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Foreword

The symposium on Fast Fracture and Crack Arrest was presented at
Chicago, Ill., 28-30 June 1976. ASTM Committee E-24 on Fracture
Testing of Metals sponsored the symposium. G. T. Hahn, Battelle
Columbus Laboratories, presided as symposium chairman. G. T. Hahn
and M. F. Kanninen, Battelle Columbus Laboratories, are editors of this

publication.
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Introduction

Structural integrity can be normally assured by preventing the onset of
unstable crack extension. With fracture mechanics, this is done by design-
ing structural components so that the stresses will not exceed limits im-
posed by flaw size and material toughness considerations. However, de-
signs which preclude crack instablility under all conditions can be far too
costly. There are, in addition, applications where the large-scale extension
of a crack would have catastrophic consequences. In particular, in struc-
tures like LNG ships, arctic pipelines, and nuclear pressure vessels, un-
checked crack propagation would be intolerable. Provisions for the timely
arrest of an unstable crack can at the very least represent an economical
second line of defense and may be a practical necessity.

It is interesting to recognize that, in giving direct consideration to the
arrest of unstable crack propagation, fracture mechanics is returning to
an initial focal point of the subject. Present day fracture mechanics has
largely evolved from the failures of World War 1l all-welded merchant
ships. Attempts to control these were made by installing flame-cut longi-
tudinal slots covered with riveted straps where unstable cracks were antici-
pated. But, while many cases are on record of cracks being arrested by
these devices and ships saved by their presence, this approach was quickly
abandoned after the war in favor of designing against the initiation of
crack growth. This work was spearheaded by G. R. Irwin, the author of
the first paper in this volume, and his colleagues at the Naval Research
Laboratory. Their work laid the foundations of present day linear elastic
fracture mechanics which is now the basis for a more rational approach
to crack-arrest design.

Since World War 11, the crack-arrest strategy has found application in
welded ships, aircraft structures, transmission pipelines, and nuclear pres-
sure vessels. Taking linear elastic fracture mechanics concepts as the start-
ing point, design guidelines for arresters integral with ship hulls were de-
veloped in Japan in the 1960s. An excellent review of the Japanese research
by Professor T. Kanazawa can be found in Dynamic Crack Propagation, G.
S. Sih, Ed., Noordhoff, 1972, the proceedings of the last major confer-
ence devoted entirely to this topic. As a more specialized example, frac-
ture mechanics applications to crack arrest in gas transmission pipelines
have also been made. These are reported in Crack Propagation in Pipe-
lines, published by the Institute of Gas Engineers, London, 1974.

1
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2 FAST FRACTURE AND CRACK ARREST

The present symposium was sponsored by ASTM Committee E-24 on
Fracture Testing of Metals. It reflects the recent expansion of interest in
crack-arrest technology. This interest has been stimulated both by the
availability of dynamic fracture mechanics analyses—calculations, which
account for the effects of kinetic energy and inertia—and the importance
of the technological applications. The analyses have raised serious ques-
tions about the conventional interpretation of laboratory procedures for
measuring and applying the arrest toughness property. Concurrently,
research has been prompted by the assessments of crack arrest in nuclear
pressure vessels required by the ASME Code. A study of this problem by
a joint PVRC/MPC Working Group, in 1973 and 1974, has led to several
large research programs under U.S. Nuclear Regulatory Commission
(USNRC) and the Electric Power Research Institute (EPRI) auspices. All
of these activities have generated interest in a test practice for measuring
the crack-arrest material properties. Work leading to a test method was
begun in 1975 within ASTM E24.03.04. This symposium represents an
initial step in the subcommittee’s work.

The symposium was organized with the specific aim of collecting and
disseminating recent research findings that have a bearing on the defini-
tion and measurement of the material properties involved in crack arrest.
Owing to the growing interest in this subject in the United States and
abroad, efforts made to obtain the widest possible representation were
quite successful. The symposium attracted 15 technical papers from this
country and 12 papers from abroad. Over 70 specialists participated in
the three-day program. The papers themselves describe new methods of
analyzing run-arrest events, evaluations of the effects of rapid acceleration
and deceleration, new techniques for measuring crack speed, new proce-
dures for evaluating the stress intensity of a fast propagating crack up to
and beyond arrest, as well as data for nuclear grades of steel and other
materials. This volume therefore offers an up-to-date account of all phases
of the fast fracture arrest problem.

The symposium was organized by a committee drawn principally from
E24.03.04: G. T. Hahn, Battelle’s Columbus Laboratories (Chairman),
H. T. Corten, University of Illinois, L. B. Freund, Brown University,
G. R. Irwin, University of Maryland, M. F. Kanninen, Battelle’s Colum-
bus Laboratories (Secretary), A. S. Kobayashi, University of Washing-
ton, J. G. Merkle, Oak Ridge National Laboratories, and E. T. Wessel,
Westinghouse Research Laboratory. Assistance and encouragement were
also received from K. Stahlkopf and T. U. Marston, EPRI, and E. K.
Lynn, USNRC. The editors would also like to express their appreciation
to G. Kaufman, Aluminum Company of America, who served as a tech-
nical consultant, and J. Scott, the Chairman of E24.03. The nuts and
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bolts of assembling the manuscript for the printer was, as always, admi-
rably performed by Jane Wheeler and the Staff of ASTM.

G. T. Hahn

Manager, Metal Science Section, Battelle’s
Columbus Laboratories, Columbus, Ohio;
symposium chairman and editor

M. F. Kanninen

Senior Research Scientist, Applied Solid
Mechanics Section, Battelle’s Columbus
Laboratories, Columbus, Ohio; editor



Analyses of the Crack Arrest Problem



G. R. Irwin'

Comments on Dynamic Fracturing

REFERENCE: Irwin, G. R., “Comments on Dynamic Fracturing,”’ Fast Fracture
and Crack Arrest, ASTM STP 627, G. T. Hahn and M. F. Kanninen, Eds., American
Society for Testing and Materials, 1977, pp. 7-18.

ABSTRACT: A brief review is given of basic definitions and concepts applicable to
linear elastic analysis of dynamic fracturing. It is noted that determinations of the
crack-extension force, G, based upon conservation of energy may require adjustment
for energy losses elsewhere than at the crack tip. From direct observation of running
crack stress fields, crack speed increases rapidly with K toward a limiting speed which
is maintained until X becomes large enough to cause crack division. The minimum K
value of this relationship is termed K, Estimates of K, by use of the test methods
termed K, (dynamic initiation) and K, (crack arrest) are of practical interest. The
uncertainties associated with such estimates as well as testing difficulties are restricted
mainly to the region above nil-ductility transition temperature where toughness in-
creases rapidly with test temperature. Use of deep face grooves to overcome testing
problems in the high toughness range introduces serious questions as to applicability
of test results to natural cracks in heavy section structures.

KEY WORDS: crack propagation, dynamic fracturing, fracture (materials), fracture
strength, fracture properties

Nomenclature

K Stress intensity factor
G Crack extension force
x,¥,z Cartesian coordinates at a crack front point
r, © Polar coordinates at the crack tip
o, Extensional stress normal to the crack plane
Tas Ty, Shear stresses
a Small segment of the x-axis at the crack tip
#  Shear modulus
v Poisson’s ratio
¢ Crack velocity
¢, A longitudinal wave velocity
c; Shear wave velocity
8,, 8, Dimensionless functions of ¢/c, and c/c,

Visiting professor of mechanical engineering, University of Maryland, College Park,
Md. 20742.
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8 FAST FRACTURE AND CRACK ARREST

f(c) Dimensionless function of 8, and 8,
p Density
oy Tensile stress governing plastic strains
2r, Nominal plastic zone size
& Crack (tip) opening displacement
E Young’s modulus
dA Increment of separational area
dr Increment of time
U; Total stress field energy
T Total kinetic energy
P Loading force
A, Loading force displacement
Minimum value of K versus crack speed graph
NDT Nil-ductility transition
K, Rapid load initiation toughness
K,, Crack arrest toughness
J, J-integral Computation of crack tip energy loss rate from a path
independent integral
DCB Double cantilever beam (specimen type)

Definitions and Concepts

In the case of isotropic and orthotropic materials the same definitions
of the characterization parameters, X and §, may be used for the leading
edge region of either a stationary or a running crack. The basic analysis
assumes that the stress-strain relationship is linear-elastic, each segment
of the leading edge is a portion of a straight line or simple (continuous)
curve, the separational area adjacent to and behind the leading edge is
flat, and the progressive fracturing characterized consists of infinitesimal
increments of new separational area each of which is coplanar with plane
of fracture adjacent to the leading edge. A summary of situations for
which characterization in terms of K and § may not be appropriate, even
when the foregoing assumptions are adequately representational, is given
later. The influences of representational inaccuracies of the analysis
model (for physical reasons) are also discussed at a later point.

For purposes of analytical discussion assume Cartesian coordinates,
X,5,2Z, always positioned at the leading edge of the crack with y normal
to the crack plane, z coincident with leading edge segment (which is of
characterization interest), and x (positive) directly forward from the crack
tip. In addition, assume polar coordinates, r, 6, in the plane, z = 0, and
from the same coordinate origin such that r coincides with x (positive)
when 6 = 0. In the special case of a two-dimensional generalized plane-
stress analysis, the leading edge of the crack becomes a point, the crack
plane adjacent to the leading edge becomes a line segment, and the small
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increment of new separational area becomes an infinitesimal line segment
colinear with the crack line adjacent to the crack tip. A similar pictorial
view is applicable to each segment of the leading edge of a crack in a state
of generalized plane strain because, in the three-dimensional perspective,
an infinitesimal increment of new separational area is always thought of
as a strip parallel to the leading edge (having a dimension forward from
the leading edge which is very small relative to the dimension parallel to
the leading edge). For a running crack, the preceding comments imply
that the coordinate origin moves with the leading edge of the crack.
The Mode 1 (opening mode) stress intensity factor, K, is defined as

K = limit (¢, 27r) 1)
asr=0onég=20
where ¢, is the extensional stress normal to the crack at the position, r,
ahead of the crack tip. Definitions of K for Modes 2 and 3 stress fields
are obtained by replacing o, respectively, by the shear stresses 7,, and
7,.in Eq 1.
The Mode 1 crack-extension force, G, is defined as

1
9 =llm1tl:]
0

asa—>0

o

M._,o, dr} #)]

where (v), _, is the y-direction (positive) displacement of a point on the
crack plane at a distance, « — r behind the crack tip, and o has the same
meaning as in Eq 1. Definitions of G for Modes 2 and 3 stress fields can
be obtained by replacing the integrand of Eq 2, respectively, by (), _ ,
7,and (w), _ ,7,, where u and w are displacements in the x and z directions.

In the verbal terms, § is the rate of loss of energy from the stress-strain
field at the crack tip singularity per unit of new separational area. The
increment of new separational area used in computation of G is infinitesi-
mal and virtual.

In Eq 2, as « becomes small enough, ¢, approaches the value

o, = KN 2mr 3)

and (v) approaches the value

a-—-r

2b (), -, = f(© if-\/ (@ —71)2r @)
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where u is the modulus of shear and f(c) is a dimensionless function of
the crack speed, ¢. Carrying out the integration indicated in Eq 2 gives

g =79k )
2u

The corresponding proportionalities of G to X2 for Modes 2 and 3 and
nonisotropic materials will be omitted her¢. For isotropic materials and
Mode 1, the proportionality factor f(c) is given by

f@©) = 4@2 & - sz’mz ©)
where
B2=1 - (c/c)? ™
and
Br=1— (c/cy)? ®
The velocities, ¢, and c, are given by
ct = 27# ((Tl—;?)f plane strain
c? = zp_”_li_v plane stress )
c? = % plane strain or plane stress (10)

where
v = Poisson’s ratio and
p = density of the material.

In the limit, as ¢ approaches zero, the factor f(c) approaches the values

J@©=1~-v plane strain
1
- plane stress (11)
f(©) 1+

Table 1 shows the approach of (1 + ») f(c) toward unity as ¢ decreases
toward zero. The computations assume plane stress and v = 0.3,
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TABLE 1--Results of experiments.

Crack Speed 0.5¢, 0.4c, 0.3c, 0.2¢c, 0.1c;
d + ) fE© 1.26 1.15 1.075 1.032 1.008

Essentially the values of (1 + v) f(c) in Table 1 represent the increase
factor of near-crack-tip opening displacements relative to static values for
a given K. Actually, in the case of certain illustrative problems such as
that treated by Broberg [/],? this increase of opening displacements is
offset by a decrease of K below the value predicted by static analysis.

Although the crack speeds of practical interest are at or below 0.5¢,,
it can be noted that the Raleigh wave velocity (about 0.9c,) where

48,8, = (1 + B)? (12)

represents the inertial limitation on the propagation of an undamped per-
fect crack disturbance.

