Some Weight 
45 ~ SPECIMENS t Lo. 

m 
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actual measured velocities were uaed in 
the colculofions. 

8 I I I 
5 lO 15 20 25 

DROP VELOCITY NORMAL TO SURFACE - 103;n/sec 

FIG. 4 Comparing rocket sled rain erosion tests with impact stress calculations 
and dynamic .fracture stress measurements. 

An electronically controlled solenoid valve permits very brief and 
precisely controlled durations of the water column down to a minimum of 
about 2'0 ms. The test requires bringing the disk up to the required speed, 
turning the water on for the desired time duration, and then stopping for 
specimen examination. Our failure criterion, in order to relate to dynamic 
fracture stresses, differed from the usual one of complete coating erosion 
down to the substrate, which is the criterion in large whiffing-arm tests. 
We defined failure to be when initial fractures were seen in the middle area 
of the specimen. 

The result of eroding considerably beyond this initial fracture is seen in 
Fig. 7. In this case the test was continued until the coating was completely 
torn away, exposing the red primer. In the large photograph the lower half 
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248 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 5----General view o[ multiple liquid impact erosion facility. 

of the specimen was cleaned down to the epoxy laminate substrate after 
the test, in order to determine whether any damage had occurred to the 
substrate. It is seen, even after the relatively long exposure of 200 impacts 
at 650 ft/s (443 mph), that there is virtually no damage to the epoxy 
laminate. A small spot may be seen in the lower right-hand quadrant of 
the specimen. This lightly frosted area was made by gently scraping with 
a knife to artificially establish the visibility of damage. The scraped area 
clearly shows up on the test specimen. Thus the protection offered by this 
white-pigmented AFML polyurethane has been graphically demonstrated. 

For contrast, the smaller photograph in Fig. 7 shows the epoxy laminate 
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ER 

WATER (~OLU~ 

SPECIMEN: FLAT FACE, 3/8- in. diameter 

FIG. 6---Impact of water column by test specimen in multiple-impact erosion 
tacility. 

substrate after testing without a coating at the same velocity of 650 ft/s. 
With only half as many impacts, there has been severe damage to this 
composite. Delaminations, fracture of the glass fibers, frosting, and 
chipping out of the epoxy matrix are observed. These results, as discussed 
later, provide additional experimental support of the applicability of the uni- 
axial stress, elastic-plastic theory for describing rain erosion observations. 

A summation of the erosion data obtained for the AFML polyurethane 
and the epoxy laminate is shown in Fig. 8. Also in Fig. 8 are erosion 
observations from large whirling-arm tests by Moraveck and Clarke[7] on 
thicker coatings of the same white-pigmented AFML polyurethane. It is 
seen that their tests involved considerably larger numbers of impacts before 
failure. It should be emphasized that their failure criterion was not merely 
the initiation of fracture, but complete erosion through to the substrate. 
Rainfield analyses developed earlier[2,3] were used here to determine the 
number of impacts in those whirling-arm tests[7] and an average of about 
21/2 s between impacts was calculated for 500 mph. 

Part of the reason for the more rapid failure of these coatings within 
our smaller device is the much shorter time between impacts with each 
of the columns of water, which is, at 500 mph, only about 2 ms. As 
discussed in the following, this brief time duration does not permit the 
AFML coating to fully recover from the prior impact before receiving the 
subsequent one. Thus, the damage to this coating is accumulative, and 
deformation sufficient to cause fracture is rapidly achieved. 
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250 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 7 - -An  experimental demonstration o[ the applicability of the uniaxial stress, 
elastic-plastic stress wave theory to describe rain erosion observations. This observed 
absence o/ substrate damage shows the lack o/ validity o~ the shock-wave, uniaxial 
strain theory, which predicts stresses in a coated substrate that are larger than the 
stresses predicted/or direct water impact on bare substrate. 
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252 EROSION, WEAR, AND INTERFACES WITH CORROSION 

The curve in Fig. 8 for the epoxy laminate indicates the considerable 
protection provided by the AFML polyurethane at any given impact 
velocity; considerably shorter lifetimes are observed for direct water impact 
on the epoxy laminate. In addition, it should be emphasized that virtually 
no damage occurred to the epoxy laminate substrate beneath the AFML 
polyurethane coating until the coating was entirely torn away; then direct 
impact could occur upon the epoxy laminate. 

Analyses of Whirling-Arm Erosion Tests o/AFML Polyurethane 

The same techniques used to demonstrate that fatigue behavior could 
describe the rain erosion observations for polymethylmethacrylate[4,5] 
have now been applied to two types of AMFL polyurethane. These results 
for the white-pigmented and black-pigmented types are summarized in 
Fig. 9. The data reported by Moraveck and Clarke[7] and Morris and 
Wahl[1/] can be related to observations by Schmitt[12,13]. Sehmitt has 
reported that the lifetime of these AFML polyurethanes and other elas- 
tomerie coatings is, at 600 mph, only about 2/3 of their rain erosion 
lifetimes at 500 mph. The calculated ranges of lifetime at 880 ft/s 
(600 mph) are based on 2/3 of the measurements at 500 mph, and are 
seen to fall on the lines connecting the tests at 733 and 1120 ft/s. Details 
of these calculations are given in Ref 6. 

A portion of the data-obtained with the HYDRONAUT1CS multiple- 
impact erosion facility, shown in Fig. 8, are repeated for reference in 
Fig. 9. Here again the effect of recovery time is clearly seen, with the 
very short time between impacts in our small erosion facility causing 
accelerated accumulative damage histories at each of the test velocities for 
the white-pigmented AFML polyurethane. 

Erosion Testing of Epoxy Laminate 

The results of tests on bare epoxy laminate in our small erosion facility 
are plotted in Fig. 10. Schmitt's observations[12,13], wherein failure after 
1 or 2 rain was seen at 500 mph, were analyzed and the resulting span 
of impacts is plotted in Fig. 10. These large whirling-arm results are 
seen to agree very well with our small-scale tests. The rapid recovery of 
the epoxy laminate, as discussed in the next section, apparently accounts 
for this agreement despite the brief interval between impacts in our facility. 

Another interesting correlation has also been derived, and is plotted at 
365 ft/s in Fig. 10. This is the result of calculating the stress imparted to 
the epoxy laminate substrate through an AFML polyurethane coating at 
500 mph. Schmitt[13] reported up to 5 h before failure for the clear version 
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of AFML polyurethane when tested within his whirling-arm facility at 
500 mph in a 1-in./h simulated rainfall. The typical mode for failure, 
however, has not been tearing ancl erosion of the coating, but a secondary 
failure initiated within the substrate. Schmitt reports[13,14] that the epoxy 
laminate substrate was observed to frost, powder, and break up, thus 
destroying the bond between the substrate and the coating, which allows 
flexing and tearing of the coating to occur, leading to eventual failure. 
Thus beneath an intact coating, failure of the substrates was seen when 
using these highly effective, clear types of AFML polyurethanes, which 
are capable of resisting rain erosion at 500 mph for extremely prolonged 
periods. 

An explanation of these observations has been offered[4] using an 
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CONN AND RUDY ON RAIN EROSION 255 

analysis based on the uniaxial stress, elastic-plastic dynamic properties 
measured for these materials, AFML polyurethane and epoxy laminate. 
With the dynamic properties given in Fig. 2, and using a nonlinear tech- 
nique[6,17,18] to analyze the stress-wave interactions at the interface, 
we calculate that a stress of 19.2 ksi is transmitted to the epoxy laminate 
substrate. This stress, on bare epoxy laminate, would occur at a 362-ft/s 
raindrop impact. A 5-h exposure in Schmitt's facility[13] is equivalent to 
about 7 x 103 impacts on the average 2-ram circle used in our calculations. 
This result, plotted at Point C on Fig. 10, is seen to agree with the erosion 
tests of bare epoxy laminate in our facility. It should be noted that the 
transmitted stress of 19.2 ksi for an AFML polyurethane-coated epoxy 
laminate substrate is only one half of the 38.7 ksi, which is the calculated 
amplitude for direct raindrop impact on this composite at 500 mph. 

The use of a nickel-based coating on an epoxy laminate substrate has 
been reported[lO,13] to provide extremely long rain erosion lifetimes. 
Failures, when they did occur, were not due to powdering or crushing of 
the epoxy laminate but were described as initiating at either voids in the 
substrate or spots of adhesion loss. Utilizing elastic-plastic, uniaxial stress 
theory, a transmitted amplitude of 12.1 ksi has been calculated as the 
stress received by an epoxy laminate substrate under a nickel-based coating 
when tested at 500 mph. 

Analogous to the "equivalent direct raindrop impact velocity" calculation 
performed for an AFML polyurethane coating on epoxy laminate, a 
velocity of 229 ft/s (156 mph) has been computed from the series of 
12.1 ksi. Using a testing time of 3 h, an equivalent number of impacts of 
about 4 x 103 was derived. This point has been plotted in Fig. 10, and is 
seen to lie well below the rain erosion fatigue-type curve for epoxy 
laminate. 

Therefore, very high fatigue lifetimes would be expected at this velocity 
of only 156 mph, perhaps in excess of 105 impacts before fracturing of 
the substrate would be initiated. At 500 mph, in simulated 1-in./h rainfall, 
this would require a testing time of at least 70 h and perhaps considerably 
longer. Thus this fatigue-type analysis, utilizing uniaxial stress, elastic- 
plastic considerations, provides a means of predicting the performance of 
both hard and soft coating systems. 

Dynamic Recovery Rate 

High-speed photography has been used to record the dynamic deforma- 
tions of materials while undergoing impact within the SHPB facility[4,5]. 
These photographs record lateral and longitudinal deformations as a 
function of time. From these measurements we have determined the 
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"dynamic recovery rate," that is, the initial rate at which a material tends 
to relax toward the undeformed state after suffering large-amplitude elastic 
impact stresses. For instance the AFML polyurethane, after receiving a 
raindrop impact at 500 mph, which would produce strains of over 
90 percent, has an initial dynamic rate of recovery of 50 percent per 
millisecond. These photographic data indicate that rate of recovery for 
elastomers is dependent on the amplitude of the dynamic strain. As with 
a typical highly damped system at lower strains, the rate of recovery is 
considerably smaller. Although sufficient data were not obtained to fully 
define the relaxation curve for this polyurethane, the relaxation time (to 
recover down to the e --1 of the peak strain) from a maximum compression 
of 90 percent was found to be over 2 ms. Thus, complete recovery from a 
raindrop impact at 500 mph would be considerably longer than 2 ms. Since 
the time between impacts in our small erosion facility is only about 2 ms, 
incomplete recovery, and hence accumulative accelerated damage is created 
in the AFML polyurethane at 500 mph. 

Similar measurements for the epoxy laminate showed a dynamic rate 
of recovery of about 170 percent per millisecond. Thus, the maximum 
recovery rate for the epoxy laminate is on the order of three times larger 
than the maximum rate for the AMPL polyurethane. Also, at 500-mph 
raindrop impact, the peak strain in the epoxy laminate is only about 
2 percent. The relaxation time, from a peak of 2 percent, is about 7 /~s. 
Hence, the time required to fully recover should be on the order of 
0.01 ms. Therefore, the epoxy laminate specimens tested in our erosion 
facility were fully capable of recovery between impacts. This explains the 
agreement of our data with the results from large whirling-arm tests of 
epoxy laminates, and why the polyurethane measurements do not agree. 

Discussion 

A question which has received considerable attention during the past 
few years[5,6,8,13,14] pertains to what models, mechanical and material, 
should be used to describe the response of coatings and substrates when 
subjected to raindrop impacts at velocities in the range of 500 mph 
(733 ft/s) to about Math 1 (1120 ft/s). Specifically, we have been trying 
to determine whether one should use either (a) the uniaxial stress, elastic- 
plastic theory, or (b) the uniaxial strain, shock-wave (Rankine-Hugoniot) 
theory to describe the erosion observations in this velocity range. 

Without attempting to recreate these discussions, as the details may be 
found in the cited references, we shall briefly indicate how the newest 
experimental observations and analyses tend to support the uniaxial stress, 
elastic-plastic theory. 
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Prediction ol Rocket Sled Erosion Results 

From the SHPB uniaxial stress, elastic-plastic measurements, with 
corresponding calculations, predictions have been made for the erosion 
observations of a wide variety of materials (see Figs. 3 and 4). 

Circular Damage Patterns 

The actual dynamic loading, that is, those stresses which create fracture 
and initiate the damage process in a material undergoing raindrop impact, 
arises from a complex hemispherical stress wave situation. Fyali[19] has 
observed these waves, and a recent paper by Peterson[20] may begin to 
provide an understanding of the three-dimensional aspects of this problem. 
Eventually, one hopes a complete theory will be derived that will define a 
dynamic deformation process between the extremes of the uniaxial stress 
and the uniaxial strain concepts. 

However, we have found that the uniaxial stress SHPB tests create 
circular fracture patterns analogous to those observed in materials subjected 
to both raindrop and jet impacts[21-27]. The fractures[4,5] observed in 
specimens tested within the SHPB occur from circumferential strains--- 
created by lateral deformations originally caused by the longitudinal com- 
pressive loading of the specimen--analogous to the stress field analytically 
described by Peterson[20] though by no means the same as the hemi- 
spherical three-dimensional stress field described in his theory. Therefore, 
although it should be emphasized that the SHPB test is not intended to 
be a simulation of the complete three-dimensional stress-strain dynamic 
wave pattern created by a raindrop impact, it is clear that this test does 
provide an empirical method for predicting the fracture of materials when 
subjected to the kind of dynamic loading created by a raindrop impact. 

Multiple-Impact Observations 

Using uniaxial stress, elastic-plastic material properties, and stress wave 
interaction analyses based on these measurements, we have provided 
explanations for the erosion observations of epoxy laminate, bare and 
while coated with either an elastomeric or nickel-based material. As shown 
in Figs. 7, 8, and 10, and as predicted by the uniaxial stress, elastic-plastic 
theory, an AFML polyurethane coating protects the epoxy laminate 
substrate by reducing the amplitude of the compressive stress transmitted, 
relative to the amplitude created by direct raindrop impact on this 
composite. 