Representational Aspects of the Linear-Elastic Model

Certain conditions of continuity are required by the linear-elastic per-
fect crack model previously discussed. The K and § characterizations are
not appropriate in the close neighborhood of the intersection of the lead-
ing edge of a crack with a free surface. In addition, the increment of in-
finitesimal crack extension basic to the definition of § cannot be inclined
at a finite angle with the crack plane adjacent to and behind the crack
tip. Thus K and G must be used with caution in the close neighborhood of
a finite angle change in trajectory of a crack. In many structural metals
onset of rapid fracturing tends to be abrupt, and the most convenient
analysis model may be one in which rapid fracturing begins with a step
increase of velocity from zero or very small crack speed. Although the
definitions of K and G are applicable before and after the abrupt change
of crack speed, their values during this event are ambiguous. A similar
situation occurs when arrest of a running crack appears to happen
abruptly from a finite crack speed {2].

In structural metals, the analytical model stress field loses accuracy
close to and within the crack-tip plastic zone. In response, one can simply
regard K (or ) as a parameter indicative of the stress intensity acting
across the crack-tip plastic zone. The energy loss rate, concentrated in the
analysis model at the crack tip, obviously occurs throughout the plastic

2The italic numbers in brackets refer to the list of references appended to this paper.
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zone. As a rough measure of the lateral size of the plastic zone, one can
use the value, 2r, given by

2ry = % (K/a,)? 13)

where ¢, is a judgment choice of the average tension which accompanies
yielding in the plastic zone. The progressive fracturing process consists
in formation and joining of advance separations within a region adjacent
to the crack tip termed the fracture process zone. The size of this zone
varies with temperature, fracture mode, and material properties. With
structural steels, cleavage fracturing at low temperatures may have a pro-
cess zone larger than 2r,. However, in the temperature regions of com-
mon interest near or above the NDT temperature, one would expect the
size of the fracture process zone to be about 56 where

5K?
55 = 14
8 Ea'y ( )

From Eqgs 13 and 14, the fracture process zone then occupies only a small
fraction of the crack-tip plastic zone. For various reasons, the irregularities
characteristic of a running crack fracture surface are considerably larger
than 53.

The formation and joining of advance separations in the fracture pro-
cess zone tends to produce locally discontinuous increments of crack ex-
tension. The crack speed has no significance other than as an average of
such events along the leading edge and across a forward motion substan-
tially larger than the leading edge contour irregularities.

It is helpful to recognize that the separational behaviors in the fracture
process zone are controlled by the local environmental strain across the
fracture process zone. In order to produce a running crack, the surround-
ing elastic field must produce plastic strains continually near the advancing
crack tip adequate for the separational process. Introduction of a device
which would clamp or fix the displacements above and below the fracture
process zone would stop the fracturing process immediately. An increase
of K can enlarge the plastic strain field, increase the size of segments of
crack extension, and produce a higher crack speed. Although there are
complications, such as unsuccessful attempts at branching of the crack,
it seems likely that limitations on the speed of propagation of the crack-
tip plastic zone are a major factor in fixing the upper limiting velocity
of a running crack in a structural metal. For example, velocities in the
range of 1500 to 1800 m/s have been observed during brittle fracturing of
wide steel plates, 25 mm thick. In comparison, observations of running
cracks in gas transmission line pipe, about 10 mm thick, showed that
when the plastic zone was relatively large (50 percent or more oblique
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shear on the fracture surface) the limiting crack speed was usually less
than 400 m/s [3].

Branching of a running crack in a large plate, or hackle for a deeply
embedded running crack, appears to be related closely to the attainment
of a limiting crack speed. In steel plates, branching has been observed at
limiting crack speeds as low as 0.17¢,. This speed is much too low to cause
a significant difference between the static and dynamic elastic stress field
patterns around the crack tip. Many instances of branching have been
observed which cannot be explained by dynamic warping of the crack-tip
stress field, the explanation proposed by Yoffe [4]. On the other hand the
association of branching with the attainment of a limiting crack speed has
been consistently found.

In the case of a static crack, Eq 2 for § can be replaced by a path in-
dependent line-integral termed J [5]. If one extends the line-integral path
to the specimen boundaries and in a manner that encircles the loading
points, the equivalence of the J-integral to a compliance calibration
method for § becomes clear. In the case of a specimen which contains a
running crack, certain precautions are necessary when § is determined
from a ‘total specimen’’ method. For example, it has been suggested that
G can be determined from the equation

gdA dU, dT Pdap

FraFtar @ O (1)

where
dt = small increment of time,
dA = small increment of new separational area,
U = total strain energy in the stress field,
T = total kinetic energy in the stress field,

P = loading force (we assume only one nonstationary loading point,
and
A, = load point displacement parallel to the load.

The dynamic stress pattern of the running crack can be thought of as
the superposition of a large number of stress waves, each associated with
a small increment of crack extension. The high frequency ‘‘noise’’ due
to the fine scale irregularities of the fracturing process will be mainly lost
by damping close to the crack tip. The corresponding energy loss, rela-
tively small, can be properly considered as a portion of the energy loss
rate, G. However, losses of energy from the more uniform stress wave
pattern may occur during reflection at corners, edges, and surfaces of the
specimen as well as in the body of the material. Energy losses of this
kind cannot be represented as a portion of § and must be accounted for
in Eq 15, possibly by modification of the third term. In addition the anal-
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ysis complexities of the dynamic problem provide strong motivation to-
ward use of an oversimplified model of the specimen which has fewer
degrees of freedom of motion. This adds to the difficulty of making a
proper formulation of the term d7/dt in Eq 15. In general it is necessary
to bear in mind that the parameters K and § for a running crack are
defined properly only by the stresses and displacements close to the crack
tip. In practical terms this means that K should be determined from the
moving linear-elastic crack model which provides a best fit to the stress
field close to the crack tip and outside of the crack-tip plastic zone.

When interpretation allowances are made for the points just noted,
dynamic analysis determinations of K during crack propagation, including
those based directly on Eq 15, are of considerable interest. In ideal con-
cept, a complete prediction of run-arrest behavior during crack propaga-
tion requires knowledge of K at the start of rapid fracturing, the propa-
gation behavior curve in terms of crack speed versus K, and analysis
methods appropriate for dynamic aspects of the given problem. Because
of the inherent analysis complexities, such oversimplifications as may be
necessary to obtain approximate results are allowable and provide useful
experience toward further development of dynamic analysis techniques.
For example, the dynamic analysis computations and experiments reported
in Ref 6, which deal mainly with crack propagation in DCB specimens,
show a substantial degree of agreement between computed predictions
and experimental results. Extension of dynamic analysis capabilities to
two-dimensional problems is desirable in order to study crack propagation
problems which resemble cracks in service components.

Running Crack Behaviors

Figure 1 is taken from current dynamic photoelastic research at the
University of Maryland. The figure shows measurements of crack speed
as a function of X for running cracks in 9.5 and 12.7-mm (thickness) plates
of Homalite 100, a transparent material. Velocities were inferred from
observed crack-tip positions using a 16 frame mulitiflash camera of the
Cranz-Schardin type. The experiments were conducted at room tempera-
ture. K values were obtained from measurements of the isochromatic
fringes close to the crack tip.

The available information on crack speed as a function of K for brittle
fracturing of structural steel [2,3] shows features which are generally
similar to those shown in Fig. 1. In the low-velocity range, K is not sensi-
tive to crack speed. In the high-velocity range, crack speed is not sensitive
to the K value. It can be noted that several measurement points are plot-
ted at zero crack speed. These points were derived from flash photographs
which showed the crack-tip isochromatic fringe pattern at a position of
temporary arrest. Within the accuracy of these studies there was no evi-
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FIG. 1—Measurements of crack speed as a function of the stress intensity factor, K, for
Homalite 100.

dence for a difference in the K value for a low-velocity crack approach-
ing arrest, in a temporary arrest condition, and just after reinitiation.
The upper limiting crack speed was 0.31c,. As would be suggested by
Table 1, the velocities encountered in these experiments were not large
enough to reveal a significant dynamic alteration of the crack-tip stress
pattern.

Reference 7 shows graphs of crack speed as a function of G for three
glasses of different composition. The limiting crack speeds were quite dif-
ferent: 1163, 1512, and 1958 m/s. All three graphs are in general agree-
ment with the relationship shown in Fig. 1.

Minimum Resistance to a Running Crack

In Fig. 1, the graph of crack speed versus KX is nearly vertical at minimum
K value which will be termed, K,,. Any reduction of K below K, will
result in crack arrest. Thus measurements directed toward evaluation of
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K, represent a natural choice for a simplified experiment which attempts
to measure only a single toughness property associated with dynamic frac-
turing. Measurements of the kinds termed K, and K, are of this nature
[8,9]. In the case of structural steels and at temperatures below NDT plus
30°C, measurements of these two kinds appear to give equilvalent results.
There is some evidence that such results provide moderately conservative
estimates of K, at low temperatures. However, there seems to be little
doubt that results from either of these methods provide useful approxi-
mations to the value of K, across a wide range of testing temperature
[10]. In the case of AS533B steel, a material of special interest for nuclear
reactor vessels, there is considerable interest in dynamic toughness prop-
erties of the material at temperature above NDT plus 30°C. In this tem-
perature range the specimen thickness necessary for conditions of plane
strain at the crack front moves rapidly upward with increase of tempera-
ture. As the required specimen plate thickness increases above 75 mm, it
becomes difficult to achieve short loading times (1 ms) without introduc-
tion of stress waves. In the case of K, measurements, some advantages
can be claimed through elevation of yield stress at the high-strain rates
associated with the running crack. However, the required bulk of the spec-
imen tends to increase for other reasons to sizes which are inconveniently
large. Intuitively one expects that K, increases with testing temperature
in correspondence to the change in the appearance of the running crack
fracture surface from cleavage to fibrous. Since the values of K, in the
temperature range above NDT plus 50°C give lower average results than
current values of K, acceptance of the K, results in this temperature
range as indicative of a lower bound for X, would appear to represent
sensible engineering practice. The K, test results need to be extended
somehow to higher values of temperature and toughness and uncertainty
factors remain which need additional study.

The uncertainty factors are mainly of two kinds: implications from
dynamic stress field analysis and influences due to use of face grooves.
K, measurements escape these uncertainties. However, as just noted, at
temperatures above NDT plus 50°C, a conservative estimate of K,,, may
require observation of crack arrest after some segment of rapid propaga-
tion. Dynamic stress field analysis [6] has shown that values of X, which
are computed using the static stress field just after crack arrest, will tend
to decrease with increase in length of the run-arrest segment in a DCB
specimen. This prediction depends upon use of Eq 15, may overestimate
dynamic influences, and has not been clearly demonstrated using results
with structural steel specimens. However, the uncertainty on this score
is reduced to minor proportions by restricting the length of the run-ar-
rest segment used in a K, measurement. A restriction of this nature was
introduced early in the development of K, testing for other reasons.
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Complexities Due to Use of Face Grooves

Even in the absence of face grooves, the stress field near the leading
edge of a brittle crack traversing a plate has unavoidable complexities.
In the ideal case of a crack-tip plastic zone of negligible size, the stress
state close enough to the crack front approaches one of plane strain ex-
cept at the points of intersection of the crack front with the specimen
faces where the stress is three-dimensional. At distances on the order of
one-half plate thickness from the crack front, the stress field is nearly one
of two-dimensional plane stress. A J-integral determination of G in this
region will provide the average value of G across the leading edge of the
crack. The degree of uniformity of the actual plane-strain K along the
crack front will depend upon crack front curvature. The influence upon
K of the three-dimensional stress fields at each extremity of the leading
edge is uncertain. If now we allow the natural development of crack-tip
plastic zones across the leading edge and consider propagation of this
disturbance as a running crack, it is clear that the natural crack speed
near the specimen faces is unlikely to match the natural speed of the two-
dimensional strain field in central portions of the crack front because the
plastic zones are of different character. This expectation is verified ade-
quately from study of fracture surfaces of running cracks. In the case of
a structural steel plate, the natural crack speed adjacent to the specimen
faces tends to be too slow, and the side boundary separation process can
only keep up with the central region by intermittent segmental separations.
In order to maintain a crack front of minimum curvature, face grooves
were introduced. The procedure preferred by Crosley and Ripling [9] em-
ploys face grooves to a depth of one-eight plate thickness from each speci-
men face. The notch shape and root radius are similar to those used in the
notching of V-notch Charpy specimens. As with the specimen which has no
face grooves, the value of § from general analysis of the region containing
the crack front is equal to the average value of G across the leading edge
in the reduced sections. It seems doubtful that face grooves of relatively
small depth increase the side boundary three-dimensional effects to a
harmful degree. The face grooves substantially reduce the tendency of the
crack front to lag near the side boundaries of the leading edge. Further-
more some guidance of the crack is necessary to permit use of DCB and
~ contoured DCB specimens.