The compressive stresses transmitted to an epoxy laminate substrate 
that is protected by a nickel-based coating are smaller than the stresses 
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from a low-modulus elastomeric coating. Thus, the larger compressive 
stress amplitude transmitted to the epoxy laminate by the AFML poly- 
urethane coating, along with the tensile stresses[4-6] which may be 
achieved near the interface between the polyurethane coating and epoxy 
laminate because of wave reflections and interactions, may both contribute 
to the relatively shorter survival time of epoxy laminate beneath AFML 
polyurethane compared with its ability to resist damage when tested 
beneath a nickel coating[lO,12]. 

Conclusions 

1. Small-scale testing within the HYDRONAUTICS multiple-impact 
erosion facility may be used to provide valuable insight into the rain erosion 
resistance of coating and substrate materials. 

2. The fatigue-like failure mechanism shown to be applicable to the 
rain erosion behavior of an acrylic plastic (polymethylmethacrylate)[4,5] 
is also the mechanism for the failure initiation of elastomers, such as the 
AFML polyurethane, and composites such as glass fiber-reinforced epoxy 
resin. Analyses of the densities of rainfalls[3] are applicable for develop- 
ment of this fatigue f~ilure concept. 

3. The uniaxial stress, elastic-plastic theory for determining impact stress 
amplitudes, and as the basis for wave interaction analyses, is capable of 
predicting experimental observations relevant to the initiation of the rain 
erosion process. Predictions from the uniaxial strain, shock-wave theory 
do not agree with these experimental results in the velocity range of 500 
to 750 mph. 

4. The "dynamic recovery rate" of materials is an important factor in 
understanding the rain erosion process. This rate, measured within the 
SHPB facility by high-speed photography, indicates how fast a material 
returns toward a state of zero strain after receiving a large dynamic load. 

5. In addition to the results reported earlier for rigid plastic mate- 
rials[4,5], similar correlations can be made between the dynamic fractures 
measured for AFML polyurethane in the SHPB facility and the response 
of this elastomer during rocket sled rain erosion testing. 
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DISCUSSION 

W. F. A d l e r l - - I  would like to make a few comments regarding the rela- 
tion between the one-dimensional momentum balance equations for the 
propagation of plane waves in laminated materials and the relations used 
by Dr. Conn and co-workers to evaluate the magnitude of the impact and 
transmitted stresses for polymeric coatings. First, it is my belief that 
simple one-dimensional analyses[3,4,6,8] are not general enough to 
describe the failure mechanisms which actually prevail in coated materials. 
I also acknowledge that statements appear repeatedly in reports from 
HYDRONAUTICS that more general approaches are required, but the 
simplified approach is justified by the fact that the results from the uniaxial 
plane stress analysis appear to correlate well with the data obtained from 
erosion tests. After a general development of the governing equation for 
stress waves propagating in laminated materials, I will discuss certain 
aspects of the approach used at HYDRONAUTICS in the context in which 
it was presented. 

Consider the one-dimensional shock-wave analysis of laminated mate- 
rials. The equations for the purely mechanical theory for a water drop 
striking a coated substrate are given in Fig. 11 for the various plane wave 
fronts which develop as the pressure pulse propagates into the laminate. 

The water drop strikes the coated material with an impact velocity Vo. 
A shock wave is transmitted into the drop at a velocity U,o, and a second 
shock wave is propagated into the coating at a velocity U,. across the 
water/coating interface. The conditions at the interface between the com- 
pressing water drop and coating are that the pressures and particle velocities 
are continuous; that is, p,. = p,o and V,, = V ..... The equation in Fig. 11 
corresponds to the balance of mass and momentum as a shock wave is 
transmitted into the new layer and a second wave is reflected back into the 
previous layer. Continuity of the pressures and particle velocities also 
prevails at the coating substrate interface: p. = p" and V,~ = V,.'. The 
notation U[ ] is used to denote that the shock velocity is a function of the 
particle velocity. This information is available for water. If the relation 

1 Principal scientist, Advanced Materials Research Department, Bell Aerospace 
Company, Buffalo, N. Y. 14240. 
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coated materials. 

between the shock velocity and the particle velocity is known for the 
coating and substrate, the equations provided in Fig. 11 can be solved 
graphically[8]. Only momentum Eqs 1 and 2 are required to obtain the 
magnitude of the pressure pulse applied to the coating. The solution of 
Eqs 3 and 4 can be obtained from the momentum equations in conjunction 
with the balance of mass from Eq 2 in order to express the density of the 
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compressed coating, p,.', in terms of its unstressed density, p,.. Then: 

p,U,.[V,,*] 
P" = P~* + U , . ~ :  P,.* (U,.'[V,.* - V,l + V~*) (V,.* - V,)  (5) 

where pC* and Vr* denote the specific values of p,. and V,. obtained from 
the solution of Eqs 1 and 2. 

The approach described in the foregoing was adopted by Morris[8] in 
estimating the pressure pulse transmitted to the coating and substrate by 
an impacting water drop. Now consider the form of momentum Eqs 1 to 4 
when the droplet impact velocity is small in comparison with the acoustic 
velocities of the coating and substrate materials. When this condition 
prevails, the respective particle velocities are also negligible with respect to 
the acoustic velocities. The shock velocities in Eqs 1 to 4 become the 
constant dilatational wave speeds for an elastic medium. Momentum 
Eqs 1 to 4 become 

p,o = p ,~Cw(Vo-  V )  (6) 

p,. = p,.C,.V (7) 

where V = V,  = V,o and pw = p,, and 

(8) 

p, = p,CsV, (9) 

Using the condition that pw = pc, the unknown velocity V can be eliminated 
from Eqs 6 and 7 to obtain 

pwC~Vo 
pc - p~C~ ( 1 O) 

1 +  
p~C,. 

Similarly, eliminating V, from Eqs 8 and 9 yields 

2p~ 
P" - poCc (11) 

1 + p,C, 

The relations given in Eqs 10 and 11 are precisely the expressions used 
by Dr. Conn and his co-workers[3,4,6] in evaluating the impact stress, 
o-i in their notation, and the transmitted stress, O'T, respectively. The deri- 
vation of Eqs 10 and 11 from the momentum equations for uniaxial shock- 
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wave propagation in a laminated system dearly points out the relation 
between the governing equations for droplet impacts adopted by Morris[8] 
and those used in the experimental program at HYDRONAUTICS.[3,4,6] 

The assumption that the impact velocities are small in comparison with 
the speed of propagation of a dilatational wave in the coating or substrate 
is an inherent limitation on Eqs 10 and 11. We further note that Eq 11 is 
the same result obtained from the theory of elasticity for a dilatational 
wave, or a distortional wave, striking the interface between two different 
media of finite extent at normal incidence. 2 The quantity pC, where C is 
the propagation velocity of an elastic wave, will be referred to as the 
characteristic impedance of the medium. For an elastic medium and low 
droplet impact velocities, the only difference in the uniaxial strain 
theory[3,4,6] is the propagation velocity for an elastic wave (corresponding 
to a dilatational wave in an extended medium). The wave velocity is 
#yen by 

C2 = (1 - v) E 
(1 + v)(1 - 2v) 0 

for uniaxial strain, and by 

(12) 

E C 2 = -- (13) 
P 

for the uniaxial stress theory, where E and v are Young's modulus and 
Poisson's ratio, respectively. 

For large-amplitude pressure pulses, Dr. Conn replaces Eqs 10 and 
11 by 

Z,~V o (14)  
P" -- Z~ 

1 +  Z,---~. 

P. _ 2pc (15) 
Zv 

1 +  

where Z denotes the dynamic impedance and the subscript denotes the 
medium to which it is applicable. This notation will be used only to signify 
the evaluation of the dynamic impedance based on the dynamic stress- 
strain curve obtained experimentally at HYDRONAUTICS using the 
SHPB. 

" Knott, C. G., Reflection and Refraction of Elastic Waves," Philosophical Maga- 
zine, Vol. 48, 1899, pp. 64-97. 
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I would now like to make some observations regarding the use of 
Eqs 14 and 15 in the evaluation of polymeric materials using the data 
supplied in a number of HYDRONAUTICS reports[3,4,6]. First of all, 
I agree with Dr. Conn that the dynamic response of a material specimen 
should be considered in describing its behavior when subjected to an 
erosive environment, unless adequate justification can be provided for 
considering the process in simpler terms. However, very little consideration 
has been given to the constitutive behavior of the materials being investi- 
gated. In general, polymeric materials will exhibit nonlinear, viscoelastic 
behavior, which is referred to as elastic-plastic in the context of the uniaxial 
stress analysis. The viscoelastic nature of polymers subjected to short- 
duration pulses will not be described here; instead, the discussion provided 
will follow along the lines developed at HYDRONAUTICS. 

On the basis of uniaxial, elastic-plastic stress wave theory: 

do- 
Z = p - ~ [ 1  (16) 

Dr. Corm replaces the dynamic stress-strain curves for polymeric materials 
by a trilinear approximation which simplifies the evaluation of Eq 16. 
In his notation 

Z~ = ( p  O---LYzEt / 

( O-_.2_2 -- O-.__I ~ ,,2 
Z2 = P e2 E1 / 

( os_ --~ o'.__z .) l/z 

for o- <~ o-i (17) 

for o-1 < o- ~< o-2 (18) 

for o-2 < o- (19) 

Now the propagating wave front is no longer plane but for o-..,<o- is com- 
posed of three plane fronts propagating at wave velocities corresponding 
to F_,qs 17, 18, and 19 such that according to the HYDRONAUTICS data, 
C1>C.~>C2. This implies that at the higher stress levels (above o-.,) the 
disturbance will propagate faster than the plane wave corresponding to 
the range o-l~<o-~<o-2. I believe that the nonlinear stress-strain relations 
should possibly be expressed in terms of equivalent stress-equivalent strain 
plots instead of the engineering stress-strain curves. The equivalent strain 
measure would be a better representation of the finite strains which develop 
in the tests on polymers using the SHPB. 

Data for the polymers considered at Hydronautics are given in Table 1. 
I have added a column which provides the values of the wave velocities 
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evaluated from Eq 13 corresponding to the quasistatic value of Young's 
modulus. Now consider a water drop impacting a deformable surface at 
1000 mph (1.76 • 104 in./s). Referring to Table 1, it is readily seen that 
the impact velocity, Vo, is quite close to the magnitude of the stress wave 
velocities calculated in terms of either the quasistatic or dynamic Young's 
moduli for the polymeric materials listed. This condition violates the 
fundamental assumption used in obtaining Eqs 14 and 15 from the more 
general momentum balance Eqs 1 to 4. While I definitely question the 
applicability of the data obtained using the SHPB for the erosion of 
polymeric materials, I would like to suggest that the evaluation of the 
impact and transmitted stress be given more careful consideration. 

A second point along these lines is that while Dr. Corm and his 
co-workers have devoted considerable attention to incorporating a dynamic 
elastic modulus in the evaluation of the stress generated in laminated 
material systems, they have neglected the compressibility of the water drop, 
which at moderate impact velocities can have a significant influence on 
the magnitude of the stress computed from Eq 14. The characteristic 
impedance of water at an impact velocity of 1000 mph is 8.86 lb-s/in. ,~ 
instead of the 5.39 lb-s/in. 3 used in the evaluations of coating materials at 
HYDRONAUTICS. Figure 12 illustrates the relative difference that can 
occur in the evaluation of the impact stress using Eq 14 with the trilinear 
approximation to the dynamic stress-strain curve and a number of alterna- 
tive solutions to momentum Eqs 1 and 2 that can be found in the literature 
on liquid particle erosion. The solid curves originating at the origin are 
the trilinear approximation to the stress-particle velocity relations for 
selected polymers based on experimental data from HYDRONAUTICS. 
The dashed lines originating at the origin signify the linear stress-particle 
velocity relations for the same polymers based on the constant values of 
the acoustic impedance recorded in Table 1. The lines originating at 
point A are the stress-particle velocity relations for water using different 
values for the impedance. Line AB denotes the stress-particle velocity 
relation used by Conn based on a constant acoustic impedance of 
5.39 lb-s/in. 3. The line AC is the linear stress-particle velocity relation 
accounting for the compressibility of water at an impact velocity of 1000 
mph; the curve AC is the nonlinear form of this relation based on the data 
of Rice and Walsh. 3 The line ~4D includes the correction to the dynamic 
impedance of water as dictated by the form of momentum Eq 1. The 
corresponding nonlinear form of stress-particle velocity relation is omitted 
in this case for clarity in Fig. 12. 

Rice, M. H. and Walsh, J. M., "Equation of State of Water to 250 Kilobars," 
Iournal of Chemical Physics, Vol. 26, 1957, pp. 824-830. 
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HG. 12--lmpact stress evaluation/or a water drop impacting polymeric materials 
at !000 mph. 

The intersection points in Fig. 12 denoted by d are the evaluation of 
the impact stress as compared by Corm using Eq 14. The points denoted 
by e are the straightforward solution of Eq 10. The other points of inter- 
section correspond to various assumptions which can be introduced in the 
form of the stress-particle velocity relations for water. 

The intersection of the nonlinear relation corresponding to line A D  in 
Fig. 12, and the nonlinear stress-strain relations for the polymers at strain 
rates corresponding to the duration of the peak impact pressure for a 
water drop, would be about the best one-dimensional approximation for 
the evaluation of the impact stress that could be obtained from Eqs 1 and 2. 
However, due to the extremely short duration of the peak impact pressure 
(on the order of 1 ~s), the applicability of Eqs I and 2 would certainly 
be questionable since the long wavelength approximation would not be 
valid under these conditions. The graphical solutions of Eqs 1 and 2 
provided in Fig. 12 indicate that the magnitude of the impact stress corn- 
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puted from the dynamic stress-strain curves for polymeric materials can 
exhibit positive and negative variations from the popular de Hailer equa- 
tion, Eq 10. Figure 12 is also used to demonstrate the large differences 
which can occur in the results upon introducing the correct form of the 
momentum balance equations and accounting for the compressibility of 
water at high impact velocities. The graphical solutions provided for 
Eqs 1 and 2 can also be carried out for Eqs 3 and 4. 

In summary, I feel the following points should be considered in future 
research employing the uniaxial stress approach: 

1. The expressions for evaluating the impact stress and transmitted 
stress for polymeric materials should be generalized on the basis of the 
momentum balance equations when the drop impact velocity approaches 
the wave propagation velocity in the material. 