Judging from results so far obtained with specimens of AS533B steel,
as the testing temperature increases above the NDT temperature, the ef-
fectiveness of the moderate depth face grooves in preventing side boundary
lag of the crack front decreases. For a given size specimen one would
expect that out-of-plane forward separations, leading to loss of crack
direction control, would occur when the toughness and testing tempera-
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ture become large enough, and this has been observed. There are two
obvious remedies. One is to substantially increase the specimen dimen-
sions including thickness. This remedy is expensive and a factor of two
increase of specimen size may permit only a 40 percent increase in the
measurable crack arrest toughness. The second remedy is to increase the
depth of the face grooves. If deep face grooves are used, even rather long
paths of the running crack can be held to the midline of a DCB specimen.
However, it is necessary to consider whether the behavior of the running
crack will then model the behavior of a two-dimensional plane-strain
crack propagating in a thick walled pressure vessel. Since the three-di-
mensional zones, always present near the face grooves, do not diminish
in size with face groove depth, any increase of the fractional depth of the
face grooves subtracts from the size and influence of the nearly two-di-
mensional central region. This handicaps and may prevent domination of
crack extension behavior by the region of the crack front which can be
regarded as nearly in a condition of two-dimensional plane strain as would
be necessary for the intended application of the experimental work.
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ABSTRACT: A simple one-dimensional analysis model was developed previously
for rapid unstable crack propagation and arrest in wedge-loaded rectangular double-
cantilever-beam (DCB) specimens. In this paper, the model is generalized to treat
contoured specimens and machine-loading conditions. The development starts from
the basic equations of the two-dimensional theory of elasticity with inertia forces
included. Exploiting the beam-like geometry of the DCB specimen results in govern-
ing equations that are analogous to a variable-height Timoshenko beam partly sup-
ported by a generalized elastic foundation. These are solved by a finite-difference
method. Crack propagation arrest results illustrating the effect of specimen geometry
and loading conditions are described in the paper.

KEY WORDS: fracture properties, crack propagation, crack arrest, beam on elastic
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Hahn et al [,2]3 have shown that, in addition to the usual ingredients
of fracture mechanics, three further considerations must be included in
the analysis of rapid, unstable crack propagation and crack arrest in a
structure. First, it may be necessary to include inertia forces even though
the crack speeds are not necessarily comparable to the elastic wave speeds.
Second, in addition to recovered strain energy, crack growth may be sup-
ported by a kinetic energy contribution. Third, the energy required by the
fracture process is a material property that can depend upon the crack
speed. A methodology which generalizes ordinary (static) linear elastic
fracture mechanics to account for these three effects has now been fairly
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well developed. For definiteness, it has been termed ‘‘dynamic-fracture
mechanics.”’

The basis of dynamic-fracture mechanics is as follows. Consider a sys-
tem in which the inelastic processes associated with crack growth are con-
fined to an infinitesimally small neighborhood of the crack tip. The dy-
namic crack-driving force (generalized energy-release rate) § for a through-
wall crack can then be written as

c_ 1l}ldw dU dT 1)
9T Bl da T da T da

where

W = work done by the external loads acting on the system,
U = elastic-strain energy of the system,

T = Kinetic energy,

G = crack length, and

b = wall thickness. 4

Physically, § is the energy per unit area of crack extension that is available
to support crack growth. If & denotes the energy dissipation rate per unit
area of crack advance, crack propagation will occur when, and only when

S@V) = &) @

where

time and
= crack speed.

N N~
|

If § < @®, there can be no extension of the crack. This is the condition
which exists both prior to crack-growth initiation and at the point of ar-
rest of unstable crack propagation. Thus, in dynamic-fracture mechanics,
crack arrest occurs simply as a limiting case of a general crack propaga-
tion theory and not as a unique event.

A simple dynamic-fracture mechanics-analysis model for the double
cantilever beam (DCB) specimen was developed in previous works [3-5].
This model, which was analogous to a Timoshenko beam on a generalized
elastic foundation, was confined to rectangular specimens with crack
propagation occurring under fixed wedge-loading conditions. In this
paper, the derivation of the governing equations required to treat a wider
range of DCB specimen geometries and loading conditions is given. Spe-
cifically, the model has been generalized to treat the kind of arbitrarily
contoured DCB specimens shown in Fig. 1 together with elastic interac-

4Modification of Eq 1 to treat a crack propagating in a wall of variable thickness can
be made in an obvious way.
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FIG. 1—Typical DCB specimen shapes that can be treated with the one-dimensional
model for both wedge and machine-loading conditions.

tions between the machine loading and the specimen. Computational re-
sults are given in the paper which explore the effect of these variables
on the use of the DCB specimen as a vehicle for studying the fundamen-
tals of dynamic-crack propagation and crack arrest.

Development of the Theoretical Model

The equations of motion for the ‘‘beam-on-elastic foundation’’ model
of the DCB specimen have their origins in the theory of elasticity. They
are obtained by exploiting simplifications suggested by the beam-like
character of the DCB specimen which result in equations similar to those
of the Timoshenko beam [6]. Added to these simplifications are two fur-
ther assumptions on the deformation in the uncracked section of the spec-
imen.’ These are that (1) a vertical force exists at each point along the spec-
imen that is directly proportional to the average displacement of the cross
section at that point, and (2) a couple exists at each point along the speci-
men that is proportional to the average rotation of the cross section at
that point. These two assumptions provide a foundation for the beam
which includes the effect of rotation, that is, as in a generalized or
Pasternak Foundation [7]. Consequently, when it is convenient to do so,

5For symmetrical (Mode I) loading, the crack plane of the DCB specimen is a plane of
symmetry. Therefore, only the upper half of the specimen need be considered.
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the model derived from here can be viewed as a Timoshenko beam partly
supported by a generalized ¢lastic foundation.

Basic Equations of the Model

The x-y plane is taken parallel to the crack plane with the x-axis directed
along the neutral axis. The z-axis is directed vertically upward. The per-
tinent equations of motion of elasticity theory can then be written as

1oy _ 0, 3)

97, 97, 39, _ 8%, “
x + Y + 27 = p EYE
where
0w Tyxs --- = SLIESSES,

u,and u, = displacement components,
p = mass density, and
t = time.

An integration of Eq 4 over the cross-sectional area A = A(x) at some
generic position x along the length of the specimen gives

2 . .. [aryx ao'z ~ a2 rr

Assuming that the integrals exist, it is convenient to define the trans-
verse shearing force as

S = ]j .. dy dz ©)

The average deflection w can similarly be defined by

w= —/lTjL u.dy dz )

By application of the divergence theoreum, Cowper [6] has shown that
the second integral of Eq § is the transverse load p per unit of length. In
accord with the first assumption just stated, this can be written as
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D= —kw ®)

where k, is an extensional stiffness arising from the constraint existing
when the specimen is not cracked. Using Eqs 6-8, Eq 5 then becomes

as aw )
ax kW = pAGE
This is the first of four basic relations for the model.
It is next convenient to define the bending moment M and the mean
rotation y of the cross section at the position x in a similar way to Eqs
6 and 7. These are

M= ﬂ 20,y dz (10)

and
V= - —l—ﬂ zu,dy dz (11
I A

where I is the moment of inertia of the cross section about the y-axis. If
Eq 3 is multiplied through by z and integrated over the cross-sectional
area, it follows that

aM ([ [afy,, afu] ey i
?;*M N e T L iy b r

The integral of Eq 12 may be written as

[ <[5+ ] wa- [ [
* ’aa_z(z’zx)] dy dz — M 7.,y d2 (13)

The first integral on the right-hand side of Eq 13 is the couple g per
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unit of length. In accord with the second assumption just stated, g is just
proportional to the mean rotation. Hence, it can be expressed as

q=ky (14

where k, is the rotational stiffness of the ‘‘foundation.’”” The second inte-
gral on the right of Eq 13 is simply S. Therefore, Eq 12 can be written as
aM 9% 15)

ox THhV - S=—elmn

which is the second basic equation of the model.

The stresses o, and o, are assumed to be negligible compared to o,.
Thus, Hooke’s law for the strain along the length of the specimen reduces
to

du
x _ 16
E—a—x =0, (16)

Upon multiplying Eq 16 through by z, integrating over the cross sec-
tion, and making use of Eqs 10 and 11, then

- ay 17
M= - El 5% a7n

which gives the third of the four basic relations.
Finally, Hooke’s law for the shearing stress provides that

o Qs Bu]_ 18)

An integration of Eq 18 over the cross section yields

[ Qu a [ 1 [/
“dy dz + U udy dz = ﬂ 7,.dy dz (19)
|, we e e g ] earae =g ] e
Following Cowper [7], u, can be written as
wo= ” udyds - 20 + u,’ 20)
A

If the cross-sectional area does not vary too rapidly with x, then the
introduction of Eqs 7 and 20 into Eq 19 yields the fourth and last of the
basic equations for the model. This is
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where, Cowper’s “‘shear coefficient’’ « is defined such that

ff [ o e s &

Cowper has determined values of « for a variety of cross sections and, in
particular, found « = 10(1 + »)/(12 + 11v) for the rectangular section.
Anticipating that the results will not be too sensitive to Poisson’s ratio,
v, it has been assumed that v = 3/11 = 0.273 to simplify «. Note that
this is nearly the value for steel.

Equations of Motion for the DCB Specimen

The four basic equations for the model derived in Eqs 9, 15, 17, and
21, contain four dependent variables. These equations can be simplified
by eliminating M and S. Two further steps are required to adapt the re-
sult for the DCB specimen. The first is to note that the terms in which
k. and k, appear do not exist in the cracked region. The second is to in-
troduce a term to represent a specified external force P exerted on the
load pins. This gives the most general form of the equations of motion
for the one-dimensional ‘‘beam-on-elastic foundation’’ model of the DCB
specimen. These are the two coupled equations given by

-a?)_c{ kGA [%— J/]} — kwH(Xx — @)

=pA—37—?6(x—xo)

I

o Y

ar  ay aw
E;[EI 5;] + xGA ['a} - .p] — kyHx — @) = ol

where H is the Heaviside step function and 4 is the Dirac delta function.
In Eq 23, the term P/b 6(x — x,)represents a force exerted at the point
x = x,, that is, the position of the load pins, positive in the direction of
positive w. For fixed wedge loadings, P is unknown, and, instead, a dis-
placement constraint is imposed at the contact point such that the pin
displacement cannot ever be less (it can be greater) than its initial value.
For machine loading, an auxiliary computation must be performed to cal-
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culate the value of P arising from the machine-specimen interaction. This
has been done by considering that elastic rods are attached to the speci-
men with a large rigid mass included to account for the grips. A concur-
rent finite difference calculation for the load rods is then performed. The
boundary conditions in this computation are that the axial displacement
of the rod is fixed at the ‘“machine’’ end while the displacement at the
end attached to the specimen matches the specimen’s pin displacement.

Equations 23 and 24 apply for any specimen cross-sectional shape.
Specializing to a rectangular cross section and taking v = 0.273 allows the
following relations to be introduced

A = bh
1

= — bh?

I 1 h
1

(= 2
h

k—lEbh
"6

where # = h(x) is the half-height of the specimen, b = b(x) is the speci-
men thickness, and £ = E(x) is the elastic modulus. Note that b is not
necessarily equal to the thickness of the specimen on the crack plane in a
side-grooved specimen. To the degree of approximation used here, the
latter quantity, designated here as B, will affect the energy absorption
rate during crack extension (see next), but not the mechanical response of
the specimen.

The situation of most interest here is that in which £ and b are constant,
and only the specimen height 4 varies, as in a contoured DCB specimen.
Using these relations for a rectangular cross section, the equations of
motion can be written for this situation as

ow oV + 1on[r aw
dx? ax ' h ax[

6
—_— V] - — -
o ] pE Hx - ®w

(25)
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and
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where C .2 = E/p. These are the governing equations of motion to be used
in the following. Note that the characteristic wave speeds in this system
are C, and C,/\/3, just as in the constant & case.

Dynamic Crack-Driving Force for the DCB Specimen

Equations 25 and 26 for the contoured DCB specimen have the same
form as a variable-height Timoshenko beam-on-a-generalized elastic foun-
dation. The kinetic energy T and the strain energy U for the DCB speci-
men are as usual for the Timoshenko beam except that now the strain
energy for the specimen must include the contribution of the foundation.
The total strain and kinetic energies for both halves of the specimen there-

fore are
U = J {EI SN LA (2
o aX a

@7
+ H(x — @Q)lkw? + k,upl]; dx
and
3 a 2 a 2
T = J { pA< _a_‘;) +p1<?_f_> }dx 28)

where L denotes the overall length of the specimen.

By substituting Eqs 27 and 28 into Eq 1, interchanging differentiation
and integration where necessary, after some manipulation the dynamic
energy-release rate is found to be

w

= %[kewz + k,‘l/Z]X = an (29)

where B is the width of the crack plane. Specializing to a rectangular cross
section then gives
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where § = G(@,9 denotes the dynamic energy-release rate for the DCB
analysis. Note that G, as calculated from Eq 30, is a local property of the
crack tip (at least to the degree of approximation involved in the model)
despite the fact that it was derived from apparently global concepts via
Eql.