2. Since finite strains are involved in the tests on polymeric materials 
using the SHPB, the equivalent strain or some other finite strain measure 
should be used. 

3. At droplet impact velocities above 500 mph a more accurate evalua- 
tion of the impact stress and transmitted stress can be made within the 
scope of the one-dimensional analysis if the nonlinear relation between the 
wave speed and particle velocity for water is taken into account. 

A. F. Corm and S. L. Rudy (authors' closure)MThe authors are quite 
flattered and appreciative of the time and effort spent by Dr. Adler in 
his detailed analysis and commentaries on the experimental (and rather 
limited analytical) research on rain erosion which has been conducted at 
HYDRONAUTICS over the past five years. As the main emphasis of 
our work has been to provide data on the dynamic behavior of the various 
elastomeric and composite materials encountered in rain erosion situations 
to our fellow researchers and engineers, it is nice to see that at/east one 
person has indeed read, understood, and begun to use our results. 

We want to emphasize that the concern of the sponsor of our studies, 
the Naval Air Systems Command, is for relatively low-speed rain en- 
counters, that is, up to 500 mph. Thus, we felt that the many other 
approximations justified using the equations as indicated, and the ambient 
value for the impedance of water. We fully agree with Dr. Adler in the 
use of shock wave concepts for the supersonic impacts which torment the 
aircraft and missile systems traveling at such velocities. 

Again, we want to congratulate and thank Dr. Bill Adler for using 
our research results as the basis for carrying forward by one more step 
mankind's understanding of this area of rain erosion, and we envy him 
the time he has available to continue to dig more deeply into this fascinating 
problem. 
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Wear Characteristics of Modified Plasma- 
Deposited Aluminum Bronze 

REFERENCE: Tucker, R. C., Jr., "Wear Characteristics of Modified 
Plasma-Deposited Aluminum Bronze," Erosion, Wear, and Interfaces with 
Corrosion, ASTM STP 567, American Society for Testing and Materials, 
1974, pp. 270-293. 

ABSTRACT: Plasma-deposited aluminum bronze coatings (Cu-10 AI) 
have been shown to be superior to wrought aluminum bronze (AMS 4640) 
when mated against steel with a hydraulic oil lubricant. In this study a 
series of compositional changes of the plasma-deposited aluminum bronze 
resulted in another order-of-magnitude reduction in wear rate. This was 
achieved without an increase in the hardness of the material so the 
embeddability and conformability of the materials were not degraded. The 
coefficients of friction of the plasma-deposited materials were much lower 
than their wrought counterpart, but there was little further change in the 
coefficients as a function of compositional changes in the plasma-deposited 
materials. 

The coating parameters and compositional studies were based on uni- 
directional wear tests with the Dow Corning Alpha Wear Test Machine 
LFW-1 using hydraulic fluid Mii H5606A at loads from 30 to 450 Ib at 
constant speed. The wear scars and debris were examined using scanning 
electron microscopy and microprobe analyses, and these observations cor- 
related with the microstructures of the deposits. Differences between the 
various plasma deposits were correlated with microstructural and compo- 
sitional variations. 

KEY WORDS: wear, friction, plasma-deposited, materials, aluminum- 
bronze, coatings, erosion 

In  a previous study the wear behavior  of plasma-deposited a luminum 

bronze and beryl l ium copper coatings was compared with their wrought 

counterparts.  2 The  superior wear resistance of the plasma-deposited mate- 

1 Manager, Materials Development, Union Carbide Corporation, Linde Division, 
Indianapolis, Ind. 46224. 

2 Tucker, R. C., Jr. and Traub, P. W., "Wear Behavior of Wrought and Plasma- 
Deposited Aluminum Bronze and Beryllium Copper," presented at The Metallurgical 
Society Spring Meeting, American Institute of Mining, Metallurgical and Peroleum 
Engineers, 19 May 1971. 
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rials was thought to be due to their structure and perhaps influenced by 
the amount of oxide present. In this study the influence of oxides and other 
hard phases was specifically explored by modifying both the amount of 
oxygen added during plasma deposition and by adding several volume 
fractions of hard particles to the powder being sprayed. Although most of 
the work was done with an aluminum-bronze matrix and alumina additions, 
similar results have been obtained with other matrices (for example, nickel, 
aluminum, and steel) and other additives (for example, chromia and 
chromium carbide). 

Experimental Procedure 

All of the wear tests were run on an LFW-1 Alpha Wear Test Machine 
according to the ASTM Test for Calibration and Operation of the Alpha 
Model LFW-1 Friction and Wear Testing Machine (D 2714-68). In 
this test 0.635-cm-wide (0.25 in.) blocks were held against the top of 
3.4925-cm-diameter (1.375 in.) steel rings with a surface hardness of 
HRC 58 to 63 and a surface finish of 0.20 to 0.25/~m (8 to 10/zin.) CLA. 
The bottom portion of the rings was immersed in Mil H5606A hydraulic 
fluid. The blocks were either the wrought alloy of interest or blocks coated 
with 0.0508-cm-thick (0.020 in.) plasma coatings. In either case, just 
before testing, the wear surfaces of the blocks were finished with 2:0 emery 
paper with the residual scratches parallel to the direction of rotation. 
This left a surface finish of 0.15 to 0.20/~m (6 to 8/~in.) CLA measured 
perpendicular to the direction of rotation. A constant rotation speed of 
33 cm/s (65 ft/min) for a distance of 594 m (1950 ft) was used. The 
friction force, block temperature, and depth of wear were continuously 
recorded and the lubricant temperature periodically measured. No correc- 
tion of the block temperature was made for the minor differences in thermal 
conductivity caused by the coatings. The depth-of-wear recordings were 
used only to monitor the rate of wear, because it was inconvenient to 
correct for thermal expansion of the ring and block as they expanded 
due to the heat of friction. 

Scar volumes rather than weight changes were used to characterize the 
block wear because the inherent porosity of the plasma coatings absorbed 
an unknown amount of lubricant. The block scar volumes were calculated 
from measurement of the projected scar area. Conversely, weight changes 
were used with the rings since they were solid and residual lubricant could 
easily be removed. Because of errors in weighing and the random transfer 
of aluminum bronze to the rings, the accuracy of the wear scar on the rings 
is estimated to be approximately -+50 x iO-6cm 3. 
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272 EROSION, WEAR, AND INTERFACES WITH CORROSION 

Materials 

The materials used are shown in Table 1. The AMS 4640 aluminum 
bronze was chosen because of its common use as a bearing material. The 
standard plasma-deposited aluminum bronze is a commercially available 
coating.O The "oxidizing" deposition was achieved by modifying the coat- 
ing parameters. Photomicrographs of the cross sections of the plasma- 
deposited coatings are shown in Fig. 1. Standard deposition conditions 
were used for all of those materials that contained hard particles with the 
exception of one containing 11 percent alumina. The latter was made with 
slightly oxidizing conditions. 

The oxide volume fractions were calculated from neutron activation 
analyses for oxygen in the plasma-deposited material. These calculations 
corresponded quite closely to oxide contents determined by chemical 
extractions of alumina. 

The mechanical properties of wrought aluminum bronze are well known. 
Those of several of the plasma-deposited materials were determined in 
compression by machining rectangular cylinders out of very thick coatings 
with their long axes (axes of loading) either perpendicular or parallel to 
the surface of the coating. Bonded strain gages were used to measure 
strain. The results are shown in Table 2. 

TABLE l--Aluminum bronze materials. 

Type Volume % AhO~ D P H ~  d 1 ~  d 

Wrought AMS 4640 a 252 81 

Plasma-deposited Al-10 Cu b 

Unmodified 2.36 246 69 

Oxidizing deposition 3.20 200 64 

Alumina added 7.26 170 75 

Alumina added ! 2.4 c 202 72 

Alumina added 21.0 246 75 

Alumina added 40.5 186 61 

Cu-10.3AI-5.0Ni-2.8Fe nominal  composition by weight. 
b Cu-10AI-1.5Fe nominal composition by weight. 
c Based on extraction of AhO.~ rather than neutron activation. 
d i n  direction of deposition ( that  is, on wear surface),  standard deviations varied 

from 12 to 22 on six readings for DPH and I to 3 for R:,,T. 

�9 ~ UCAR LCU-2, Union Carbide Corp. 
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278 EROSION, WEAR, AND INTERFACES WITH CORROSION 

The compressive properties measured perpendicular to the surface are 
of the greatest interest since that is the usual direction of loading. It should 
be noted that the ultimate compressive strength in service would be higher 
than that shown in Table 2 because the measured value is a function of 
the specimen geometry and these materials are normally used as relatively 
thin coatings rather than the tall, thin columns used here. 

The compression specimens loaded perpendicular to the coating surface 
ultimately failed by cracking with a classical diagonal or triangular pattern 
on a macro-scale. Microscopic examination revealed that the crack propa- 
gation occurred in short steps, predominantly along splat boundaries. 
Specimens loaded in a direction parallel to the surface, on the other hand, 
failed only after extensive barreling, with the predominant cracks occurring 
as long segments along splat boundaries parallel to the loading direction. 

It is particularly interesting to compare the mechanical properties of 
plasma-deposited materials containing oxides introduced as a result of 
oxidizing coating conditions with the properties of plasma-deposited mate- 
rials containing oxides intentionally added as discrete particles. Plasma 
deposition with oxidizing conditions significantly weakens the structure 
because the oxides are formed on the molten particles in transit and on 
the cooling surface layers immediately after deposition. These oxide films 
prevent metallic bonding between the splats and reduce the splat-to-splat 
bond strength. Therefore, while there is little difference in strength in the 
two directions of testing for the standard coating, there is a drastic reduc- 
tion in the strength of the oxidized material when loaded parallel to the 
predominant layering planes of the oxides (that is, parallel to the surface) 
as compared with its strength when loaded perpendicular to the pre- 
dominant layering. As previously noted, failure in the former case is due 
to splitting along the oxide layers. 

On the other hand, if the oxide additions are made as discrete particles 
a high percentage of the splat-to-splat interface area remains metallic and 
the strength of the material is actually increased rather than decreased. 

Wear Test Results 

The average wear scar volumes of the bronze blocks and the steel mating 
rings are shown in Fig. 2. The ring weight losses for the wrought and 
unmodified plasma-deposited aluminum bronzes are not shown because the 
losses were within the range of experimental error. Standard, unmodified 
plasma-deposited aluminum bronze has a much lower wear rate than 
wrought aluminum bronze (footnote 2). The wear of wrought aluminum 
bronze at 204 kg (450 lb) exceeded the capacity of the machine in less 
than the normal test duration used here; thus it is not shown in Fig. 2. 
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13.6 kr (30 Ib) Load 

Wrought 

Standard Plasma I 

Oxidizing Plasma 
7 Alumina i r  i 
2[ Alumina �9 l 

4 0  Alumina �9 'l 
6 Chromia 

17 Chrome Corbitb �9 

Wrought 

Standard Plcmma 

Oxidizing Plasma 

81.6 kg (180 Ib) Load 

7 Alumina i l 

12 Alumina mill 1 

21 Alumina I "  | 

40 Alumina 1 I 

OxkL~- II Alumina I 

6 Chromia I 
17 Chrome Carbide 

Pure Alumina �9 

Wrought 

Standard Plasma 

Oxidizing Plasma 

7 Alumina I 

12 Alumina 

21 Alumina 
40 Alumina 

Oxid.e II Alumina II 

6 Chromia I 

17 Chrome Carbide 
Pure Alumina 

I 

204, kg (450 Ib) Load 

[888 j l  

Total Volume 

Block Ring 

I  eemm 

[ExceedQd Machine Capabi l l tyJRI  
I_a, /zm 
11sss  

! 

I 

Ii3-  

At all three loads the plasma-deposited bronze made with slightly oxidizing 
conditions was more wear resistant than the standard material. 

The precipitous effect of small volume fractions of oxide additions on 
the wear rate of plasma-deposited aluminum bronze is very evident when 
wear volumes are plotted as a function of oxide content as in Figs. 3, 4, 

FIG, 2--Average scar volumes oJ the aluminum bronze and the total system 
(aluminum bronze plus steel) a#er 5400 revolutions in Mi/ H5606,4 in LFW-!  wear 
test. 

I 

I 

5 / O 0  i i I 4OO 600  lO0 8OO 

Wear Scar Volume, 10 -6 om 3 
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280 EROSION, WEAR, AND INTERFACES WITH CORROSION 

and 5. The lines are an approximate fit to the data. Volume fractions as 
low as 7 per cent result in wear resistance almost as high as the pure 
plasma-deposited alumina 4 coating shown on the right of Figs. 4 and 5, 
even though the composite hardness of the material is not significantly 
different from that of the unmodified aluminum bronze. 

Weight losses were within the experimental error of measurement for those 
rings mated against the wrought and unmodified plasma-deposited aluminum 
bronze (that is, both weight gains and lossesof up to 50 • 10--6cm 3 were 
recorded). However, in spite of the fact that the weight losses of those 
rings mated against the modified materials were significant, the total system 
wear for the modified materials was much lower than for the unmodified, 
particularly at 81.0 to 204 kg (180 to 450 Ib), Figs. 2 through 4. The 
rather large scatter in total system wear at 13.6 kg (30 lb) is probably 
due for the most part to the errors in the measurement of ring losses. 

An approximately linear relationship for scar volume as a function of 
load was found for the wrought and unmodified plasma-deposited bronzes 
(footnote 2). However, as shown in Fig. 6, this linearity apparently did 
not hold for the modified bronzes. It should also be noted that, if all 
the materials are considered as a single class, an inverse linear relationship 
between sear volume and hardness was not found. Because of this it was 
earlier found convenient (footnote 2) to use a bearing performance factor 
(BPF) rather than a wear constant 5.6 to characterize the material: 

BPF = Load-velocity-time _ Lx 
Scar volume V 

Figure 7 compares the BPF values for some of the various materials studies 
herein at several loads. The areas are bounded by extreme values in each 
case. 