Computational Procedure

To perform a computation for a given DCB specimen geometry and
loading condition, Eqs 25 and 26 are put into finite difference form.
Crack growth as a function of time is then determined from the finite
difference method using Eq 30. Note that, as can be seen from Eq 2, this
requires the function ® = ®(V) to be specified in advance. Because of the
connection that exists between the stress intensity factor and the crack
driving force [8,9], this quantity can be equivalently specified in terms of
a function K, = K, (V). The latter terminology is convenient for experi-
mental and application purposes and, therefore, will be used in the fol-
lowing.

Crack propagation experiments conducted by Hahn et al {/,2] employ
an initially blunted crack tip. This permits a large amount of energy to be
stored in the specimen at the onset of crack growth, causing the crack to
propagate at a high speed. The speed can be controlled by the radius of
curvature of the blunted crack tip. The starting configuration is charac-
terized conveniently by the parameter K, which is the ostensible linear
elastic stress intensity factor existing at the start of crack growth. Thus,
the blunter the notch, the higher the value of K, and the higher the crack
speed to be expected in the test.

There are two points of view that could be taken in incorporating this
effect into the model. One is to consider that the blunt crack tip alters
the intrinsic energy absorption rate of the material in the vicinity of the
initial crack tip so that crack advance absorbs an amount of energy cor-
responding to K, initially. This is probably the more correct approach.
However, as shown in Ref 10, it cannot be applied in the one-dimensional
model without extremely perturbing computational results. For this rea-
son, an alternative approach was adopted. This is to view the effect of
the blunting as reducing the crack driving force without changing its energy
absorption requirement. To implement this, an artificial constraint is im-
posed on the crack-tip region via a point force and couple. This forces
the first increment of crack advance to correspond to the value K,(O).

One difficulty is connected with the imposition of the point force and
couple. This is that the initial energy content in the specimen is greater
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than the level associated with the specified K, level. Because the compu-
tation is invariant with respect to the ratio of K /K,(0O), this does not
necessarily introduce an error into the computation. However, care must
be taken to correctly interpret the K, value when K, values are to be ex-
tracted from the experiments with the help of the analysis.

Figure 2 illustrates how the dynamic crack-propagation criterion is im-
plemented. In the upper figure, the hypothetical crack speed is calculated
on the basis that, if an increment of crack growth were to occur at some
time following the last previous growth increment, the actual speed would
be in inverse proportion to the time. For a specified energy dissipation
rate ® that is a function of crack speed, the crack tip’s energy require-
ment is known once the hypothetical speed is determined. This is shown
as the decreasing curve in the lower portion of Fig. 2. A typical compu-
tational result for the crack-driving force, as obtained from Eq 30, is also
shown. Where these two curves intersect (that is, where § = ®), crack
growth occurs.

Actual crack speed

V= Hypothetical Crack Speed

Time Since Last Increment of Crack Extension

Crack growth occurs

Hypothetica) Crack Driving Force and
Crack Tip Energy Dissipation Raote

A1

Time Since Last Increment of Crack Extension

FIG. 2—Graphical illustration of dynamic crack propagation criterion for speed-depend-
ent materials.
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Verification of the Analysis Model

In the mathematical approach taken in this work, as in all models based
on linear elasticity, the irreversible energy dissipation associated with
crack propagation in a real material cannot be dealt with directly. In-
stead, such effects are taken into account by considering that all energy
dissipation occurs in the near vicinity of the crack tip and, hence, that it
can be represented by the material property ® Therefore, ® may depend
upon the crack speed, but not upon the crack length or other dimensions
of the body containing the propagating crack.

The model may be vulnerable to criticism on this point. It has been
suggested that significant energy losses can occur from stress-wave reflec-
tions at corners, edges, and surfaces of the body [7/]. In view of this, it
may appear that a proper analysis cannot be obtained from a simplified
model having few degrees of freedom of motion, particularly in view of
the notion that the parameters K and § can be defined only by the stresses
and displacements close to the crack tip. To the extent that these are valid,
they are serious objections. However, as the following will attempt to
show, they are not.

First of all, from the derivation of the equations of motion given pre-
viously, the model clearly has its origins in the dynamic theory of elastici-
city for a plane medium. Hence, any effects occurring in a two-dimen-
sional initial value-boundary value-problem of linear elasticity, to a good
approximation, will appear in this model as well. This, of course, includes
the fundamental energy conservation principle. Because of the general
acceptance of linear elasticity to characterize unstable crack propagation,
energy losses stemming from viscous-type internal damping far from the
crack tip are not at issue here. This is logical because of the extremely
short duration of a crack propagation/arrest event; typically 100 us. In
time intervals this small, viscous damping does not become significant.
Tangible evidence for the negligible effect of viscous damping during
rapid crack propagation might be found in the work of Kanninen et al
[12]. They showed that experimental results for both steel and a visco-
elastic material, polymethylmethacrylate (PMMA), compared very well
for the same dimensionless ratio of crack speed to the elastic bar-wave
speed. Since PMMA is much more viscous than steel, the effect of viscous
damping during crack propagation, therefore, must be negligible.

In view of the approximations that were introduced in the derivation of
the model given in this paper, it may be appropriate to raise the question
of how accurate the one-dimensional model really is. If so, it can be an-
swered by comparing the predictions of the model with those of more
rigorous theory of elasticity-solution procedures. Comparisons with static
boundary point collocation schemes given in Refs 3,4 have already shown
that the model is quite realistic in the static case. In the dynamic case,
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comparisons with two-dimensional finite-difference calculations show
excellent agreement with the model. The results given by Shmuely and
Peretz [13] can be cited here. In addition, calculations have been made
with a finite-difference method developed at Battelle’s Columbus Labora-
tories, and these also show good agreement, as follows.

Typical crack propagation histories calculated with a preliminary ver-
sion of our two-dimensional finite-difference method and with the one-
dimensional model described in this paper are shown in Fig. 3. The re-
sults are for a rectangular DCB specimen with a crack speed independent
fracture toughness K, = K, and a starting condition corresponding to
K, = 2K,. It can be readily seen that the improvement obtained by the
more precise treatment is quite modest. In particular, the crack speeds
predicted by the two different models differ by only 6 percent, from 1140
m/s in the one-dimensional model to 1080 m/s in the two-dimensional
model. The predicted arrest length of the two-dimensional model is ap-
proximately 15 percent smaller than that of the one-dimensional model.
Certain minor improvements yet to be incorporated in the two-dimen-
sional computation plus the fact that the one-dimensional model, as dis-
cussed previously, overestimates the energy stored in the specimen at the
onset of crack propagation for a given specified K,, when corrected,
could be expected to diminish even these small differences.
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Comparisons of the predictions of the one-dimensional model with
experiments, as described by Hahn et al [1,2] give further confidence in
this approach. There are two decisive pieces of evidence. First, qualita-
tively, the model duplicates the linear crack length-time result usually ob-
served in DCB experiments for any of a variety of postulated K,, = K (V)
behaviors. This is not a trivial result. In fact, it is this test that disqualified
quasistatic and even infinite medium dynamic analyses of the DCB speci-
men. These approaches invariably predict nonlinear crack growth, often
with peak crack speeds far in excess of any measured values.

A second experimentally based piece of evidence for the validity of
the model given in this paper is the comparison that can be made with the
two least ambiguous experimentally determined quantities in a DCB test:
the average crack speed and the crack length at arrest. Such a comparison
is shown in Fig. 4. It is important to understand that the model can be
always forced to match (by trial and error) either a specified crack speed
or an arrest point by simply adjusting the ratio of K, /K. However, the
calculation cannot be forced to match them both. The fact, evident from
Fig. 4, that it does so to a very good approximation, therefore, can be
taken as a basic verification of the validity of the model.

Note that crack-speed independent behavior, that is, K, = K, was
used for the calculations presented in Fig. 4. Further improvement in the
comparison, therefore, could be obtained, if desired, by inventing an ap-
propriate K, = K,(V) relation. This has not been done here in order to
keep the comparison as unequivocal as possible. Note also that, as al-
ready mentioned, quasistatic and other approaches that do not treat the
problem dynamically or do not take account of the finite size of the speci-

oz |- -
Prediction of dynamic
analysis model

O Experiments on 4340
L and O-1 steels of
Hahn, et al.

0 1 | |
2 3 4

Qq

)

[} oud

FIG. 4—Comparison of predicted and measured relation between steady-state crack
speed in a DCB specimen and crack length at arrest.
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men or both, cannot be admitted to comparison like that of Fig. 4 be-
cause they do not predict a virtually constant crack speed.

To summarize, there is good reason to believe that a material behaves
in a linear elastic fashion during rapid crack propagation. Consequently,
aside from the near vicinity of the crack tip, energy is conserved in the
body. Further, it will distribute itself during crack propagation according
to the equations of dynamic elasticity. The one-dimensional analysis
model for the DCB specimen is based in the linear theory of elasticity for
plane media and the assumptions introduced to simplify the numerical
computations do not significantly alter this fact. Hence, the crack-driving
force § derived from an energy-balance point of view must be funda-
mentally correct for the boundary conditions and initial conditions under
consideration. As shown previously, § can (and is) given a local crack-tip
interpretation. By using the relation obtained by Freund [8] and general-
ized by Nilsson [9] which connects § and K for the dynamic problem,
the model can be equivalently used to predict dynamic stress intensity
factors. While not rigorously exact, there is an abundance of both ex-
perimental and theoretical evidence which shows that such predictions
are realistic.

Discussion of Computational Results

The analysis procedure just described has been used to examine the
influence of DCB specimen geometry, the loading system, and other testing
variables on crack propagation and crack arrest. Complete details of these
calculations are given in Ref I. Some of the highlights are as follows.

The kinds of specimen shapes for which calculations can be performed
with the model are shown in Fig. 1. For each specimen shape, both a
wedge-loaded and machine-loaded calculation have been generally per-
formed. Typical example results are shown in Fig. 5. A further variable
that enters the calculations is the choice of the function K, = K,(V)
which represents the material’s fracture energy requirement. The effect
of this property will not be investigated here, however. The following dis-
cussions are based on calculations using K, = K. For clarity in the fol-
lowing, the discussion will refer to K, when referring to the onset of growth
and to K, when describing crack propagation or crack arrest. Note that
the parameter K, here refers to the statically calculated stress intensity
factor following arrest.

The most important result of the calculations is that the crack propaga-
tion and arrest events in both the contoured DCB and in the positive and
negative taper DCB specimens turn out to be quite similar to those des-
cribed in Refs 4,5 for the rectangular DCB specimen. In all of these con-
figurations, the crack begins to propagate at full speed (no acceleration
period is evident) and continues at essentially constant velocity over most
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FIG. 5—Calculated crack propagation and arrest in a contoured DCB specimen.

of the event. Crack arrest is fairly abrupt. For rigid wedge loading, re-
initiation of growth does not typically occur, for example, see Figs. 3 and
5a. For machine loading systems, on the other hand, the crack usually
restarts after a short period of time, for example, 50 us, propagates, and
arrests, repeating this sequence several times before the final arrest [see
Fig. 5b].

Figure 6 shows a further result of load-specimen interaction. Thus, the
loading system has a significant effect upon the crack history. In com-
parison, the specimen geometry has a lesser effect. This can be seen also
from Fig. 7.

The most important quantitative result of Fig. 7 is that all of the con-
figurations show a systematic decrease in K, as K, is increased. Some
minor variances among the different configurations also occur. For ex-
ample, the difference between K, and K, is greater for rectangular DCB
specimens than for contoured specimens. For modest K, values, for ex-
ample, K /K. = 1.2, K, values derived from the contoured specimens are
reasonably good approximations of K,. Nevertheless, the variation of
K, with K, shows that K, is not a basically correct crack arrest criterion.
Computational results show that the discrepancy increases systematically
in going from the positive to the negative taper specimen at small X,
values, while the reverse is true for large K, values.

For the same type of loading and initial crack length @, crack speeds
and crack jump distances are largest in the negative taper DCB, smallest
in the positive taper and contoured DCB., However, these variations are
generally quite modest. There would seem to be little incentive for metic-
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ulously designing a nonuniform DCB specimen for investigating dynamic
events, therefore.

The computational results indicate that the loading system can have a
large effect on the character of propagation and arrest in DCB specimens.
Complaint loading systems transfer additional energy to the specimen
while the crack is propagating. As already pointed up, this often leads
to reinitiation of growth. Note that, since a certain amount of time is re-
quired to transfer energy from the loading system to the crack tip, the
initial period of propagation and the initial velocity is unaffected by the
loading system. Crack velocity measurements, therefore, can provide a
relatively unambiguous measure of K, even though the extent of propa-
gation and the number of halts and restarts can be changed radically by
changing the loading system.