The difference in wear behavior between wrought and unmodified 
plasma-deposited bronzes, although not yet explicitly explained, is un- 
doubtedly due to the unique mierostructure that results from plasma 
deposition. The possibility of an increase in lubrication efficiency due to 
porosity in the plasma deposit seems unlikely since no difference was 
found between sealed and unsealed plasma-deposited aluminum bronze in 
an earlier study. 

Examination of the blocks with scanning electron microscopy (SEM) 
showed a significant amount of plastic deformation for both wrought and 

4 UCAR LA-6, Union Carbide Corp. 
Archard, J. F., Journal of Applied Physics, Vol. 24, 1953, pp. 981-988. 

G Rabinowicz, E., Friction and Wear o] Materials. Wiley, New York, 1965, p. 168. 
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FIG. 3- -A luminum bronze block weal" and total system wear after 5400 revolu- 
tions in Mil H5606A at a 13.6-kg (30 Ib) load in an LFW-I  wear test. 

unmodified plasma-deposited bronze (footnote 1 ), with all signs of splat 
boundaries in the plasma-deposited materials obliterated and ridges of 
smeared metal formed. However, since the splat boundaries of the modi- 
fied bronzes remained visible in secondary electron images, and the 
appearance of smeared metal was far more limited, the extent of plastic 
deformation was apparently lower. Part of the splat boundary visibility 
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r l  Wrou~t 
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Total System 
Wear 
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"""~(~-~ Block Wear 

l~  6 I i , , i ~ 
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Volume Fraction of Oxide 

FIG. 4 - - A l u m i n u m  bronze block wear and total system wear a#er  5400 revolu- 
tions in Mi l  H5606A at an 81.6-kg (180 Ib) load in an LFW-1 wear test. 

in the SEM must, of course, be attributed to the compositional variation in 
the as-deposited material itself. The wrought aluminum bronze alloys 
developed large collections of compacted wear debris at the trailing edge 
of the wear scar. This appeared to be due to the release of relatively large 
particles of bronze adhered to the steel mating surface when the contact 
stress was released (footnote 2). The wear particles from the unmodified 
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F I G .  5 - - A l u m i n u m  bronze block wear and total system wear scar volume after 
5400 revolut ions in Mi l  H5606A at a 204-kg (450 lb) load in an LFW-1  wear test. 

plasma-deposited bronze were apparently smaller and did not tend to 
collect and compact at the trailing edge of the wear scar. This character- 
istic was also true of the modified bronze. 

The transfer of bronze to the steel rings was very evident, visually and 
in eleetron microprobe X-ray images, for the wrought and, to a lesser 
extent, for the unmodified plasma-deposited bronzes. Conversely, the 
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F I G .  6---Block scar volumes as a Junction of load ]o1" plasma-deposited aluminum 
bronze with alumina additions as shown and pure plasma-deposited alumina alter 
5400 revolutions in Mil H5606A in an LFW-1 wear test. 

transfer of steel to the blocks for these materials was negligible. However, 
when mated against plasma-deposited modified bronzes, ring losses became 
measurable and iron was detected on those blocks examined in the micro- 
probe (those modified with 7 and 21 volume percent alumina). 

The X-ray images showed that the iron on plasma-deposited bronze + 7 
alumina wear scars at 13.6-kg (30 lb) loads was randomly distributed in 
small particles or areas on the block. There seemed to be an association 
between high densities of iron and alumina. The major portion of the 
surface was covered with somewhat smeared copper. Very little copper or 
aluminum was detected on the ring at 13.6 kg (30 lb) and none at higher 
loads or higher oxide content. At 81.6-kg (180 lb) loads, higher-density 
patches of iron that were slightly elongated in the direction of rotation and 
about 10/zm long developed on the block. The patches were very dense, 
about 50 to 100 /zm long,.and covered roughly half the surface on the 
204-kg (450 lb) blocks, Fig. 8. 
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FIG. 7--Bearing per/ormance /actors as a /unction o/ load. The blocks are 
bounded by extreme values. The blocks jot" modified coatings include all the volume 
#action alumina additions. 

A similar pattern of iron transfer was exhibited by the bronze + 21 
alumina specimens, but was more advanced at each load level. Thus at 
13.6-kg (30 lb) loads, small patches, arranged in streaks in the direction of 
rotation, had already developed, Fig. 9. Extensive areas were covered with 
a high density of iron at 81.6 kg (180 lb), Fig. 10. Although no X-ray 
images were made of the 204-kg (450 lb) specimens, the secondary 
electron and specimen current images suggested that somewhat larger areas 
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were covered with iron than for the aluminum bronze + 7 alumina. Again 
there was no buildup of debris at the edges. 

Miscellaneous Additions 

Among several additional types of hard-particle modifications, chromium 
carbide appears particularly interesting, Fig. 2. At test loads of 13.6 kg 
(30 lb), aluminum bronze specimens with chromium carbide additions 
exhibited not only very low wear scar volumes (only slightly higher than 
with alumina additions), but no measureable steel mating ring losses. The 
wear scar volumes of the aluminum bronze with chromium carbide addi- 
tions were three to four times higher than with the alumina additions at 
81.6-kg (180 lb) loads, but the total system loss was lower for the 
chromium carbide additions than for any of the alumina additions. The 
same pattern holds at 204-kg (450 lb) loads, although the wear was about 
evenly distributed between the two mating surfaces. 

In addition to the systems shown in Fig. 2, oxide additions to nickel, 
aluminum, and steel matrices have been studied and show similar improve- 
ment in wear resistance. 

Friction Data 

The oxide additions do not significantly affect the friction behavior of 
the plasma-deposited materials. For the most part they all fall between 
0.13 and 0.15 and are significantly lower than the wrought alloy, which 
had values between 0.2.1 and 0.26 at the end of the test. Owing to space 
limitations, the friction behavior during the test is shown schematically 
in Fig. 11 in lieu of detailed tables. The plasma-deposited materials 
exhibited much less fluctuation in friction force during the test than the 
wrought aluminum bronze and rapidly declined to a constant value. The 
friction force of the modified bronzes usually dipped slightly below the 
final value within the first 100 to 200 revolutions. The coefficients of 
friction were virtually independent of load. 

Conclusions 

The addition of less than 10 volume percent alumina (or some other 
hard particles) to plasma-deposited aluminum bronze reduces the wear 
scar volume by at least an order of magnitude compared with the same 
plasma-deposited material without such additions, and at least two orders 
of magnitude compared with its wrought alloy counterpart in an LFW-I 
wear test with Mil H5606A hydraulic fluid as a lubricant. Although the 
hard-particle additions caused some wear of the mating steel surface, the 
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o O 
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T~me 

F I G .  I l--Typical/riction behavior [or wrought aluminum bronze AMS 4640 and 
modified and unmodi[ied plasma-deposited aluminum bronze. 

total system wear was still less than that for the wrought alloy by more 
than an order of magnitude and significantly less than for the unmodified 
plasma-deposited bronzes. This increase in wear resistance was achieved 
without an increase in bulk hardness so that the embeddability and con- 
formability of the bronze would not be impaired. The significant reduction 
in the coefficient of friction of the plasma-deposited bronze compared with 
the wrought alloy was not changed by the hard-particle additions. 

The addition of alumina as discrete particles strengthens the compressive 
mechanical properties of the plasma-deposited structure, but the addition 
of oxides by deposition with oxidizing conditions tends to weaken it. 
Therefore, in spite of the fact that some increase in wear resistance can be 
achieved by deposition with oxidizing conditions, it is more advantageous 
to obtain even greater wear resistance and an increase in load-carrying 
capacity by the addition of discrete particles. 

Similar improvements in wear resistance can be obtained with other 
hard-particle additions, such as chromium carbide, and with other matrices, 
such as nickel, aluminum, and steel. 

Acknowledgments 

The assistance of P. W. Traub, J. W. Arthur, R. L. Meunier, W. J. 
Runkle, and M. W. Brooks in the collection and reduction of the data 
is greatly appreciated. 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



W. F. A d l e r  1 

Erosion of Fused Silica by Glass Beads 

REFERENCE: Adler, W. F., "Erosion of Fused Silica by Glass Beads," 
Erosion, Wear, and Interlaces with Corrosion, ASTM STP 567, American 
Society for Testing and Materials, 1974, pp. 294-315. 

ABSTRACT: An analytical approach to particle erosion of brittle material 
surfaces is being developed based on a statistical model of erosion pit 
nucleation and growth[I,2], z For solid-particle erosion the Hertzian 
theory of impact is being considered in order to introduce the kinematic 
and material parameters into the general statistical formulation of the 
erosion process. In order to minimize the number of unknown factors in 
the initial development of a predictive erosion theory, the particular case 
of spherical glass beads impacting directly on the plane surface of rela- 
tively flaw-free fused silica (Coming 7940) has been investigated. 

The erosion mechanisms in fused silica have been identified for both 
70- and 290-um glass beads impacting at 61 and 91.5 m/s. The experi- 
mentally observed erosion mechanisms could be correlated with the 
measured erosion rates, and it was substantiated that the solid-particle 
erosion of fused silica could be modeled in terms of preferential pit 
nucleation and growth. The controlled erosion tests provided evidence 
for the applicability of the Hertzian relations to the impact conditions 
associated with solid-particle erosion. 

KEY WORDS: erosion, solid particle erosion, impact, glas:~, fused silica, 
weight loss, microscopy, evaluation, tests 

The erosion of brittle materials by multiple, solid-particle impacts has 
been idealized as a process of pit nucleation and growth on the surface of 
the eroding solid[I]. 2 An analytical model is being developed based on 
the assumption that the erosion pits are uniform in depth during the initial 
stages of growth and that typical pits undergo appreciable lateral growth 
before conjoining with other growing pits[l,2]. The eroding solid is con- 

x Principal scientist, Advanced Materials Research Department, Bell Aerospace 
Division of Textron, Buffalo, N. Y. 14240. 

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

294 

Copyright�9 1974 by ASTM Intemational www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ADLER ON EROSION OF FUSED SILICA 295 

sidered to be a laminate of plates whose individual thickness is determined 
by the depth of propagation of typical impact fractures. 

The mathematical formulation requires the specification of a time- 
dependent pit nucleation probability function and growth rate for each 
layer of the laminate model of the eroding solid. The value of the theory 
as a predictive tool in the development of erosion-resistant materials 
depends on how much information pertaining to the kinematics of the 
erosive environment and the material characteristics of the eroding solid 
can be incorporated into the explicit analytical representations of the pit 
nucleation and growth rate functions. It would be satisfying to prescribe 
these functions on a purely analytical basis; however, this is not possible 
at the present time. 

The pit nucleation concept is dependent on the manner in which the 
material's surface is fractured by the multiple solid-particle impa.cts. The 
nucleation of an erosion pit may occur through one of several processes 
whose relative probabilities are difficult to assess without evaluating a 
detailed model. This information was obtained through microscopic 
observations of the erosion mechanisms in a series of controlled experi- 
ments using the AFML-Bell erosion apparatus. These experiments in- 
volved the direct impact of small, spherical glass beads on the plane face 
of relatively flaw-free fused silica (Corning 7940) specimens in order to 
minimize the number of unknown factors pertaining to the kinematic and 
material parameters. The impact conditions were selected so that results 
from the Hertzian theory for the impact of a spherical elastic body on an 
elastic half-space could be used. 

The experimental program is designed to evaluate the damage to the 
eroded surface of fused silica specimens after incremental exposures to 
the direct impact of spherical glass beads in the AFML-Bell erosion 
apparatus. The research reported here concentrates on identifying the 
fundamental mechanisms responsible for the nucleation and growth of pits 
in fused silica and correlating the nucleation process with the Hertz-Huber 
theory of impact[ 1 ]. 

Experimental Procedure 

Due to the low-impact velocities used in this study, it was possible to 
design specimens with a sizable fiat surface exposed to the eroding particles. 
This geometry eliminated the effect of the variable angles of attack asso- 
ciated with the aerodynamic shapes usually employed in the AFML-Bell 
erosion apparatus. A special specimen holder was fabricated for the 
rotating arm so that these flat-faced specimens could be used. Fused silica 
(Coming 7940) was selected for the erosion targets. The general specimen 
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296 EROSION, WEAR, AND INTERFACES WITH CORROSION 

dimensions are indicated in Fig. 1. The diameters of the glass beads 
(iml~acting particles) were selected so that they would be small in compari- 
son with lateral dimensions of the specimen. Under these conditions the 
effects of the impacts will be quite localized; the influence of the finite 
boundaries of the specimen will be minimized and the central region of 
the specimen would approximate a mathematical half-space as required 
in the Hertzian analysis. In order to provide an accurate appraisal of the 
model, spherical glass beads (3M Superbrite-Knoop Hardness No. 525) 
with average diameters of 70 /~m and 290 #m were used. The beads 
showed some variation in size from these dimensions, but the sizes were 
quite narrowly distributed around the mean diameters. The mechanical 
properties of the fused silica (Coming 7940) and the glass beads are 
provided in Table 1. 

The test conditions for the fused silica specimens are given in Table 2. 
Particle impact velocities of 61 and 91.5 m/s were selected on the basis 

0.0625 og 
�9 3.370 

3.000 

A 

--•'•- 0.185 
I O.03R - 
] TYPICAL 

SECTION 
AA 

0.625 ALL DIMENSIONS + 001~5 

ALL DIMENSIONS IN INCHES 

FIG.  1--Glass erosion test specimen. 

T A B L E  1--Mechanical properties of [used silica and soda lime glass. 

Soda Lime Glass Fused Silica 

Density ( k g / m  .~) 2400 2180 

Poisson's ratio 0.22 0.17 

Young's modulus (N/m 2) 68.95 X 10 ~ 73.50 X 10 a 
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TABLE 2--Erosion test schedule. 

297 

Bead Size, Bead Flow Rate, Impact Velocity, 
Specimen /~m g/s m/s 

GI 70 15.1 61.0 

G2 290 7.55 61.0 

G3 290 7.55 91.5 

of adjunct experimentation using borosilicate glass specimens. Impact 
velocities were required which would be capable of producing ring fractures 
on the surface of the fused silica, but not of a magnitude such that the 
initial and intermediate stages of the erosion process would be complete 
before the various erosion mechanisms operative during different periods 
of the total exposure time could be identified. 