The extent of propagation appears to be relatively insensitive to the
mass of the loading system at constant compliance. Thus, the K, values
calculated are relatively insensitive to the loading system. But, this result
should be accepted with caution in view of the uncertainty in determining
the final arrest point. The relatively long duration of propagation events
involving many halts and restarts also means that the neglect of energy
dissipation at points other than the crack tip becomes less realistic. This
further complicates the interpretation of K,, Wedge loading, with its more
restricted and possibly better defined crack propagation and arrest event,
may thus offer significant advantages over the more compliant tensile
loading.
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Finally, the model can be used to investigate the conditions following
crack arrest. Kalthoff [/4] has shown experimentally that the conditions
following arrest remain dynamic for a substantial period of time. Specifi-
cally, he has found that the dynamic stress intensity factor oscillates about
the static value. As shown in Fig. 8, the analysis qualitatively predicts the
same behavior.

Conclusions

It has been shown in this paper that the one-dimensional analysis model
developed to treat rapid unstable crack propagation and crack arrest in
nonuniform DCB specimens for various loading conditions offers an ade-
quate representation of these events. Moreover, it does so in a very eco-
nomical fashion. This permits a great number of variations and assump-
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FIG. 8—Ratio of the dynamic stress intensity factor following crack arrest to the static
stress intensity factor corresponding to the crack length at arrest as a function of time.

tions to be explored. Consequently, even though highly precise two-di-
mensional computational models are now available, the simple one-di-
mensional model will remain useful to help refine and interpret laboratory
experimental results.

The model described in this paper demonstrates the importance of in-
cluding both inertia effects and finite specimen boundaries. It is frequently
argued that a dynamic analysis is unimportant if the crack speed is small
compared to the Rayleigh speed. This is true for the rather academic
problem in which the specimen is unbounded. But, to demonstrate that
this generalization is not universally valid, one only needs to consider a
finite body where reinitiation of crack growth has been observed. It is
impossible to explain the reinitiation of crack growth after the crack has
momentarily come to a halt, that is, zero crack speed, without a fully dy-
namic analysis that allows the return of energy to the crack tip. Conse-
quently, intuition based on static concepts can be highly misleading in
fully dynamic situations such as the arrest of a rapidly propagating crack.

The use of an analysis model based on the dynamic fracture-mechanics
approach can offer vital information with regard to a crack-arrest design
methodology. The static approximation will overestimate the capability of
a structure to arrest a running crack. This may be true even if the mini-
mum value of K, is used in the analysis. Consequently, to assure the in-
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tegrity of the structure, should unstable crack propagation occur, a dy-
namic analysis and the complete K, = K,(¥) relation must be used.
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ABSTRACT: Within the limit of relatively short arrested crack, static approximation
by applying linear fracture mechanics has yielded useful results for theoretical inter-
pretation and practical application of currently used brittle fracture propagation
arrest test (the concept of arrest toughness). But later experimental investigations
using very wide specimens (1300 to 2500-mm-wide plates) have revealed that this
simple interpretation fails to have a consistency with the case of a long arrested crack.
For the inadequacy of static approximation based on arrest toughness concept, the
concept of an effective stress intensity factor has been introduced from a practical
point of view without a clear quantitative explanation for it. In search of a more
relevant theory for fast crack propagation and to see how the neglect of dynamic
aspects affects the interpretation of unstable crack propagation arrest test and phi-
losophy of crack arrest design, a dynamic fracture mechanics analysis was made with
the use of the finite-difference method to solve the equation of motion for the two-
dimensional elastic problem.

Results of a numerical experiment are presented, and experimental results for
polymethylmethacrylate specimen and structural steels are discussed in terms of dy-
namic fracture mechanics analysis with a focus on energetic aspect of the crack prop-
agation processes.

KEY WORDS: fracture properties, cracks, crack propagation, crack arrest, dynamic
fracture mechanics, arrest toughness

Since the shipbuilding industries experienced a number of casualties due
to brittle fracture, most naval architects have been forced to be interested
in the brittle behavior of low- and medium-strength structural steels. While
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the linear fracture mechanics was originated and applied to ultrahigh
strength steels and other special alloys in space engineering in the United
States, Japanese research groups were trying to use fracture mechanics
to interprete the results of brittle fracture propagation arrest tests using
wide plate specimens.

Within the limit of relatively short arrested cracks, static approximation
using the linear fracture mechanics concept or the arrest toughness con-
cept has yielded useful results for theoretical interpretation and design
application of currently used brittle fracture propagation arrest tests. But
later experimental investigations using very wide specimens (1300 and
2500-mm-wide plates) have revealed that this simple interpretation fail
to be consistent with a long arrested crack. The first part of this paper
gives a brief review of this story and describes how this inconsistency has
been settled on a practical basis such as design and evaluation.

Recently, unstable ductile fracture observed in pressurized structures
such as pipings, pressure vessels, etc. has emerged as a recent topic of
engineering interest. A comprehensive study on this problem going on at
Battelle’s Columbus Laboratories [/]2 is very interesting to the authors
who have much experience with experimental study on unstable brittle
fracture and crack arrest, particularly for their persistence to the invalida-
tion of the arrest toughness concept.

In search of a most reasonable theory of fast fracture and crack arrest
and to study how the neglect of dynamic aspects affects the interpretation
of the results of unstable fast crack propagation arrest test and the phi-
losophy of crack design, the authors began with dynamic fracture me-
chanics analysis of crack propagation and arrest using a finite-difference
method. The results of the analysis were compared with experiments using
polymethylmethacrylate (PMMA) specimens, and the previous data on
structural steels are discussed in terms of dynamic fracture mechanics
analysis. The second part of this paper describes a preliminary result.

Brittie Crack Propagation Arrest Test Using Very Wide Plate Specimens

A simple fracture mechanics concept has been successfully applied to
the analysis of the experimental results of several kinds of brittle crack
arresters using medium size specimen (500 mm wide) [2-7]. This analysis
is based on the arrest toughness concept and the consideration that the
dynamic aspect of the stress intensity factor or strain energy release rate
can be neglected because the crack length is relatively small and a crack
just before arresting or a crack running at a speed near to the lower criti-
cal velocity of brittle crack is considered.

In the case of large welded steel constructions such as ships, however,

2The italic numbers in brackets refer to the list of references appended to this paper.
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the occurrence of a very large brittle crack is presumed. When a brittle
crack extends to very large-scale crack, however, it is questionable
whether this simple consideration is valid or not. Relative to this problem,
two extensive experimental research projects have been conducted in
Japan by the Ship Research Institute of the Ministry of Transportation
[8] and the University of Tokyo [9], using 1300 and 2400-mm-wide plate
specimens, respectively.

Examples of the test results in terms of log K, versus 1/7, where K,
is the nominal arrest toughness or K value at arrest point and 7 is temper-
ature, are shown in Fig. 1. Particulars of four kinds of test shown in
Fig. 1 are given in Table 1. The solid circles denoted as DG are data ob-
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FIG. 1—Relation between K_ value and temperature at crack arrested points ((a) for
normalized D-class steel, (b) for as-rolled D-class steel, (c) for as-rolled E-class steel (d) for
normalized E-class steel and (e) for as-rolled A-class steel).
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TABLE 1-—Particulars of four kinds of crack propagation arrest test.

Temperature Plate Width ~ Aspect Grade of Steel

Name of Test Series Distribution B, mm Ratio, A (NK code) ¢
Double tension test of stan-  gradient 500 3 A,D,and E
dard size (DG)
Esso test with gradient tem-  gradient 2400 0.9 Dand E
perature of wide plate
(WEG)
Esso test with flat tempera-  flat 2400 0.9 A + DorE?
ture of wide hybrid plate
(WEF)
Double tension test of wide  gradient 1000 2 E
plate (WDG)

9A, D, and E designate Grade A, D, and E Steel of the Unified Spécification of Ship
Classification Societies.

bA-class steel is used as crack starter plate and D- or E-class steel is used as crack arrester
plate.

tained from the standard double tension test (500-mm-wide specimen,
temperature gradient type crack arrest test), and they can be approximately
considered to represent the material toughness against crack propagation,
which can be handled on the basis of a linear fracture mechanics criterion.

Nominal K value at crack arrest point based on static linear fracture
mechanics, K., was computed from the equation given by

Pyc
K. = K at arrest point = ¢/ 7c X F X (—1'.;,0—)> M
where
o = initially applied stress,
¢ = arrested crack length,
F = correction factor for single edge cracked plate [10], and
Pc)/P? = load drop correction factor due to size effect and loading

condition or change in compliance of the test system [11].

Because of a relatively large aspect ratio, the difference in K values at
the arrest point with and without a load drop correction is slight in DG-
series specimen. Owing to the small aspect ratio, on the other hand, the
wide plate specimens were subject to a larger load drop effect, and the
K value at the arrest point with a load drop correction is considerably
smaller than an uncorrected value [/1]. But the corrected K values at the
arrest point for the wide plate specimens (WEG-, WEF-, and WDG-series)
are still much larger than those obtained from the DG-series test as shown
inFig. 1 atoe.

Figure 2 shows examples of crack speed measured in each test series
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FIG. 2—Comparison of crack speeds.

given in Table 1. Note that crack speed in the wide plate specimen is
much higher than in the DG specimen for the most part of propagation.

The considerable discrepancy between K, values obtained from wide
specimens and those from the standard specimens (DG specimens) as seen
in Fig. 1 suggests that the estimation of K value (parameter characterizing
crack driving force) based on simple static approximation is apparently
invalidated possibly by intrinsically dynamic features involved in an ex-
tensive propagation of brittle crack such as observed in the wide speci-
mens.

Effective Crack Length and Effective Stress Intensity Factor

For the foregoing discrepancy, Kihara et al [8] proposed to use the con-
cept of ‘‘effective crack length, c...>’ They inferred that a brittle crack,
propagated extensively, no longer had a crack length effect on K value
such as expressed by the form derived from static calculation (Eq 1), but
apparently the crack extension force for a propagating crack longer than
about 200 mm seems to have a value smaller than the computed value
based on static linear fracture mechanics, in other words, a very long
crack behaves as if it has a length shorter than actual length. They de-
fined c . as a virtual crack length so that the arrest temperature estimated
from the standard crack arrest test is compatible with the experimental
results for long arrested crack using c,, instead of actual crack length c,
and they obtained an empirical relation between ¢ and c.

The foregoing wide plate test results are presented in terms of the ef-
fective crack length concept in Fig. 3 for gradient temperature type ar-
rest tests (WEG and WDG) and in Fig. 4 for flat temperature type hybrid
arrest test (WEF), respectively. Mark with downward arrow in Fig. 4 cor-
responding to ‘‘no-go’’ data means that ¢, value is smaller than the plot-
ted value and vice versa for mark with upward arrow corresponding to
‘“‘go-through’’ data. Because of considerable data scatter as seen in these
results, ¢ concept does not work well and c,; fails to be a useful quantity
defined as a function of c.
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It is obvious from physical consideration that any parameter dominating
brittle crack propagation must be of a quantity characterizing stress and
strain distributions around the crack tip. Thus, it is more reasonable to
introduce the concept of ‘‘effectiveness’’ into K value, denoted as K,
which is one of the useful parameters characterizing a mechanical situa-
tion around the crack tip, rather than introducing the effectiveness con-
cept into crack length only.

Figures 5 and 6 show K versus nominal K(X ) obtained in a similar
way of reasoning as with c. for the results of gradient temperature type
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crack arrest tests and flat temperature type hybrid plate crack arrest test,
respectively. In this case, K, is the stress intensity factor at the arrest
point or the arrest toughness computed on a statical basis using actual
arrested crack length, and K is the arrest toughness at a corresponding
temperature obtained from the standard arrest test (DG-series). The
downward and upward arrows in Fig. 6 correspond to ‘‘go-through’’ and
““no-go’’ data, respectively.

Arrest of an extremely long crack may be better handled on a statical
basis in terms of ‘‘effective K value, K.’ than ‘‘effective crack length,
c.i because smaller data scatter in Figs. 5 and 6 than in Figs. 3 and 4.
Moreover the concept of K, is applicable to a crack propagating through
arbitrary distributed stress field due to a mechanical crack arrester, re-
sidual stress, etc. for which the application of concept of ¢ is irrelevant
[12].

It is noted that the K, concept is not a physical explanation for the ex-
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perimental observations, but rather an arbitrary defined fictitious quan-
tity for the very wide plate test results yielding the same material parame-
ter as the standard arrest test results on the basis of the formality of static
linear fracture mechanics and arrest toughness concept.

By measuring the strain field [/3,14] around a propagating crack tip
under uniform tension using a 6-ft-wide test specimen, however, it was
found that since the propagating crack was relatively small the crack-tip
strain distribution was almost equal to that calculated for a stationary
crack, but it did seem to attain a sort of steady state after the crack prop-
agated to a certain extent. No doubt the features of stress and strain
distributions near the crack tip play a decisive role, because they charac-
terize the energy flow to drive the crack. In ordinary structural steels,
most of energy dissipation is caused by plastic deformation around the
running-crack tip; thus, the plastic wave propagation plays an important
part of the plastic deformation around the tip of a crack which propagates
at a very high velocity [15, 16].