In the erosion experiments conducted in the AFML-Bell erosion appara- 
tus shown in Fig. 2, the glass beads are taken from the sand hopper by a 
screw-type feeder and fall down the 13/s-in.-diameter (3.49 cm) blast tube 
which is approximately 7 ft (2.14 m) long. They are dropped through the 
plane of the rotating arm from an elliptical nozzle which has a major axis 
of 17~ in. (4.76 cm) and a minor axis of 7/8 in. (2.22 cm). 

The rate of flow of the beads was calibrated by weighing the beads which 
fall from the tube for a number of settings on the feed mechanism. 
Although it was not possible to ascertain directly the actual number of 
beads striking the surface of the specimen, a theoretical calculation of the 
maximum number of impacts is possible. 

The number of 290-/~m beads in 0.454 kg was determined to be 
1.5 • 10 r. There are 109 70-/~m beads in 0.454 kg. The calculated number 
of impacts per revolution of the rotating arm was 49 000 for the 70-/zm 
beads and 740 for the 290-/zm beads at a flow rate of 7.55 g/s. The 
velocity, v, of the specimen near its midpoint on the rotating arm is related 
to the rotational speed of the arm, 12, measured in revolutions per minute by 

12 = 3.48v 

when v is measured in m/s. 
The specimens were handled with cotton gloves, weighed, and carefully 

mounted in the specimen holder on the blade. They were exposed to the 
direct impacts of the glass beads for time periods which increased with 
the increase in the cumulative time of exposure. The damage process in 
each specimen was monitored microscopically after each time increment 
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" - " '~ . , . .  300 L8 
I I STREAM OF PARTICLES AIR-',, F SAND BIN 

C)RO~.~GT ~OM IN \ I /-SOLENOID 
I I [ / i l l  NOZZLE ~ / Y  VALVE 

1/11111_  ' PACTENT.V' __. _ \ 

J eTV' oL%o 

A...o~ S , E ~ , ~ E . - - ' < ~ . - - a  J I - -  I __ ._____  . 

DETAIL OF SPECIMEN IN HOLDER I I I I / / -  : 

- _ ~  
ROTATING BLADE / 8 IN. DIA RECEIVER 

,,e---4 IN. DIA EXHAUST ~ 
TUBE STAINLESS STEEL 

- -  ~ 

4 IN. TUBE 

6 IN. GATE VALVE / 
PNEUMATIC L MAIN VALVE 

1-5/8 IN. VALVE - M  
BLEED AIR 4 IN. GATE VALVE - MANUAL 

WATER ~ THROTTLE 

AND SAND ~ , ~  VACUUM PUMP 
DISCHARGE WATER SEALED 

F I G .  2---Sand injection and exhaust system ]or AFML-Bell erosion apparatus. 

1-5/8 IN. SOLENOID VALVE 
VACUUM RELEASE 

in order to determine the erosion mechanisms responsible for the nucleation 
of pits in the eroding surface and their subsequent growth patterns. The 
scale of the damage was such that optical microscopy could be used to 
make the necessary observations. A specia ! staging plate designed and 
fabricated for the optical microscope made it possible to return consistently 
to within a few mils of a particular location on the surface of a specimen. 

The experimental procedure for recording the extent of the erosion 
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damage after each incremental exposure on the rotating arm was first to 
survey the entire surface for any unusual feature produced by the particle 
impacts. Then a total of 75 sites, approximately 1.5 mm diameter, located 
in the central region of the specimen was investigated in detail. In the 
initial stages of the erosion process the number of ring fractures was 
counted for each site along with the number of double, triple, and more 
complex ring fracture interactions. The depth of a particular feature on 
the surface can be measured to within a few microns using the optical 
microscope. By setting the focus at a level below the surface, it is possible 
to note the extent of the damage at this level based on areas which are 
in focus as the surface of the specimen is scanned. 

Erosion Mechanisms in Fused Silica 

Although inorganic glasses have been used in erosion studies reported 
in the literature[3-6], no information could be found on the operative 
erosion mechanisms associated with the various stages of the weight-loss 
data for glasses subjected to multiple solid-particle impacts. The erosion 
data for solid p~rticles impacting brittle materials are generally reported 
in terms of plots of the mass of specimen loss per unit mass of eroding 
particles (or an equivalent measure of erosion) as a function of the particle 
impingement angles. Such an approach only provides the steady-state 
erosion rate for a prescribed particle size (or distribution of particle sizes), 
particle shape, and impact velocity. 

The fracture surface produced in a large glass plate by a spherical 
indenter appears as a circular ring on the surface of the plate and penetrates 
the interior of the plate to form a conical frustrum. The depth of penetra- 
tion increases with increasing load. The production of ring fractures on 
the surface of the glass specimens by multiple particle impacts is the 
elemental fracture mechanism in this study; however, a single ring fracture 
may or may not be the nucleus for a growing erosion pit. Described in 
the following are detailed observations of the evolution of the material 
removal process in fused silica by glass bead impacts from its inception 
to the establishment of a steady-state removal rate. 

Specimen G1 (Table 2) was exposed to impacts by 70-#m glass beads 
at 61 m/s (or the equivalent of 212 rpm on the rotating arm). The bead 
flow rate was 15.1 g/s, so according to our analysis of the erosive environ- 
ment the maximum number of bead impacts should be on the order of 
98 000 impacts per revolution. 

The erosion test for Specimen G1 was exploratory. During the early 
stages of erosion, under 8 min, microscopic examination of the eroded 
surface at • showed that it was composed of a distribution of ring 
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fractures, small pitted areas less than 25 /zm diameter, and a distribution 
of very small imprints, less than 2.5 ~m, due to collisions which did not 
produce measurable damage. The average diameter of the ring fractures 
was 76 /zm with very little deviation from this value. The formation of 
these rings on the surface and their interaction were assumed to be the 
primary mechanism for material removal. However, this assumption proved 
to be false. The investigation of these large ring fractures is described 
elsewhere[l] and represents anomalous behavior which contributes little 
to the overall material removal process. 

At higher magnification, • it was seen that the small pits in the 
range of slightly less than 2.5/zm to approximately 25/zm were in essence 
material removal on the periphery of incomplete ring fractures whose 
average diameter was 22.8 t~m. Complete ring fractures were also found, 
but usually only a portion of the material along the circumference is 
removed. These fractures were single rings, so the force imparted by the 
particles to the surface must have been just sufficient to create the ring 
fractures. The rings are formed preferentially and seem to congregate in 
the neighborhood of existing rings. The depth of the material removal is 
only 5 to 10/~m per impact. 

Specimen G2 (Table 2) was exposed to the 290-/~m glass beads at a 
velocity of 61 m/s and a bead flow rate of 7.55 g/s. The specimen experi- 
ences a maximum of 740 particle impacts per revolution of the rotating 
arm according to the theoretical estimate. The arm rotates at 212 rpm to 
attain a linear velocity of 61 m/s at the center of the specimen. Speci- 
men G3 was impacted by the 290-tzm beads at 91.5 m/s (or 318 rpm) at 
the same bead flow rate of 7.55 g/s. The erosion process for both speci- 
mens is described in the following, since the erosion mechanisms were the 
same, differing only in the quantitative aspects of the process. 

The form of the ring fractures produced on the glass surfaces at very 
short exposure times was observed optically using Nomarsky phase inter- 
ference and with transmission electron microscopy (TEM) using surface 
replicas. The optical micrographs in Fig. 3 show that the central region 
of the inner ring is not damaged by the impacts. It was not possible to 
see the cone fractures extending into the interior of the specimens at this 
point; however, subsurface interactions between the transient stress fields 
produced by particles impacting in the vicinity 'of already existing fracture 
surfaces could be observed by the reflection of light from these surfaces. 
A good example of this effect is seen in Fig. 3c, where a number of 
interactions have taken place. The ring fractures at 91.5 m/s have outer 
rings which are approximately 30 percent larger than the outer rings for 
the ring fractures at 61 m/s. The average diameter of the inner rings for 
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the fractures formed at 61 and 91.5 m/s is approximately 63.5 tzm; how- 
ever, the range of the inner ring sizes at 91.5 m/s is fairly broad (45 to 
84 /zm), whereas the range of inner ring sizes at 61 m/s is relatively 
narrow. 

Figure 4 shows TEMs of the ring fracture formed in the early stages of 
the erosion process. Since the stress components are symmetrical about 
the contact area, the initial cracks will tend to be arcs of circles. However, 
the relaxation brought about by these fractures will produce a redistribution 
of stress with the tendency for the crack to propagate in a direction perpen- 
dicular to local trajectories of the maximum tensile stress. I.f the loading 
is continued, circular fractures will be produced at other flaws in the same 
manner as these initial cracks. If the Crack is able to follow the trajectories 
dictated by the maximum tensile stress, it will not be circular. If, however, 
for any reason it is prevented from doing so, it may follow a more nearly 
circular outline for a short time and then branch off so as to bridge the 
distance between its present position and that of another circular crack. 
If fractures have begun at several places, development of each crack in 
this manner is to be expected, giving rise to the complicated figures found 
in practice. The composite micrograph in Fig. 4 is indicative of this 
process. 

The observations of the specimen surfaces using Nomarsky phase inte- 
reference and surface replication do not provide information pertaining to 
the characteristic subsurface conical fracture. The extent of the conical 
fracture surfaces extending into the interior of the specimen could not be 
seen around isolated ring fractures occurring in the very early stages of 
the erosion process. The features of the subsurface fracture surface did 
become evident when a second ring fracture occurred in the vicinity of an 
existing one. Interactions between the dynamic stress field of an impacting 
particle which results in a new cone fracture and the flawed surface of a 
preexisting ring fracture were rarely found at separation distances greater 
than 300/~m. This effect was seen repeatedly in the microscopic observa- 
tions. In nonoverlapping rings the interaction generally produced a short 
cracked boundary representing the intersection of the conical fracture 
associated with each ring fracture. This clearly visible demarcation is 
perpendicular to the line between the centers of the two adjacent ring 
fractures. Overlapping ring fractures show surprisingly little influence on 
each other as seen in the Nomarsky intereference micrographs, Fig. 3. The 
significance of a particle impacting just outside the periphery of an existing 
ring fracture is explained next in relation to the process of material 
removal. 

As more particles impact the neighborhood of the preexisting ring frac- 
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FIG. 4---Ring ]racture on Specimen G2 alter an exposure time o] I s ( ~  X 1200). 

tures, a complex pattern of subsurface fractures develops. The subsurface 
fracture process continues without any significant material removal from 
the surface. Subsequent impacts on the interstitial regions between cone 
fractures produce an increasingly complex network of fracture surfaces, 
but no new cone fractures are produced in the highly flawed interstitial 
areas. The general appearance of the surface of Specimen G2 at 15 and 
60 s is indicated in Fig. 5. The small white spots on the micrograph are 
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evidence of collisions which did not result in ring fractures. The particle 
bombardment has relatively little influence on the interior surface region 
of the ring fractures. The interstitial regions after an exposure time of 
60 s are still intact over most of the surface area of Specimen G2 with very 
little material being removed from the specimen as seen from the weight- 
loss data in Fig. 6. 

The distribution of diameters of the inner rings of the ring fracture 
produced in Specimens G2 and G3 is shown in Fig. 7. These data were 
obtained at an intermediate stage of the overall exposure for each specimen 
and are based on measurements of 200 rings on the surface of each 
specimen. The average diameter for the inner rings of Specimen G2 is 
66.8/zm, while it is 63.9 /zm for Specimen G3. This result is consistent 
with the average diameter of the inner rings evaluated in the very early 
stage of the erosion process. 

Surveying the central region of Specimen G2, it was found that the 
density of ring fractures per square centimeter was 515 at 15 s, 640 at 60 s, 
and 455 at 130 s. Similar data for Specimen G3 shows that the ring frac- 
ture density (rings per square centimeter) is 282 at 3 s and 304 at 18 s, 
reaching a maximum value within the given time range. The probability 
for the formation of ring fractures is quite high under these impact 
conditions. From these data it is seen that the maximum number of ring 
fractures is established quite early in the erosion process and that a majority 
of the rings formed survive the subsequent bombardment of particles as 
the erosion process continues. The reason for the decrease in the cone 
density as the exposure time increases is associated with the early removal 
of certain cones from the bulk specimen. The explanation established from 
the experimental observations of particles impacting just outside of existing 
ring fractures is illustrated in Fig. 8. The top surface appears as in Fig. 8a. 
A cross section of the conical fracture surfaces indicates that Cones A 
and C intersect below Cone B within the range of interaction described 
earlier. Such conditions have been observed microscopically. Cone B is 
only partially attached to the bulk material while Cones A and C are 
firmly anchored. The colliding particles are capable of producing fractures 
around Cone B which weaken its existing support, and ultimately it breaks 
loose. 

The depth of the conical fracture surface is found to be fairly constant 
over the entire eroded area. For Specimen G2 the cone depth is approxi- 
mately 50 to 60/xm while for Specimen G3 the fracture surface penetrates 
80 to 90 /zm below the surface. The larger depths in Specimen G3 are 
attributed to the higher velocity of approach. 

Following the erosion process in Specimen G2 it was found that around 

Copyright by ASTM Int'l (all rights reserved); Fri Jan  1 23:21:20 EST 2016
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



306 EROSION, WEAR, AND INTERFACES WITH CORROSION 

FIG. 5--Appearance o[ the sur/ace o] Specimen G2 (~  >(I00). 

an exposure time of 90 s large-scale removal of material from the inter- 
stitial regions between the firmly anchored truncated cones is the primary 
erosion mechanism. The accelerated rate of material removal is quite 
evident in Fig. 6. The glass in the interstitial areas is severely fractured and 
sizable areas are removed during each time increment. The micrograph in 
Fig. 9 illustrates this process. Just above the center of Fig. 9 there is a 
triplet of cones from which the interstitial glass has been removed. In the 
vicinity of the triplet the imprint of two cones which did not survive the 
impact loadings is also clearly visible. The conditions for their disintegra- 
tion correspond to that shown schematically in Fig. 8. A number of other 
cones which are going to be removed with the interstitial glass can also 
be seen in Fig. 9. Only the interstitial material is being removed up to an 
exposure time of 130 s for Specimen G2 as indicated by the microscopic 
observations. The firmly anchored cones are relatively unaffected by the 
particle impacts during this phase of the erosion process. A number of 
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FIG. 5--(Continued). 