Although this process is too complicated for an exact calculation of
the size of the plastic zone ahead of a propagating crack, the saturating
trend of K, as seen in Figs. 5 and 6, seems to correspond to ‘‘steady
propagation’’ in which strain distribution around a propagating crack tip
does not change with crack extension.

Dynamic Analysis Using Finite-Difference Method

To analyze a dynamic crack in a plate, the following two-dimensional
equations of motion in an elastic medium were used

d%u W R
g =Clige + (€7 - )axay + gy
9 d% 5 Qu % )
g ~Clge (G- G gy t Ol gy

where C, and C, are the dilatational and shear wave speed, respectively.
u and v are the displacements in the x- and y-directions, respectively. Tak-
ing the x-axis as the crack line, dynamic analysis of a crack in a plate with
finite boundary was made by solving Eq 2 with relevant boundary and
initial conditions using the finite-difference method.

The time increment Ar was chosen to satisfy the following inequality
on the basis of general theory for stability of the numerical solution

0<9#<1 3)
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where £ is mesh spacing. Shmuely et al [17] reported that CAt/h would
be less than 0.86 for stability of the numerical solution in the case of
Poisson’s ratio » = 0.25, but the figure of the upper bound of CAt/h
might be increased with higher value of ». In this paper, CAt/h = 0.5,
v = 0.3 for structural steel, and v = 0.36 for PMMA were adopted, re-
spectively.

As a preliminary to examine the validity of the present method of
analysis, several illustrative problems were solved. The network of a quar-
ter plane containing a crack is as shown in Fig. 7 in which c is half crack
length, and breadth B and height H are of 50 to 100A, length, respectively.
The location of the crack tip is assumed at the middle point of the square
mesh,

Figure 8 shows time variation of dimensionless normal stress in the y-
direction at three fixed points A, B, and C ahead of a crack (as shown in
the inset of the figure) when a crack of length 2¢ = 11k opens up sud-
denly in a plate (B = 50h, H = 50h) subjected uniform vertical tensile
stress T.

The solution of this problem is obtained by the superposition of the
following two cases: (@) a crack in the externally free stressed plate is sub-
jected suddenly by crack open-up pressure T, and (b) the plate containing
no crack is under uniform vertical tensile stress 7. This figure shows that
after stress wave passes through the points A, B, and C, stress at these
points seem to attain the steady value until the arrival of reflected waves
from free boundary of the plate. The steady values of stresses at various
points attained at C,T7/h = 150 are compared with those for correspond-
ing static problem obtained by Sneddon [/8] as shown in Fig. 9 in terms
of stress distribution in the vicinity of crack tip along the lines I (y = 0),
II(y = h/2),and Il (y = 3h/2).

Another illustrative problem solved in a crack extending in a plate (B

R

Y X

F—C—

B —
B=50~100h
H=50 ~100h

FIG. 7—Network used in calculation.
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FIG. 8— Time variation of dimensionless stress at three fixed points ahead of a crack.

C=5.5h
Mesh 50x50
---- Static solution T B

—

FIG. 9-—Stress distribution around a crack tip in steady state.
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= 70h, H = 70h) at constant speed from an initial crack length of 2¢
= 2 X 5.5h. The stress distribution along the crack line and the configu-
ration of the crack opening displacement are shown in Figs. 10 and 11,
respectively, compared with the analytical solution as indicated with dotted
line (infinite plate) obtained by Broberg [19]. The wavy configurations seen
in Fig. 11 for relatively slow crack may be due to the incremental crack
growth naturally associated with the finite-difference method, which does
not satisfactorily simulate the ‘‘continuous’ crack extension for such
slower crack speeds, but rather ‘“‘intermittent’’ crack extension. After all,
the finite-difference solution of Eq 2 seems to provide a useful method
for analysis of dynamic crack propagation especially for higher crack
speed which necessitates proper account for dynamic effect.

For the energy flow at the running crack tip, the energy rate, J,, avail-
able to extend the crack is expressed by the following form which is a
dynamic version of path-independent J-integral [20}

) 1 du,
Jd=J (W + = pV2 57

T

x%}") dy — T,.%’)’gds] O

where

W = strain energy density,
p = density,
V = crack speed,
T, = boundary traction along T, and
ds = element of arc length counterclockwise along T' which encloses the
crack tip region.

This equation is strictly valid for a constant crack speed. But even in a
nonsteady state, when the effect of acceleration is relatively small, that
is, velocity of a crack increases or decreases gradually, Eq 4 seems to be
nearly correct in some divided region. Since it might be better for the
J, contour integral path to be small because it is affected intensively by
crack tip behavior, contour path of 64 wide and 6k high around the mov-
ing crack tip is adopted successfully. "

In Fig. 12, K, (= V EJ,) values calculated through Eq 4 are compared
with crack closure energy rate K,, calculated by the following formula
[18] using Broberg’s solution [19]
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F1G. 10—Stress distribution along crack line of a crack extending at constant speed.

FI1G. 11—Configuration of crack opening displacement of a crack extending at constant
speed.

c+AC
.1 ,
Ki= € Jimze| o x V" ®
where ¢
o, = dynamic stress in the y-direction along a crack line and
V = dynamic crack opening displacement.
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FIG. 12—Dimensionless dynamic K calculated from 1 4 value versus crack speed.

Symbol bar 7 in this figure shows the range in which calculated K, value
exists. In the sequel, it is found that J, value seems to be physically equiva-
lent to crack closure energy rate.

Discussion on Experimental Results

Several numerical experiments were carried out about the plate (B =
70h, H = 70h) containing a crack length of 2¢ = 2 X 5.5k subjected
suddenly to crack open-up pressure 7, using a simple crack growth cri-
terion which specifies the critical stress ¢,(A) at a fixed distance from the
crack tip. Examples of crack speed obtained are shown in Figs. 13 to 15.
Figure 13 shows the results for a crack running through the field of uni-

Oi’-

0.4}
0.3
g Oyc(A) =3.0T I
o.zL _h:' - |8
o0l Tl i
~c— T

0 i i 1 1 Y

5.5 10.5 15.5 20.5 255 30.5

FIG. 13—Crack length variation of crack speed for a crack traversing uniform stress and
uniform material resistance field.
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FIG. 14—Crack length variation of crack speed for a crack running into linearly increasing

material resistance field.
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FIG. 15—Crack length variation of crack speed subjected to load drop effect.

form material resistance or constant critical stress for crack growth
o,{A) = 3.07. The crack is accelerated to a terminal speed, and this
general trend agrees with many reported experimental observations. When
a crack runs into a linearly increasing material resistance field, such as
temperature gradient type crack arrest test, the crack will be decelerated
and finally arrested. Figure 14 shows the results for a crack traversing
the field of linearly increasing material resistance, and this qualitatively
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compares well with the experimental observations shown in Fig. 2. Figure
15 shows the decreasing open-up pressure o(¢) with time, which somehow
simulates a crack subjected to load drop effect or a crack running into a
decreasing stress field such as a crack arrest test using a bending or a
wedge opening specimen under fixed grip condition or both.

Series of crack arrest tests were conducted using 10-mm-thick PMMA.
The specimens used are single-edge-notched 300-mm-wide and 280-mm-
long plates. The mean velocity of the crack was measured by crack detec-
tor gages mounted along a crack propagating line, and a load drop was
recorded by strain gages plated on the rod of the setting apparatus. This
material fractured in a relatively brittle manner. The measured crack
speeds range from 120 to 540 m/s, that is, relative speeds with respect to
dilatational wave (2.15 x 103 m/s for the PMMA used) are 0.06 to 0.25.
The experimental results are analyzed by the numerical method using the
crack speed experimentally obtained as the time-dependent boundary con-
dition and the statical displacement of each grid point as the initial con-
dition. Figure 16 shows an example of the variation of the energy com-

W: Load Work o
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K : Kinetic Energy a
10000+ T D : Dissipation Energy
14194 h=5mm a
300 —= o °
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3 o
- =T v, °
wif IRERE! - °
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5000 T o K ©
=]
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u
4 g E 2 A A & & & @ 2 A A & A, a
[} v
o ©° v 'D v v
o 0.8 O . e v,V M N a
0 7 50 100 150 200
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F1G. 16—Energy changes due to extension of crack (PMMA).

ponents with crack length, that is, external load work done W, kinetic
energy K, strain energy U, and dissipated energy D. Figure 17 shows an
example of variation of dynamic fracture toughness K ,, with crack exten-
sion, which is defined by

K. = \EZ2 ©)

where E denotes Young’s modulus.
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Variation of crack speed is also shown in the same figure deplicting
crack speed dependence of material toughness. Taking K, values at max-
imum crack speed for each of the specimens, its crack speed dependence
can be summarized as shown in Fig. 18. The dotted line, shown in the
figure, is the variation of K, value with crack speed obtained by Green
et al [22] using high-speed photography of PMMA. The increasing trend
in toughness with crack speed as obtained by Green et al [22] seems to

support the experimental observations that the roughness of fractured
surface increases with crack speeds.
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FIG. 17—Variation of dynamic fracture toughness K ;4 with crack extension.
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FIG. 18—Crack speed dependence of K ;4.



56 FAST FRACTURE AND CRACK ARREST

A similar analysis was made on the previously mentioned experimental
result using a 2400-mm-wide steel plate specimen. An example of ener-
getics calculated using experimental crack speed data is shown in Fig. 19.
The test is a gradient temperature type ESSO crack arrest test with about
a 1450-mm-long arrested crack. The experimental observation showed
that the fixed grip condition was realized approximately in this case. The
saturating feature seen in dissipation energy implies that the crack should
come to be arrested. Figure 20 shows crack length variation of K, value

Esso Test for Steel
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FIG. 19—Energy changes due to extension of crack (structural steel).
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FI1G. 20—Arrest toughness comparing with static K value.

compared with static X (nominal K). The increasing trend in K,, with
crack length is probably due to the temperature distribution of the speci-
men, which is also shown in the same figure. Note that the K, value is
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smaller than nominal K value at the arrest point. But this difference is
not enough to explain such descrepancy fully, as shown in Fig. 1.

Conclusions

It is shown that the dynamic analysis using the finite-difference method
applied to the equation of motion in elastic medium will provide a useful
tool to investigate the dynamic aspect involved in fast fracture and crack
arrest. But the preliminary study reported in this paper has revealed that
considerable refinement is needed in the current theories of crack propa-
gation and arrest.

As to how far this preliminary work can go, no definite judgment could
be made regarding the controversy on two major concepts; the arrest
toughness concept and the total energy or recoverable kinetic energy con-
cept.
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ABSTRACT: The first part of the paper is concerned with the elastodynamic stress
field in the vicinity of a rapidly propagating crack tip. Elastodynamic stress in-
tensity factors and their role in the fracture criterion of the balance of rates of
energies are discussed. The remainder of the paper deals with the near-tip stress field
for a sudden discontinuous change of the speed of a rapidly propagating crack tip,
including the case that the crack tip is suddenly arrested. Analytical expressions are
derived for the elastodynamic stress intensity factor, for the case that the crack-tip
speed instantaneously changes from c, to ¢, where ¢, < c;. Arrest, or continued
propagation of a crack tip at a reduced speed are investigated on the basis of the
fracture criterion of the balance of rates of energies.

KEY WORDS: crack propagation, elastodynamic stresses, stress intensity, crack
arrest, fracture properties

Much analytical information is available on elastodynamic stress fields
in the vicinity of a propagating crack tip. Elastodynamic effects generated
by rapid crack propagation, as well as by the diffraction of incident stress
waves, have been investigated in detail. In these investigations elastody-
namic stress intensity factors are computed and subsequently entered in
the fracture criterion of the balance of rates of energies, to analyze con-
ditions for crack propagation and to determine crack tip speeds. In a
recent review article [/],? a number of observations on elastodynamic ef-
fects are discussed on the basis of solutions of example problems. Another
review article by Freund {2] also discusses in detail elastodynamic crack-
tip stress fields.

In this paper we are interested in sudden discontinuous changes of the
speed of the crack tip, including the case that the crack tip is suddenly

'Professor of civil engineering and graduate student, respectively, Department of Civil
Engineering, Northwestern University, Evanston, Iil. 60201.
2The italic numbers in brackets refer to the list of references appended to this paper.
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arrested. After a statement of some known results for near-tip elastody-
namic stress fields, we derive an analytical expression for the elastody-
namic stress intensity factor, for the case that the crack-tip speed instan-
taneously changes from c, to ¢,, where ¢, < ¢,. Some implications of the
results for crack arrest are discussed within the context of the balance of
rates of energies.

Next we consider some specific applications of the results to the case of
a crack which extends at a constant velocity from a central point in a
uniform tensile field. For this case constant speed of crack propagation
is not consistent with the fracture criterion of the balance of rates of
energies, at least not for constant specific crack extension energy. A con-
stant velocity central crack may possibly be thought of as a crack propa-
gating along a preexisting weak plane, at a high speed, and this speed is
considered an average over a small time interval. The question of interest
now is whether a crack which initially extends over a preexisting flaw with
weak cohesive forces will or will not penetrate the full material. Arrest
or continued propagation of cracks at reduced speeds are investigated
on the basis of the balance of rates of energies fracture criterion. Analo-
gous investigations for the case of antiplane strain were carried out in
Ref 3.