200 

160 

m120 

S 
~ 80 

�9 ~ 40 

SPECIMEN G3 

,J 

~ jT f  
L SPECIMEN G2 

o , o  8o ,~o ,oo  ~00 ~ , o  ~8o 

EXPOSURE TIME ISECONDSI 
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FIG. 7--Distribution of diameters of ring fractures in Specimens G2 and G3. 
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areas on the specimen's surface were observed microscopically during this 
period of the erosion process, and it was found that the growth behavior 
of nucleated regions was quite irregular. At 130 s most of the interstitial 
material was removed from the primary erosion area on the specimen's 
surface. The form of the weight-loss data for Specimen G2 (Fig. 6) shows 
the accelerated rate of material removal which occurs between exposure 
times of 90 and 130 s. The removal of the interstitial material completes 
another stage of the erosion process which overlaps with the final stage. 

The general appearance of the eroded surface is now comparable to a 
waffle iron. Dense arrays of solid conical frustrums are protruding from 
the surface and are generally still intact. The impacting particles do little 
damage in a single impact. The sides of the cones and common points of 
intersection are highly resistant to material removal. The particles can 
only chip small pieces from the protruding frustrums, beginning at the 
plateau and slowly working down to the bulk material. This chipping 
process eventually removes the frustrums from the surface and continues 
into the bulk material. 

The same sequence of events occurred during the erosion of Specimen 
G3 (Table 2) except that the initial phases of the material removal process 
are greatly accelerated. The distinct phases illustrated here for Speci- 
men G2 have a greater tendency to overlap with regard to their time 
evolution. This behavior has been verified through microscopic examina- 
tion of the progressively eroded surface of Specimen G3 and can be directly 
related to the form of the weight-loss data recorded in Fig 6. 

The condition of the glass beads was checked microscopically after they 
collided with the specimens in the erosion tests. No fragmentation of the 
beads was found, and very few fractures could be found on the bead 
surfaces. 

Discussion 

The erosion mechanisms operative on flat surfaces of fused silica glass 
specimens impacted by 70- and 290-/zm glass beads have been established 
through detailed microscopic investigations of progressively eroded sur- 
faces. The following patterns emerge. 

The basic element for the initiation of erosion damage in glass specimens 
is the ring fracture. The diameter of the ring and the geometry of the 
conical fracture surface extending into the bulk of glass plates impacted 
by glass beads are dependent on the radius and impact velocity of the glass 
beads as well as the material properties of the colliding bodies. For the 
range of conditions used in this program the conical fracture surfaces are 
typically 5 to 10/zm deep and on the order of 25 /zm in diameter at the 
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surface of the glass plate for the 70-/zm beads. The 290-/zm beads produce 
fracture surfaces which are 50 to 90/zm deep and approximately 65 /~m 
in diameter at the surface of the glass plate. 

Subsequent impacts in the vicinity of the shallow-fracture frustrums 
produced by the 70-/~m beads initiate chipping of material from the surface 
on a very fine scale. Microscopic observations of the time evolution of the 
eroded surface indicate that once a ring fracture occurs it is the nucleation 
site for the removal of material. The eroded areas grow preferentially 
around a ring fracture by fine-scale chipping of material due to intersecting 
ring fractures. This process continues to remove material from the surface 
layer and exposes a highly fractured and irregular subsurface from which 
material is removed by chipping of small pieces with each impact. 

In the case of the 290-/~m beads another impact in the vicinity of a 
deep conical fracture surface is generally not sufficient to cause material 
removal but contributes instead to a more severely fractured subsurface. 
Additional impacts in this region produce a predictable pattern of sub- 
surface fractures at depths which still allow a substantial layer of over- 
lying material to remain intact. It is only after a number of impacts have 
occurred in the vicinity of the initial ring fracture that removal of the 
material exterior to the developing distribution of conical frustrums takes 
place. The material contained within the frustrums formed by the conical 
fracture surfaces is more resistant to erosive attack than the highly fractured 
interstitial regions; therefore, material removal from the interstitial volumes 
takes place at a higher rate than during the ring fracture development 
phase. The interstitial material is removed, leaving a dense distribution of 
solid frustrums protruding from the bulk specimen. The impacting beads 
chip small pieces of material from these frustrums at a slower rate than in 
the interstitial material removal stage. As the frustrums erode, more surface 
area is susceptible to bead impacts. Chipping of the highly fractured and 
irregular surface of the bulk material takes place at a uniform rate and 
constitutes the final phase of the erosion process. 

The microscopic observations of the erosion process associated with the 
two bead sizes used in the erosion tests indicate that the depth of the cone 
fracture surface determines whether a single impact in the vicinity of a 
preexisting ring fracture will result in material removal or whether a 
number of impacts are required before material removal is initiated. The 
form of the nucleation process for material removal is therefore dependent 
on the radius and velocity of the impacting glass bead; however, the general 
erosion process remains unchanged over the range of bead sizes and impact 
velocities used in this research. 

With this understanding of the microscopic erosion mechanisms con- 
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tributing to material removal as a function of exposure time, it is necessary 
to translate the qualitative data into quantitative terms. As a first step 
toward this objective, the applicability of the Hertz-Huber theory is 
ascertained. 

The equivalent static load, radius of the contact area, and duration of 
impact can be calculated from the Hertzian theory of impact using the 
velocities for the erosion test conditions specified in Table 2 and the 
mechanical properties in Table I[1]. The results of these computations 
are listed in Table 3. 

The results in Table 3 indicate that the radii of the glass beads are on 
the order of four times the maximum contact radius for each impact condi- 
tion. The magnitude of this ratio may cast some doubt on the satisfaction 
of the basic assumptions of the Hertzian analysis. Assuming the Hertzian 
approach is valid, the calculated duration of contact (on the order of 
10 -7 seconds) indicates that a dilatational wave in fused silica will travel 
a maximum of 0.25 cm from the initial point of contact during this time 
interval. The shear and Rayleigh waves will have traveled only 0.15 cm. 
On the basis of these distances in relation to the dimensions of the maxi- 
mum contact area and bead size, the quasi-static loading requirements 
for the treatment of impact phenomena can also be questioned. According 
to calculations of the dynamic contact stress at the boundary of the area 
of contact, provided by Tsai[7], it is seen that the radial tensile stress 
component is essentially equal to the Hertzian radial stress for a maximum 
radius of contact less than 0.25 mm independent of the duration of contact. 
This would imply that the Hertzian approach may be valid for the test 
conditions which are of interest in particulate erosion studies. The experi- 

TABLE 3--Hertzian impact parameters /or /used silica. 

Equivalent Radius of Duration 
Static Contact of 
Load, Circle, Contact, 
P(N) a(#m) T(s) 

70-#m Glass Beads 

61.0 m/s 

91.5 m/s 

290-em Glass Beads 

0.965 8.9 

1.59 10.5 

61.0 m/s 16.0 36.3 

91.5 m/s 26.4 43.0 

1.19 X 10 -T 

I . I 0  X 10 -7 

4.76 X 10 -7 

4.40 X 10- 7 
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mental observations of ring fracture formation are used to determine the 
applicability of the Hertzian analysis. 

The average diameter for the inner ring fracture for Specimen G2 was 
found to be 67/~m, while it was 64 ttm for Specimen G3. The Hertzian 
theory predicts that the diameter of the contact area for Specimens G2 
and G3 should be 72.5 and 86/zm, respectively. A very high probability 
was found for the occurrence of multiple ring fractures with the outer ring 
diameters exceeding the calculated values. The comparison between theory 
and experiment is reasonable. The stress generated at an intermediate stage 
of the compression phase of the impact is sufficient to initiate ring fractures, 
but the magnitude of the load continues to act along with the expansion 
of the contact area. Additional ring fractures are produced as a larger 
area reaches the critical stress level. The process stops when the maximum 
contact area is reached where it is still possible for a crack to develop just 
outside this region before the magnitude of the load begins to subside. 
The static experiment of Sheldon and Finnie[4] for the variation of the 
center of approach of a 1/8-in. (3.175 mm) steel ball on a glass plate 
indicates that the Hertzian expression for the distance of approach of the 
two bodies deviates from the experimental value by only 25 percent when 
the applied load is more than 120 times the load for the initial ring fracture. 
It thus appears that cracked material will transmit load. Sheldon and 
Finnie state that this is due to the fact that the stresses in the contact 
region are primarily compressive. The ring fractures formed on the surface 
of Specimen G1 at 61 m/s are only single rings with an estimated average 
diameter of 23 ~m, which compares favorably with the Hertzian prediction 
of 17.8 ~m. 

The measurements of the ring fracture diameters would tend to support 
the Hertzian evaluation of the Contact stresses for the erosion test condi- 
tions used in this research. The Hertzian expression for the contact stresses 
will therefore be used to construct an appropriate fracture criterion for 
the small bead sizes used in the experimental program. This task will be 
considered in future work. 

Conclusions 

Microscopic examination of the erosion of fused silica by repetitive 
collisions with 70- and 290-/xm glass beads at moderate impact velocities 
confirms that material is removed through a process of pit nucleation and 
growth, which is the basis for a recently developed statistical model for 
characterizing this form of erosion behavior[/]. The operative erosion 
mechanisms in fused silica over a range of impact conditions have been 
identified on the basis of a series of controlled experiments employing the 
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AFML-BeU rotating-arm facility. The quantitative evaluation of ring frac- 
ture formation in these tests supports the preliminary observation that the 
Hertz-Huber theory of impact is applicable to the impact conditions on a 
scale appropriate to solid-particle erosion by spherical bodies. 
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DISCUSSION 

A. F. Conn~--The talk by Dr. Adler represents a well-planned and 
expertly presented approach toward what must eventually be the answer 
to a complete explanation of the response of materials to a raindrop impact. 
In his oral presentation he suggested that he was not going to side either 
with Dr. William Morris (formerly of Bell Aerospace) or with me with 
regard to the discussion of whether a uniaxial strain or a uniaxial stress 
description is the correct one to use in trying to describe rain erosion 
phenomenon. On the contrary, Dr. Adler has stated, and I could not agree 
more, that the phenomenon is an extremely complex spherical wave 
propagation situation. It was also nice to hear Dr. Adler reinforce what 
we have been trying to emphasize, namely, the impm'tance of using dynamic 
properties when studying rain erosion, particularly for the highly elasto- 
merie, extremely rate-dependent materials, and the impossibility of ever 
making any sense out of the problem if one tries to use the statically 
measured responses of such materials. 

Let me emphasize that I do not claim that the waves generated by a 
drop impact are simple bar waves, and of course I am aware of their 
spherical nature. However, the results of our research, as described most 
recently in our paper in this volume, 2 indicate that one may make many 
useful engineering correlations with the rain erosion response of these 
materials by using the results of such uniaxial stress testing. However, the 
complete solution of this problem, as Dr. Adler has so well described it, 
must be the result of the eventual understanding of the full spherical wave 
problem. This paper by Dr. Adler, and the clear indication he has given of 
the usefulness and limits of Dr. Peterson's paper, 3 are valuable contribu- 
tions to the rain erosion literature. 

Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 

z Conn, A. F. and Rudy, S. L., this volume, pp. 239-269. 
3 Peterson, F. B., "Some Considerations of Material Response Due to Liquid- 

Solid Impact," American Society of Mechanical Engineers' Winter Annual Meeting, 
Nov. 1972, Paper No. 72-WA/FE-27. 
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A New Method for Testing Brake Lining 
Materials 
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Testing Brake Lining Materials," Erosion, Wear, and Interlaces with 
Corrosion, ASTM STP 567, American Society for Testing and Materials, 
1974, pp. 316-335. 

ABSTRACT: A new method for testing brake lining materials in the 
laboratory is described. This method is essentially isothermal by nature, 
thus avoiding the usual problems associated with differences between the 
heat-transfer characteristics of brake assemblies in road vehicles and those of 
laboratory te*3t rigs. As an example of application of the method, friction- 
time-temperature curves of five different brake lining materials are pre- 
sented and discussed in terms of time- and temperature-depending trans- 
formations in the composition of the lining materials. 

The quality of the materials is described by the following properties: 
temperature range in which glazing effects occur; temperature range in 
which carbonization effects occur; steady-state value of the coefficient of 
friction; wear (decrease in thickness) of the lining; and sensitivity of the 
lining material to moisture. 

KEY WORDS: brake linings, test method, pin and ring machine, erosion, 
induction heating, isothermal conditions, temperature, friction, wear, 
evaluation, tests 

The quality of brake lining materials depends on a number of factors 
that relate to safety, endurance, and air pollution. However, it is of 
primary importance that the coefficient of friction between a brake lining 
and the mating drum or disk should be high and constant. 

Brake linings, composed on the basis of organic compounds (resins and 
synthetic rubbers), have a relatively poor capacity for energy adsorption. 
In case of high-duty application (emergency stop) they "fade" easily, that 
is, they suffer a fall in friction at elevated surface temperature. This fading 

1 Senior research associate and head of department, Tribology Department, Metal 
Research Institute TNO, Apeldoorn, The Netherlands. 
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effect is associated with decomposition and evaporation of the organic 
compounds. Evaporation effects may generate gas pressure at the interface 
between the lining and mating surface. This may provide aerodynamic gas 
lubrication, with the result that, temporarily, friction is lowered dramati- 
cally. Cooling down of brakes which suffer from fading effects may lead 
to the phenomenon known as "delayed fade." This is associated with the 
fact that decomposition and partial evaporation of the organic compounds 
at a transient high temperature may--upon cooling down--result in the 
formation of a glassy or "glazed" surface with relatively low friction. 

After initial fading effects, prolonged use at high temperature may lead 
to an appreciable increase in friction, sometimes to values above those 
found with a new lining. This phenomenon, currently known as "over- 
recovery," is also associated with transformations in the composition of the 
organic material (usually carbonization). Actually, over-recovery is a 
particularly dangerous type of friction instability, because automotive 
brakes are normally designed to show fading effects at elevated temperature 
so that, as the temperature rises, more of the braking effort will be shifted 
to the cooler wheels[l]. 2 

The foregoing considerations lead to the requirement that a good lining 
material should have a thermal stability, high enough to survive brief 
periods of high-duty application (emergency stops) without giving prob- 
lems in a later stage of operation. Obviously, a good lining should preserve 
its desirable friction characteristics, not only at elevated temperatures, but 
also under atmospheric conditions that deviate from "normal." In this 
respect insensitivity to moisture is an important quality criterion. 

A next and obvious requirement is that the wear rates of both the lining 
material and the mating metal of drum or disk should be low. Finally, 
wear debris, formed during use, should not be toxic. In this respect, atten- 
tion should be paid to the fact that certain crystallographic forms of 
asbestos, the usual filler material for organic brake materials, may be 
dangerous upon inhalation[2,3]. 

The purpose of the research program which forms the basis for this 
paper was to design a rapid testing method for screening new brake lining 
materials developed in industry. In the course of this program some 25 
lining materials were characterized with respect to coefficient of friction, 
wear, thermal stability, reaction to intermediate exposure to moisture and 
production of deleterious waste products. After designing a test method 
and screening the lining materials, the two best linings were selected for 

z The italic numbers in brackets refer to the list of references appended to this 
paper. 
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field trials. Both were found to be perfectly suited for the practical applica- 
tion at hand. 

The present paper serves the purpose of making the new testing method 
more widely known. For this reason, characteristic results of friction and 
wear testing of five materials (for the present purpose presented as mate- 
rials A, B, C, D, and E) are shown and discussed in detail. 

Method 

In establishing friction and wear characteristics of materials, it must 
always be realized that the properties of the friction system may change 
considerably during use as a result of thermally induced transformations in 
the surface zone. While this statement holds for any combination of 
materials, it is extremely important in the case of brake lining materials, in 
particular because of two reasons: 

1. Brake lining materials operate under conditions of dry friction; in 
order to function adequately, the friction coefficient between lining material 
and mating material must be high (that is, usually between 0.3 and 0.5), 
which means that considerable frictional heating occurs. 

2. Many brake lining materials are composed on the basis of organic 
materials (resins and synthetic rubbers); this makes these materials par- 
ticularly sensitive to thermal deterioration effects. 

Because of this, it is generally recognized[4-6] that the determination 
and (in testing) the simulation of the temperatures reached at the friction 
surface during brake applications form one of the fundamental problems in 
studies devoted to the braking of vehicles. The main factors that determine 
the surface temperatures attained during braking are the rate of decelera- 
tion and the duration of braking, the road speeds at each brake application, 
the dimensions and physical properties of the drums or disks and linings, 
the frequency of the brake applications, and the degree of air cooling from 
finning and wheels. Obviously, these factors each play a different part in 
the different kinds of braking likely to be encountered; namely, continuous 
brake applications to bring the vehicle to rest and intermittent braking to 
control vehicle speed in traffic or when traveling downhill. Consequently, 
in each kind of braking assembly as well as in each kind of braking pro- 
cedure, different temperatures may occur. 

These considerations have lead to the widespread practice of testing 
brake lining materials in their natural habitat, that is, in actual vehicle 
applications[7,8]. Although, admittedly, a road test in a vehicle should 
form the final step in any brake lining development program, the exclusive 
use of vehicle testing in developing new brake lining materials is un- 
doubtedly cumbersome[9]. Thus, there has always been a tendency toward 
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development of cheap, reliable methods for the preselection of potential 
brake lining materials in the laboratory[l,5,6,9-1l]. 

The different laboratory methods so far developed have one thing in 
common; namely, they are essentially nonisotherrnal. This means that 
although additional external heating is sometimes applied the interface 
temperature is determined primarily by the generation of frictional heat. 
This creates a problem, because it is difficult to measure or accurately 
calculate such friction-induced interface temperatures. Usually attempts to 
solve this problem are by simulating as much as possible the heat conduc- 
tivity properties of the vehicle system in the laboratory test rig, or by 
performing tests at constant torque. 

In the present case, the aforementioned difficulty was overcome by using 
an essentially isothermal test method�9 In this method, a small specimen, 
machined from the lining material to be tested, is pressed for a brief period 
of time (for example, 5 s) against the curved surface of a metal ring, 
machined from drum or disk material. Figure 1 shows the essential 
elements of the apparatus�9 Figure 2 shows four lining specimen-ring 
combinations, tested at different temperatures. 

Increase in temperature as a result of friction is virtually avoided by 
choosing a low speed of rotation (for example, 0.1 m/s), and "thermal 

/T~ORQUE METER 

COVER GAS~ 

"" i PNEUMATIC 
LOADING UNIT 

INDUCTION 
HEATING 

FIG. 1--Essential elemeots o/test apparatus. 

PRESSURIZED 
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FIG. 2--Four lining specimen-ring combinations, tested at different temperatures. 

loading" of the surface zone of the lining specimen is obtained by heating 
up the ring to the desired experimental temperature, prior to contact with 
the specimen. This is done by induction heating. 

The pneumatic loading system is designed in such a way that the load 
can be built up from zero to the test value (for example, 200 N) in less 
than 0.2 s. 

After termination of the first contact period, the load is removed, the 
lining specimen is moved backwards, and a heat shield is inserted between 
the ring and the lining specimen. After reconditioning the lining specimen 
(cooling down to room temperature, adjustment of humidity conditions, 
etc.,) the foregoing procedure is repeated as many times as is considered 
necessary (that is, usually until friction has attained a steady-state value). 

In this manner significant information on the behavior of friction as a 
function of time (number of contact periods) can be obtained. The relation 
between friction and temperature can be established by performing tests at 
different ring temperatures. If transition phenomena are observed, the 
transition temperature, or the transition temperature range, can be deter- 
mined accurately by performing additional experiments at intermediate 
temperature intervals. 
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The wear behavior of the lining material can be characterized by measur- 
ing the decrease in thickness of the lining specimen with a dial gage after 
each contact period or after a prearranged number of contact periods. 
Since, usually, the number of contact periods in one test run is limited to 
about 30 (the coefficient of friction then having attained its stationary 
value), the total testing time in one test run is usually limited to about 
150 s. In such a short time, the amount of wear is necessarily very limited 
(that is, on the order of 1 to 10/~m). As this is about the lower limit at 
which dial gage measurements can still be performed with an acceptable 
degreeof  accuracy, control experiments are usually performed. In these 
control experiments a lining specimen is brought into contact with a pre- 
heated ring for an extended period of time, and wear is determined, for 
example, after 8 h continuous running. 

In designing the aforementioned method it has been assumed that the 
condition of the upper surface zone of the lining specimen--rather than its 
outer surface---determines the frictional behavior of the system. As the 
contact between the lining specimen and the ring is of an intimate nature, 
the outer surface of the lining specimen acquires a temperature, T~, which 
is nearly equal to the ring temperature immediately upon contact between 
the lining specimen and the ring. T~ is kept constant throughout the entire 
contact period by induction heating of the ring. In the Appendix it is 
shown that the temperature of the lining specimen at a depth of 10 /~m 
below the contact surface becomes equal to 0.99 T, in about 600/zs. As 
the total amount of wear of the lining material during this time period is 
only about 1.10-4/zm, the statement that the method is essentially iso- 
thermal by nature seems fully justified. 

It should be emphasized that the method represents a form of "acceler- 
ated testing," because of the fact that in actual brake applications it may 
take a considerable number of subsequent brake applications before the 
frictional interface acquires a temperature of, for instance, 300~ (572~ 
This effect is not to be confused with the effects observed--and dreaded--  
in typical "overload tests," in which accelerated testing is realized by over- 
loading the lining material mechanically. 

In a preliminary experiment, performed at 25~ (77~ ring tempera- 
ture, it was verified whether, at a relative speed of 0.1 m/s and a normal 
load of 200 N, frictional heating had indeed a negligible influence on the 
temperature of the lining material. To that purpose, a thermal couple with 
a diameter of 0.5 mm was inserted in the lining specimen at 0.5 mm 
distance from the friction interface. It was found that the temperature rise, 
built up during 15 min continuous running under the foregoing experi- 
mental conditions, was only 3~ On the basis of this result it was decided 
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that the increase in interface temperature as a result of frictional heating 
during each 5 s contact period could be neglected. 

Materials 

The present tests were performed with rings machined from SAE D-3 
steel. This material was chosen because of its high thermal stability and 
its resistance against surface oxidation. Obviously, the choice of ring 
material may have some influence on the friction and wear behavior of the 
friction assembly. Probably, such influence will be particularly pronounced 
in the case of a sintered metal lining material. Obviously, in technical 
applications of the present test method, other ring materials (for example, 
cast iron) may be used. The steel rings were finished by turning to a 
surface roughness of 2 • 0.2 ftm (80 • 8 ftin.) rms. 

The lining specimens were machined from five different materials. Mate- 
rials A through D were moulded asbestos-filled composites, bonded with 
resin and synthetic rubber and containing metallic and ceramic particles. 
They differed with respect to asbestos/binder ratio, chemical composition 
of the organic compounds, average size of the asbestos filaments, and 
composition and size of the metal and ceramic .particles. Material E was 
an iron-based sinter metal. 

By machining prior to use, the contact surfaces of the lining specimens 
were adapted carefully to the radius of curvature of the steel rings. 

Experimental Procedure 

In the present test series, experiments were performed in dry air [rela- 
tive humidity <1 percent at 25~ (77~ at temperature levels of 25, 
100, 200, 300, 400, and 500~ (77, 212, 392, 572, 752, and 932~ 
Each individual test run was performed as follows. Prior to testing, the 
specimen assembly was conditioned to the surrounding atmosphere for 
30 min. After termination of the conditioning period, the first "braking 
procedure" was performed by pressing the lining specimen against the 
rotating ring under a normal load of 200 N for a time period of 5 s. The 
speed of rotation of the ring was 0.1 m/s and the normal pressure was 
equal to 106 N / m  2. After termination of the first contact period, the lining 
specimen was moved backwards, the heat shield was inserted between the 
rotating ring and--for ring temperatures of 100~ (212~ and higher-- 
the lining specimen was allowed to cool down to room temperature. In 
order to accelerate the cooling procedure, cool dry air was blown onto the 
lining specimen. At 100~ (212~ the cooling periods lasted 1.5 min, 
at 500~ (932~ they lasted 4 min. 
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In each of the test runs, the foregoing procedure (that is, 5 s contact 
period, followed by a cooling period) was performed 30 times. Thus, the 
integrated contact time was 150 s. 

In additional experiments, the influence of moisture on the performance 
characteristics of the lining Materials A through E was determined. To that 
purpose the lining specimens were soaked in distilled water, prior to test, 
subsequent testing being performed at 25~ (77~ ring temperature. 
In between subsequent contact periods, additional distilled water was 
applied to the surface of the friction material with a soft wet brush. 

All experiments were performed in triplicate. 

Results 

Friction Curves 

Friction records obtained during the first four contact periods of an 
experiment performed with Material A at 200~ (392~ are shown in 
Fig. 3. The figure shows that, during each of the individual contact 
periods, only minor variations in friction occurred. This behavior is 
characteristic for all materials at all testing temperatures. Thus, the fric- 
tional behavior of the different lining materials in each individual contact 
period could be characterized by an average coefficient of friction 7~. 
Analysis of the results of triplicate experiments showed that the spread in 
triplicate 7~ values was usually low. Actually, the highest spread observed 
[that is, with Material A at 500~ (932~ amounted to 15 percent of 
the total average value 1-. Thus the total average friction values were used 
for further data processing. Figure 4 shows f as a function of the number 
of contact periods N for Material A, tested at 25, I00, 200, 300, 400 and 
500~ (77, 212, 392, 572, 752, and 932~ For reasons of simplicity, 
only the data points corresponding to the 1st, 5th, 10th, 15th, 20th, 25th, 
and 30th contact period are shown, different markings indicating different 
temperature levels. Figure 4 shows that, from 100~ (212~ on, the 
average coefficients of friction, measured during the first ten contact 
periods, decreased steadily with increasing ring temperature. This decrease 
in friction was probably due to transformations in and (partial) decomposi- 
tion of the organic compounds. At 200~ (392~ and higher the first 
contact between the friction material and the preheated ring was accom- 
panied by the evolution of organic vapors. At ring temperatures of 300~ 
(572~ and higher, the surface of the lining material readily acquired 
a glazed appearance. 

At approximately the 10th 'contact period, the coefficient of friction 
measured at 500~ (932~ ring temperature began to increase again. 
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FIG. 3--Friction-time records obtained during the first Jour contact periods o] an 
experiment per]ormed with Material A at 200"C(392"F). Duration of each contact 
period: 5 s; speed: 0.1 re~s: load: 200 N: atmosphere: dry air, 

Inspection of the contact surfaces of the friction material after termination 
of each of the individual contact periods shows that this increase in friction 
was accompanied by--and probably due to---local carbonization of the 
surface. Also at 400~ (752~ ring temperature, the friction surfaces 
showed signs of beginning carbonization when inspected after termination 
of the entire test run. 

The-I/N curve obtained with Material A in moistened condition at 25 ~ 
(77~ shows that the friction behavior of this material was only slightly 
affected by moisture. 

Friction curves obtained with Material B are shown in Fig. 5. It turns 
out that these 7IN curves bear a close resemblance to the curves obtained 
with Material A, be it that in this case a discontinuous drop in friction 
occurred between 200 and 300~ (392 and 572~ Apparently, with 
Material B serious decomposition of the organic compounds started at 
a temperature between 200 and 300~ (392 and 572~ The increase 
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q 25"1: 

T 0 1oo"(: 0.8 ~ 2oooc 
A 300 ~ 
o 400 "r 

~ , soo'c 
0.6 25 ~'C,MOISTENED 

�9 O 

O' i 
0 0 5 ll0 15 20 25 30 

N - - - " - - ' p  

FIG. 4--Coefficient o~/riction ('0 as a/unction o/ number o/ contact periods (IV) 
/or Material A at ring temperatures o/ 25, 100, 200, 300, 400 and 5000C (77, 212, 
392, 572, 752, and 932"F). Duration of each contact period: 5 s, speed: O.l m/s; 
load: 200 N: atmosphere: dry air. 