Some Results for the Near-Tip Fields

The general nature of elastodynamic near-tip fields for the case that
the tip of a crack propagates rapidly along a rather arbitrary but smooth
trajectory in a two-dimensional geometry, was discussed by several au-
thors [1,2]. Here we consider the special case of a crack propagating in
its own plane. The two-dimensional geometry is shown in Fig. 1. The
speed of the crack tip is c(¢), where c(?) is positive. A system of moving
polar coordinates is centered at the moving crack tip, as shown in Fig. 1.

For the case of symmetric opening up of the crack (Mode I), we have
in the vicinity of the crack tip

oL opeo) TXBO) 1)

@

FIG. 1—Two-dimensional geometry of a propagating crack.
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In Eq 1, T,(0,¢) = 1, and k(¢,¢) is the elastodynamic stress intensity fac-
tor. The function T,(6,c), which is of a rather complicated form, is ex-
plicitly stated in Ref 4. It is of note that the maximum value of T /(é,c)
moves out of the plane 8 = 0 (the plane of crack propagation) as c(¢)
increases beyond a certain value.

For a semi-infinite crack and quasi-static external loads, the elastody-
namic stress intensity factor can be expressed in the form [5]

o -[s.(+ 0] =) ko @

where K (¢) is the stress intensity factor for the corresponding quasi-static
problem, that is, as p = 0. The function S ({,s) is defined by Eq 49, and
cr is the velocity of Rayleigh surface waves. Equation 2 is also valid for
a crack of finite length but only for small times compared to travel times
of disturbances from the boundaries or from the other crack tip.

On the crack surfaces just behind the moving crack tip, the crack open-
ing displacement is

v-V@®r~ 3)
where
2\ 82 = "
Ve = _<_7r-> e Wkl(t’c:) G
In Eq 4
o« = 0, cL=<}‘+2“>% (5)
c, 2
c(?) _fwu ” 6
s, ., - <_p_> ©)

and D(q,B) is defined as

D(af) = (82 = 22 = 41 = )1 ~ B)" @)
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It follows from Eqs 4 and 1 that the near-tip stress field may be expressed
in terms of V(¢) by

b ) L VT A6 ®

T T AUl - o) % BE

A propagating crack tip acts as an energy sink. It is quite simple to
compute the flux of energy into the crack tip. A detailed discussion can
be found in Ref I, as well as in the papers by Atkinson and Eshelby [6],
Kostrov and Nikitin [7], and by Freund [8]. The result is

Al — o) k(] )

F=- 2u¢2D(a,B)

The balance of rates of energies then provides the following necessary
condition for fracture

F = 2cT(c) (10)

Here 2T'(¢) is the specific energy of crack extension, that is, the energy
required to produce one unit of new crack length. For purely brittle frac-
ture I'(c) becomes the specific surface energy. In general I' may depend
on the speed of crack propagation, that is, I' = I'(¢).

For slow propagation of the crack tip (that is, the limit ¢ = 0), Eq 9
reduces to

K e 1 = w2 11
F= Ilci-chH - E [K{D] an

By combining this result with Eq 10, it follows that K, equals the tough-
ness for fracture initiation, K, that is

K =K, = ["‘F‘O’ 2 (12)

Thus, for a slowly propagating crack the usual fracture toughness enters
as a material property, and the stress intensity factor equals the fracture
toughness K. while the crack propagates. The latter provides a condition
for the computation of the corresponding external loads. In this compu-
tation the precise magnitude of ¢ is immaterial, but ¢ should be small so
that elastodynamic effects can be ignored.

At higher speeds of crack propagation Eq 10 is an equation for the
computation of ¢, provided that the stress analysis problem of expressing
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k(t,c) in terms of the external loads, the geometry, and with ¢ as an ar-
bitrary parameter, can be solved. Once the actual speed of crack propaga-
tion has been obtained, Eq 10 can be used to express k(f,c) explicitly in
terms of I'(c) as

kftc) = [‘4&?“_%;?)(3,6)]‘ (13)

Thus k(#,¢) strongly depends on the speed of crack propagation. It is
evident that the elastodynamic stress intensity factor is not equal to K|,
while the crack propagates, but rather the expression

=241 — )% (¢c,? = k(1,0 T(0)/crT(c)D(ex,B)

maintains a value equal to (K.)2 Alternatively one can define a dynamic
fracture toughness as

_| _ L ¢/ D(a,8) T(c) 8 14
KlD - [ 2 CLZ _ CTZ aZ(l _ az)u/zr(o)] ch ( )

Then it can be stated that k(t,c) = K, during fast crack propagation.
Computational work in elastodynamic fracture mechanics would
simplify considerably if T could be assumed constant. Unfortunately there
is considerable experimental evidence which suggests that T does depend
on the speed of crack propagation. It is possible to determine T if for a
rapidly propagating crack both k(z,¢) and ¢ are measured. Figure 6 of the
paper by Kalthoff et al [9] contains the required information for Araldite
B. The figure shows that in the initial stages of crack propagation both
k{t,c) and c are constants. Their values have been tabulated in Table 1.

TABLE 1—Specific fracture energy of Araldite B computed from results presented in Ref 9;
¢ = 2400 m/s, Poisson’s ratio = 0.392.

Specimen No. K p,MN/m™: Cmax> M/S 24T, MN %m3
35,4,21 1.09 295 0.388
8 0.972 272 0.306
17 0.875 207 0.242
24 0.764 108 0.18

62 0.694 15 0.148
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These values can then be substituted in

_ __1— —C—Z(l_QZ)’/z
r = 4u<cr> Dy W o 15)

which is again obtained from Eq 10. The results are listed in Table 1, and
it is evident that I'(¢) is an increasing function of c.

It has become customary to compare the elastodynamic stress intensity
factor k,(¢, ¢) with the elastostatic stress intensity factor K,(f). The com-
parison is usually for the same applied external loads, so that the dif-
ference between k(t,c) and K,(f) then reflects the difference between
elastostatic and elastodynamic stress analysis. For the case of a semiin-
finite crack the ratio k,(f,c)/K,(f) immediately follows from Eq 2. In the
range 0 < ¢ < ¢ this ratio is less than unity. For problems of finite geome-
try, elastodynamic stress analysis is much more complicated, and a simple
general result is not available.

It is, however, also useful to think of the two stress intensity factors in
terms of the ones which the material actually experiences during the
process of crack propagation, that is, the stress intensity factors which
would be measured in experiments. Here the stress intensity factor would
be elastostatic when ¢/c¢, « 1, and the specific magnitude of ¢/c, would
not matter. The ratio k,(¢,¢)/K,(f) immediately follows from Eq 14, and
is given by the bracketed term. The factor D(«,8)/a* (1 — «?)” decreases
with increasing crack speed. On the other hand I’(c) generally increases as
¢ increases. Thus, it is possible that the stress intensity factor at high
speeds of crack propagation is greater than the one at low speeds.

Discontinuous Change of Crack-Tip Speed

The objective of this section is to investigate the conditions which may
cause a drastic change in the tip speed of a propagating crack. Let us
consider a fixed coordinate system x, y, with time being denoted ¢ and
suppose that at time ¢ = ¢, a moving crack tip is located at a position de-
fined by x = x,, see Fig. 1. The instantaneous velocity of the crack tip is
¢, = c(t)). Now we assume that at this moment the crack-tip speed
changes, and the crack continues to propagate with a new velocity ¢, (¢, <
¢,). If the crack would propagate a little bit beyond position x = x, with
velocity ¢, = c(¢,), the crack opening displacement in the coordinates x’
and ¢t', where

t'=1t-t, x'=x- x

would follow from Eq 3 as
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voVilet' —x) V= V(1) (16)

Here it is implied that ¢’ « ¢ and x' « x. However, the crack does not
propagate with velocity c,, but rather with velocity c¢,, and thus, the crack
opening given by Eq 16 must be closed for x’ > c'.

To analyze the fields near the crack tip propagating with velocity c,, it
is convenient to introduce the new variable g as

qg=x"-cy' a7

Relative to g and ¢, the crack opening displacement is
v-flg t') = Vilc, — c)t' — q1” (18)

On the field corresponding to the crack tip which continues to propagate
with velocity c¢,, we now superimpose the solution to the boundary-initial-
value problem for y > 0 with quiescent initial conditions, and with the fol-
lowing boundary conditions at y = 0

g<0, 7,=0 (19)
—®<cg<®, 7,,=0 (20)
g>(c,—c)t', v=_0 21

O<g<(c,—ct', v=—flg t") (22)

The superposition of the solution satisfying Eqs 19 to 22 on the initial
problem (of a crack propagating with instantaneous velocity c,), produces
the case that the crack continues its symmetrical (Mode I) propagation
with the new velocity c,. This solution is valid for ¢’ « t. In physical terms
the solution satisfying Eqs 19 to 22 gives the necessary traction for closing
with velocity ¢, — c, a slit extending with velocity c,.

The near-tip stress 7, for the boundary conditions (Eqs 19 to 22) is
given in the Appendix, Eq 48. This expression for 7, should show two
singularities, namely, one at ¢ = (¢, — ¢,)t' and one at ¢ = 0. The
singularity at ¢ = (¢, — ¢,)¢’, that is, x’' = c;¢', must cancel the singu-
larity at x’ = c,¢' for the original crack, while the singularity at ¢ = 0
(x' = c,t') is the singularity at the crack tip propagating with the new
velocity c,. The actual computation of the stress near ¢. = (¢, - c¢y)t' is
rather lengthy, since it involves the evaluation of several complicated
integrals. The result is indeed equal and opposite to Eq 8 evaluated at ¢ =
t, and for ¢ = c,. The stress near ¢ = 0 is easier to evaluate. It follows
from Eq 48 as
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# Da, B))
= ;72(1__(1_12)7:5—,2 h(cy, ¢)) Vi T8, c) (23)
where
a; = CI/CL’ Bl = Cl/CT (24a1 b)
and
CR—Cr/CL—C 1
, = 25
h(c\ Cz) Cpr— C, < ¢, — CZ) S+(->S‘2, l/Cz) ( )

The function S, (—s,,, 1/c¢,) follows from Eq 49.
Eliminating V| by the use of Eq 4, the stress intensity factor at the new
speed ¢, is obtained as

k\(t, ¢;) = h(c,, ¢;) ki1, ¢)) (26)

For ¢, = ¢,, we find A(c,, ¢,) = 1. For various values of ¢,/c,, the func-
tion A(c,, ¢,) is plotted versus c,/c, in Fig. 2. It is noted that the elasto-
dynamic stress intensity factor always increases when the crack speed de-
creases. The relative increase becomes larger for larger c,. As ¢, approaches
the velocity of Rayleigh waves, the function A(c,, c,) increases beyond
bounds, because the elastodynamic stress intensity factor for the original
crack speed ¢, approaches zero.
If k,(¢, ¢) is of the form given by Eq 2, we find for ¢, = 0

ki(t,,0) = K\(t) @7

It can be shown that for a discontinuous change of the speed of crack
propagation of the tip of a semi-infinite crack, the new near-tip stress
field is obtained by simply substituting ¢, for ¢, in Eq 2. This is not true
if k(z, ¢) is not of the form given by Eq 2.

The ratio of the specific crack extension energies required for an instan-
taneous change of speed from ¢ = ¢, to ¢ = ¢,, where ¢, < ¢,, follows
immediately from Eqs 10, 9, 8, and 23 as

T, cfll — el Dlay, 8)
T, = Coll = afl” Dlay, By 0 el @8

Here o, and 8, are defined analogously to Eqs 244, b. In the limit ¢, > 0, Eq
28 reduces to
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F1G. 2—Ratio of elastodynamic stress intensity factors for a sudden change of crack-
tip speed from c to ¢, (plane strain, Poisson’s ratio v = 0.33).
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The ratio T',/T', is plotted versus c¢,/cg in Fig. 3. If a crack is to be sud-
denly arrested, the higher the initial crack tip speed c,, the larger ratio of
specific crack extension energies is required across the plane at which the
crack is arrested.

Central Crack

Elastodynamic fields for a crack extending symmetrically with a con-
stant velocity from a single point in a uniform stress field of magnitude
o, can be treated rigorously. The solution for the plane case, which is
illustrated by Fig. 4 was given by Broberg [/0]. Stress distributions in the
plane of the crack for Broberg’s problem were presented by Kamei and
Yokobori [11].
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Cy
Cr

FI1G. 3—Ratio of specific crack extension energies required for a sudden change of crack-
tip speed from ¢, to c, (plane strain, Poisson’s ratio v = 0.33).

F1G. 4—Central crack in a uniform tensile field.
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The crack opening displacement for Broberg’s problem is of the fol-
lowing form, see Eq 35 of Ref 10.