0.8 

0.6 

0.4 

0.2 

q 25~ 
o loo~162 
o 2oo~162 
A 300~ 
o 400"(: 
�9 5oo~ 

N 

FIG. 5--Coefficient o/]riction (-0 as a ]unction o/number o/contact periods (N) 
/or Material B at ring temperatures o/ 25, 100, 200, 300, 400 and 500~ (77, 212, 
392, 572, 752, and 932"F). Duration o/ each contact period: 5 s: speed: O.l re~s: 
load: 200 N; atmosphere: dry air. 
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in friction, observed at 500~ (932~ ring temperature, was more pro- 
nounced than with Material A. Accordingly, the contact surfaces of the 
lining specimens tested at 500~ (932~ were found to have carbonized 
completely after termination of the 30th contact period. This is illustrated 
by Fig. 6, which shows the condition of the contact surfaces of the lining 
specimens after termination of the test runs at 100, 200, 300, 400 and 
500~ (212, 392, 572, 752, and 932~ respectively. Figure 6 shows 
that, after testing at 100 and 200~ (212 and 392~ the appearance of 
the contact surfaces of the lining specimens closely resembled that of a new 
specimen. 

After performing tests at 300 and 400~ (572 and 752~ ring tempera- 
ture, however, the contact surfaces were found to have acquired a metallic 
luster, indicating that a considerable amount of "glazing" had occurred! 
After testing at 500~ (932~ finally, large parts of the test surface were 
found to have acquired a dull black, nonreflecting appearance, indicating 
total carbonization. 

The -[/N curve obtained with Material B in moistened condition at 25 ~ 
(77~ shows that this material was seriously affected by moisture, although 
the coefficient of friction of the moistened material was still rather high 
(] = 0.34). 

Next, Fig. 7 shows 7IN curves for Material C. This material is character- 
ized by an initial decrease in friction at increasing temperature, in the 
temperature range from 100 to 300~ (212 to 572~ At 400 and 500~ 
(752 and 932~ however, a "recovery" in friction value occurred from 
the very start of the test runs on. 

Visual inspection of the contact surfaces after each individual contact 
period showed that this was due to extensive carbonization, occurring 
already during the first contact period. 

The ]/N curve obtained with Material C in moistened condition shows 
that this material was extremely sensitive to moisture. 

Figure 8 shows fiN curves for Material D. This material showed sur- 
prisingly constant friction behavior at temperatures of 25, 100, 200, and 
300~ (77, 212, 392, and 572~ At 400 and 500~ (752 and 932~ 
however, severe glazing as well as carbonization took place. The friction 
behavior of Material D at 25~ (77~ was not much affected by moisture. 

Finally, Fig. 9 shows -]/N curves obtained with Material E. This material 
does not contain organic compounds, thus glazing and carbonization effects 
were not found. As was to be expected with a metallic material, friction 
was a rather complex function of temperature and running time, probably 
because of the occurrence of temperature- and time-depending adhesion 
and oxidation effects. Initially (that is, at the first contact period), an 
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v 2s'c 
- o ,oo.c 
| n 200"C 
J A 300 ~ 
/ 0 400~ 
i O SO0"r 

OA 

0 0 5 10 15 20 25 30 
N 

FIG. 7--Coefficient o//riction (f) as a/unction o/ number o/ contact periods (N) 
/or Material C at ring temperatures ,9/25, 100, 200, 300, 400 and 500"C (77, 212, 
392, 572, 752, and 932 *F). Duration of each contact period: 5 s; speed: 0.I re~s: 
load." 200 N; atmosphere: dry air. 

T O.8 

i 
0,6 

OA 

0,2 

25~ 
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�9 ,, ~ ~ , p _ l  ~ 
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FIG. 8--Coefficient of friction ~) as a/unction o/number o/ contact periods (N) 
for Material D at ring temperatures o~ 25, lO0, 200, 300, 400 and 500~ (77, 212, 
392, 572, 752, and 932 *F). Duration o/ each contact period: 5 s: speed: 0.! re~s; 
load: 200 N: atmosphere: dry air. 
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q 2~ ] O tooOc 
0.8 o 2oo'(: 

~,, 300~ 

. r 4oo*(:  
�9 soo*c  

0.6 �9 25~ NK)ISTENED 

V ~  

0.2 
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N 

FIG. 9--Coej~cient ol lHction (-() as a tunction o/number of contact periods (N) 
~or Material E at ring temperatures of 25, 100, 200, 300, 400 and 500~ (77, 2t2, 
392, 572, 752, and 932 ~ Duration of each contact period: 5 s; speed: 0.I re~s; 
load: 200 IV; atmosphere: dry air. 

increase in temperature from 25 to 300~ (77 to 572~ caused a gradual 
decrease in friction from about ] = 0.58 to ] = 0.38. A further increase in 
temperature, however, did not result in a further decrease in friction. At 
25~ (77~ friction decreased steadily with increasing number of contact 
periods to a steady-state value of ] = 0.42. At 100~ (212~ friction 
made some erratic excursions with increasing number of contact periods, 
but acquired a N:,, value of f = 0.52, that is, nearly equal to the starting 
value of ] = 0.54. At 200 and 300~ (392 and 572~ a definite trend 
toward increasing friction with increasing number of contact periods was 
observed. At 400 and 500~ (752 and 932~ finally, the coefficient of 
friction remained nearly constant during the entire test run. 

Obviously, the scope of this paper does not permit a detailed analysis 
of the aforementioned phenomena. For the time being it should suffice to 
conclude that Material E continues to function as a good friction material 
until temperatures of 500~ (932~ or higher. However, the -/IN curve 
obtained for Material E in moistened condition at 25~ (77~ shows that 
it was surprisingly sensitive to the presence of moisture. 

The severe decrease in friction at elevated temperatures that was 
observed with Materials A, B, C, and D is a typical example of "delayed 
fade." Catastrophic fading by aerodynamic gas lubrication effects could 
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not be observed in the present tests, presumably because the ring rotated 
very slowly. It is to be expected, however, that materials which were 
showing severe delayed-fading effects in the present tests may suffer from 
gas lubrication effects upon high-speed application in practice. 

The increase in friction which followed the initial decrease at 500~ 
(932~ clearly corresponded to the practical phenomenon known as over- 
recovery. Thus, in this case, over-recovery was due to carbonization effects. 

Wear Measurements 

Results of wear measurements, performed after termination of 30 contact 
periods at 25, 100, 200, 300, 400, and 500~ (77, 212, 392, 572, 752, 
and 932~ respectively, are given in Table 1. Results of wear measure- 
ments after 8 h continuous running at 200~ (392~ are given in 
Column 7 of the same table. 

Table 1 shows that after 30 contact periods (total running time 150 s) 
the total amount of wear of Materials A, B, D, and E was very small, even 
after testing at 500~ (932~ ring temperature. Still, on the basis of 
these data a distinction between these four materials can be made. The 
sinter metal (Material E) emerges as the best material; it had suffered less 
than 1 /zm wear after 30 contact periods at 500~ (932~ ring tempera- 
ture. The wear of Materials A, B, and D was distinctly higher at all 
temperatures, but particularly so at ring temperatures of 400 and 500~ 
(752 and 932~ This was probably due to the occurrence of carboniza- 
tion effects. Material C, finally, suffered more wear than either of the 

TABLE l - - R e s u l t s  o[ wear  m e a s u r e m e n t s .  

AdN:~o a #m Ads d ) gm 

Lining 100~ 200~ 300~ 400~ 500~ 2000C 
Material (212"F) (392~ (572~ (752~ (932~ (392~ 

A 2 1 I 4 4 I10 

B I 2 I 3 4 95 

C 4 3 3 8 25 200 

D I 2 2 3 3 130 

E < 1  < 1  < 1  <1  <1  2 

~d~:~ = decrease in thickness of the lining material after 30 contact periods. 
b Ads h = decrease in thickness of the lining material after 8 h continuous running. 
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other materials, particularly at 500~ (932~ These observations are 
corroborated by the information obtained after 8 h testing at 200~ 
(392~ 

Summary and Conclusions 

A summary of characteristic results is given in Table 2. In this table 
Column 2 contains the temperature range in which thermal decomposition 
effects occur and Column 3 gives the temperature ranges for carbonization. 
These data are based on study of the f/N curves as well as on observations 
regarding the condition of the friction surfaces after termination of the tests. 

If one considers glazing to be a dangerous and therefore intolerable 
phenomenon in practice, the lower limits of the temperature ranges for 
glazing should be taken as representing the maximum admissible tempera- 
tures for use in practice. These temperatures are given in Column 4 of 
Table 2. Next, Column 5 contains the average values of the steady-state 
friction (that is, the coefficient of friction observed during the 30th contact 
period) at T = 100~ (212~ and Column 6 gives the steady-state 
friction values obtained when testing at 25~ (77~ with moistened 
materials. Finally, the wear data obtained after 8 h continuous testing at 
200~ (392~ are once more presented in Column 7 of Table 2. 

From the data compiled in Table 2, the following conclusions regarding 
the quality of Materials A through E can be drawn: 

1. The maximum admissible temperature for use of Material A is rather 
low (150~ (302~ Thus, application of Material A requires the use 
of a disk or drum material with good heat conductivity and, in addition, 
good cooling facilities. This is the more important as, at temperatures of 
100~ (212~ the coefficient of friction is rather high (f = 0.54), which 
means that much frictional heat is dissipated upon use. Material A is 
remarkably insensitive to moisture. 

2. When Material B is used, a higher surface temperature (200~ 
(392~ can be permitted. At 100~ (212~ Material B has about the 
same high coefficient of friction as Material A, that is, f = 0.55. The effect 
of moisture, however, is more pronounced than with Material A. 

3. As far as the maximum admissible surface temperature is concerned, 
Material C shows no advantage over Material B. Friction with this material 
is generally lower than that observed with Materials A and B. This may 
be an advantage, if the cooling facilities of the brake assembly are relatively 
poor. On the other hand, when using Material C, one needs more friction 
surface to obtain the same braking power as one gets with Materials A 
and B. The carbonization temperature of Material C is distinctly lower 
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than that of Materials A and B. This is a disadvantage for high-temperature 
use because, in practical application, carbonization effects are to be avoided 
at all costs. Further, Material C has a poor performance when tested in 
moistened condition and, finally, its wear behavior is unsatisfactory. This 
makes Material C a questionable choice for application in practice. 

4. When compared with the other asbestos-based materials, Material D 
exhibits a superior behavior as far as the maximum admissible surface 
temperature is concerned (300~ (572~ The coefficient of friction 
obtainable with this material at 100~ (212~ however, is much lower 
than that obtainable with Materials A and B, On the one hand this means 
safe operation, even under relatively unfavorable cooling conditions, while 
on the other hand one needs more friction surface to obtain the same 
braking power as one gets with Materials A and B. As with Material C, 
carbonization of Material D occurs at a lower temperature than carboniza- 
tion of Materials A and B. The sensitivity toward moisture of Material D 
is also rather high. 

5. Material E, finally, can be applied up to surface temperatures of 
500~ (932~ and higher. Wear is very low, and the coefficient of fric- 
tion at 100~ (212~ is nearly as high as observed with Materials A 
and B. Obviously these qualifications make the sinter metal E superior 
to the asbestos-based materials. In moistened condition, however, the 
performance of Material A is distinctly superior to that of Material E. 

The foregoing conclusions show that the newly developed, isothermal 
test method, described in this paper, has excellent discriminating power. 
It can yield detailed and valuable information for designers, manufacturers, 
and users. 
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APPENDIX 
Calculation of Rate of Heating Up of Lining Specimens 

For the present purpose the rate of heating up of the lining specimens will 
be characterized by the time it takes to heat up the asbestos-based lining 
materials at I O-~m depth below the contact surface from room temperature to 
a temperature t-hat is 1 percent lower than the temperature at the contact surface 
(T~). The shorter this time, the more favorable (that is, the more isothermal) 
the contact situation will be. This time, t().~),j, can be calculated as follows. 

Assuming that the heat production by friction and the rate of the heat loss 
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by evaporation, etc. can be neglected, the change in temperature at each volume 
element dxdydz in the lining material is given by the Fourier equation 

-~S = \~x2 +~y2+~z2] (1) 
in which ~ is the thermal diffusivity coefficient, equal to K/pc  (K = thermal 
conductivity coefficient, 0 = density, c = specific heat). 

Assuming that the heat flow in the lining specimen is primarily in the direc- 
tion normal to the contact surface (x-direction), Eq 1 reduces to 

3T ~2T 
- ( l a )  ~t K ~x 2 

Further, the following boundary conditions apply: 

T = T o  for t = O  and x />O 
T = T ~  for t > O  and x = O  
T = To for x--) 

Solving this equation for x =- x a yields 

r .  - -  T . .  a _ e r /  xa (2) 
T.~ -- T o 2 V K-t 

For the asbestos-based lining materials (most unfavorable situation), K ~ 5.10 -1 
J /m s~ O ~ 2"103 kg/m'~ and c ~ 2.103 J/kg~ Thus, ~ -~ 10-7 m2/s. 

Applying Eq 2 for T.~-= 500~ (932~ (most unfavorable situation), 
T~I = 495~ (923~ T, = 25~ (77~ x 1 = 10 -5 m and K = 10 .7 m-~/s 
yields: 

t~).~) = 600 tss 
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DISCUSSION 

STP567-EB/Dec. 1974 

A. F. Connl--In view of the discussions in some of the earlier papers 
in this symposium pertaining to the role of velocity and frictional heating 
on the value of the coefficient of friction, I wonder if the author would care 
to comment on the following question. In the tests at TNO a very low 
velocity was used, in order to avoid frictional heating, while a controlled 
external source was used to provide the elevated temperature environment. 
Does the author feel that this is indeed a valid simulation of the actual 
case wherein there is a high velocity but no external heat generation? Has 
this been verified experimentally, or are there theoretical bases for this 
assumption? 

A. Begelinger and A. W. I. de Gee (authors' closure)--We are grateful 
to Dr. Conn for making his valuable comment. Actually, the proof of the 
pudding is in the eating; that is, only correlation with results obtained under 
conditions of practical application can ultimately justify acceptance of the 
test method for screening purposes. 

Realizing this, we are now gathering such information. The data obtained 
thus far are certainly encouraging as they suggest that no purely mechanical 
velocity effects occur. 

x Principal research scientist and head, Materials Sciences Division, HYDRO- 
NAUTICS, Incorporated, Laurel, Md. 20810. 
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