1 — 2
= —o — TN (e (30)
pc? glay)

where «, is defined by Eq 24. Here c, is the speed of the crack tip, and
g(a,) is a rather complicated function which is given by Eq 25 of Ref 10.
In the vicinity of the crack tip at x positive, the crack opening displace-
ment is of course of the form given by Eq 3, with V(¢) defined by

g 1 — a2
=0 v 1
140) ed 2 Qcd) (31

The corresponding stress intensity factor follows immediately from Eq 8
as

- _ w Dlay, B) _ zwa_‘z

falt ) = —(reyt =SB (- ad)n e, (32)
Substituting this expression in Eq 9, it is noted that F linearly increases
with time for a central crack extending with a constant speed. Since T'
generally is not linear in time, Eq 10 can not be satisfied by a central
crack expanding with a constant velocity.

Nevertheless, we will examine the arrest of a constant velocity central
crack, since such a crack models some physically interesting situations.
For example, a constant velocity central crack may be thought of as being
induced by a rapid external cutting process in a thin plate. If the cutting
process continues over a certain length, and is then terminated, the pos-
sible subsequent further extension of the crack on its own follows from
the results given here. Another interpretation of the constant velocity cen-
tral crack is that it models a crack propagating along a preexisting weak
plane, at a high velocity close to the Rayleigh wave velocity. The question
of interest is whether a crack which initially extends over a preexisting
flaw with weak cohesive forces will or will not penetrate the full material.

Suppose the crack extends with velocity c, until time ¢,. The total width
of the crack then is 2a = 2c,r,. At time ¢, the speeds of the crack tips
change from ¢, to ¢,, where ¢, < ¢,. The instantaneous stress intensity
factor immediately follows from Eqs 26 and 32 as

2
k[(tl, Cz) = —h(Cl,Cz)(-,ra)‘/z M (1 - QIZ)I/Z %{Z

4 33
g(ay) A 33)

The corresponding quasi-static stress intensity factor is K, = ¢, (wa)".
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In Fig. 5 the ratio of the elastodynamic and the quasi-static stress in-
tensity factors has been plotted for a crack which extends to a length 2a
with velocity ¢,, and then continues its extension with velocity c,. The
computations are for the case of plane stress, where

.0
| c,=0.2¢c,
kg (t,c)
K ) c,=06¢,
0.5
L C2= ¢y
|
n 1 " 1 ! 1 1 " A
0 0.5 1.0

C
Cn

FIG. 5—Ratio of elastodynamic and elastostatic stress intensity factors (plane stress, v
= 0.33) for a central crack whose crack-tip speed suddenly changes.

du(h + W 4 ¢, 2 v
— S . 34q,
€L ):90\ + 2#)] T er (1 - V) (344, B)

Here v is Poisson’s ratio. In Fig. 6, k,(z;,, 0)/K, is plotted for a crack
which extends to a length 2a with velocity ¢, and is then arrested.

The flux of energy into the crack tip upon a change of velocity follows
by substitution of Eq 33 into Eq 9. The combination of this result with
the balance of rates of energies, Eq 10, yields an equation from which a
number of interesting conclusions can be drawn. Let us first consider the
case that the original crack is created by cutting with velocity c¢,. The
critical stress which will cause the crack to propagate immediately after
the cutting process is stopped, can then be obtained from Eqgs 33, 9, and
10 by setting ¢, = 0. We find

(ao)cr _ 614 g(al) 1

(Ter os a} D(a;, 8) (1 — a)”

1 c 1
LS PRI RPN
1 - a)” < CR> " < ¢ > 35)
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F1G. 6—Ratio of elastodynamic and elastostatic stress intensity factors (plane stress, v
= 0.33) for sudden arrest of a central crack.
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F1G. 7—Ratio of elastodynamic and elastostatic critical stresses (plane stress, v = 0.33)
Sfor a central crack.
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Here we have used that the critical stress for the quasi-static plane stress
case, (9,) ¢ 1S (RET/7a)”. The ratio of the two critical stresses is plotted
versus ¢,/cg in Fig. 7.

For velocities ¢, less than about 0.7 ¢, the elastodynamic critical stress
is less than the elastostatic value. For example, for ¢, = -~ 0.3 cg the crack
will not instantaneously arrest if o,>0.93 o ... For ¢, = ¢, the crack will
instantaneously arrest for ¢ < ~ 1.057 o ... Propagation may then, how-
ever, start again somewhat later, since the stress intensity factor may in-
crease when wave motions from the opposite crack tip arrive.

If crack propagation should start at x = 0 over a weak plane of length
2a, the results of Fig. 7 show that the chances for instantaneous arrest as
the full material is reached are better, the higher the speed of crack pro-
pagation, c;, over the length 2a.
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APPENDIX

Some Mathematical Details

The mathematical method which can be used to obtain the analytical solution
of the boundary-initial-value problem stated by Eqs 19 to 22 has been discussed
in great detail in Ref I, pp. 21-27. If a complete treatment -were given here, it
would not only take many pages, but there would also be much overlap with the
material presented in Ref /. Therefore, we will indicate the principal manipula-
tions and elaborate only when a substantial difference with Ref 7 appears.

In the system of moving coordinates g,y,t, the cartesian displacement compo-
nents ¥ and v may be written in terms of the displacement potentials ¢ and ¢ as

a¢ Ay de Ay

= — 4 — =
dq dy dy dq

The potentials satisfy wave equations, which can be easily written in the moving
coordinates (see Egs 3.52 and 3.53 of Ref 7). Solutions to these equations are ob-
tained by the use of integral transforms. First the one-sided Laplace transform
(transform parameter p, superscript bar) is used to eliminate time. Next the two-
sided Laplace transform (transform parameter p¢, superscript asterisk) is used to
eliminate the spatial variable q. In the half-space y 2 0 appropriate expressions for
#* and y* are then obtained as

sV

? =& (p,e

V* = ¥(p,)e PP
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’YLZ = st(l - ng‘)z - ;‘2; §; = l/CL
7T2 = STZ(l - ng‘)z - ;‘2; Sr= l/CT

It should be noted that subscript 2 replaces subscript F used in Ref 1.
Application of the Laplace transforms to the boundary conditions Eqs 19 to 22
results in

=7, (36)
Tyt =0 37
V= Tt (38)

Here f* is the transform of the known part of the displacement in the range 0 <
g < (¢, — cpt, and V_* is the transform of the unknown part of the displacement
for g < 0. Taking the one-sided Laplace transform with respect to time first, we
easily find from Eq 18

- V7V, (¢, - c)”
Fon=_ Yl -aor 39)
2 p? t+sp,
where
_ 1
Siz = ¢ - ¢,

The transforms 7,,* and v_*, which are as yet unknown functions of p and
¢, are analytic functions of ¢ in half planes determined by the asymptotic behavior
of the functions 7,, and ¥ as |g| = 0. The common strip of analyticity is

< Re(h) < (40)

C; — € Cc; + ¢
Writing the stresses and the displacement v in terms of the potentials ¢ and ¢,
and employing the transforms of these expressions in the transformed boundary

conditions Eqs 36 to 38, and subsequently eliminating ®(p,{) and ¥(p,{), we are
left with the following Wiener-Hopf type equation

_ P KO
v 572 (- )

[ s —] s @1
M

where s, = 1/¢,, and
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K@) = 427,77 + (7 — 19?2
Following the steps indicated by Eqs 3.82-3.93 of Ref 1, Eq 41 can be rewritten as

50 _ R/ . @

v_* =

AP
T M TR

sz
pC——z (S &)
Sr

where

B (-8 SO
P+ 517,09
Vi s?

B=———(c,-c)”V,C
ZSTz(l ) 1

Here some deviations occur from the treatment of pp. 21-27 of Ref 1, in that P
is a different expression.
What remains to be done is to split P into the sum of two functions

P=P, + P_ (43)
where P, and P are analytic, respectively, in the two half planes whose strip of
overlap is defined by Eq 40. It is apparent that P is analytic in the half plane Re({)
< s, with the exception of a simple pole appearing at

§ = —sp

Adding and subtracting the contribution due to the pole we can write

B 1
= 2 - 44
+ p’/’ §' + S1a F( 512)
B 1
= — [F(o - F(—s.»:\ 4$)
p” g‘ + $12
where
S_(9)
F)=(¢ - 5“1)7:—_—(5

Substituting Eqs 44 and 45 into Eq 43, and subsequently substituting the result
in Eq 42, we arrive at a Wiener-Hopf type equation, which is of exactly the same
form as Eq 3.97 of Ref 1. By the usual arguments, which are stated on p. 27 of
Ref 1, we obtain
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1
Tya* = = = WBF(—5,) T* (46)
P
where
o Lo
P ;‘ + 512
¢+ 6HS.O
Gy = ——2_ 2
O="="0

It remains to invert the integral transforms. An inversion completely equivalent
to the inversion of @* is given by Eqs 3.105 and following of Ref 1. The result is

_l_ Im[G(—t/q9)]
q -—-sptt/q

1
g = —
"

This expression can be rewritten as

V4

o = LL( (43 ) t — gsp2 S+(_I/Q) (47)
T g”\c, - ¢ t—gs (t— gsp)”
where ¢ > gs;,, and
¢ 1 1
N = = . =
R T e~ ¢y 2 ¢ — €

The inverse of 1/p“ is 1/(xt')*. By using the convolution integral for the one-
sided Laplace transform, the inverse of 7,+* then follows from Eqs 46 and 47 as

uBF(—s@( e )‘/’ J (n = gsedS(~n/q) dn
L
q.

48)
g " st(t - 0% - gs) " (1 — gs1)

g ¢, — ¢

In the limit ¢ = 0, Eq 48 can be evaluated. Since S, (— %) = 1, and using the
definitions of B and F({) given earlier, we find Eq 23.

The function S, ({) is stated by Eq 3.90 of Ref 1. In this expression the velocity
¢, appears as a parameter. For reference purposes we restate S, ({) as S .({,s), where

dn 9)
VIEY

b,
S.(,8) = exp{ - %J “tan~[f(n,5)]
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where

4n?r,| by
— 512 — SPNY/S?E 2s7n/s)?

Sfn,s) = an

1 1
a, = ———~ b, =

¢, — 1/s cr— /s

1 1
= b, = ——
c, + 1/s cr+ /s

Thus S, () appearing in this Appendix follows from Eq 49 by settings = 1/c¢,.
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A Suddenly Stopping Crack in an
Infinite Strip Under Tearing Action

REFERENCE: Nilsson, Fred, ‘“A Suddenly Stopping Crack in an Infinite Strip
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pp. 77-91.

ABSTRACT: A problem for a clamped infinite strip, with a semi-infinite running
crack under antiplane strain is considered. It is assumed that the crack initially moves
steadily and then suddenly stops. By appropriate superpositioning of certain ele-
mentary problems, the stress intensity factor after the arrest is determined. This is
achieved by application of the Wiener-Hopf method, and the result is given in
Laplace transformed form. The inversion is done by numerical methods. For the
short-time behavior explicit relations are derived. These are also applicable to other
problems. The nature of the solution is discussed, and a criterion for momentaneous
arrest is given.

KEY WORDS: crack propagation, crack arrest, dynamic stress intensity, infinite
strip, fracture properties

We know today in principle quite well how a correct treatment of the
problem of crack arrest in elastic bodies should be performed. Suppose
that for a given geometry under given boundary conditions, the stress
intensity factor (K) (or equivalently the crack extension force (G)) can be
calculated for an arbitrary crack-growth history, dynamic effects taken
into account. If furthermore the critical stress intensity factor (K) is
known as a function of crack speed, the correct crack-growth trajectory
is then the one which makes these two quantities equal during the period
when the crack is moving.

A possible arrest point is a point where the growth equation has the
solution zero velocity. To see if this actually is an arrest point, it must be
checked that K does not reach a level where a restart is possible. If this
level is reached the following crack-growth history must again be calcu-

"Doctor of technology, Department of Strength of Materials and Solid Mechanics, Royal
Institute of Technology, Stockholm, Sweden.
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lated. This process has to be continued until all requirements for a com-
plete arrest are fulfilled.

The outined scheme is difficult to perform and can only be realized by
numerical methods. The development of computer programs able to
handle this kind of problems is under way, but still results are lacking
with exception for the double-cantilever-beam (DCB) geometry [/, 2].2

It is, therefore, of interest to consider idealized problems which lend
themselves to analytical treatment. Although we can not in this way hope
to describe crack arrest properly, useful qualitative information can be
extracted from this type of solutions.

In a recent paper [3] one class of such problems is considered. It is
assumed that a crack propagates steadily under plane conditions. The
crack suddenly stops, and K after the stopping is sought. A method for
calculating K for this case was given in Ref 3. One particular example,
the clamped infinite strip, was considered in more detail. It was possible
to obtain an approximate solution up to the time when diffraction effects
set in. Mathematical difficulties prohibited a solution beyond that time.

The Mode III version of this problem is much simpler, and we will here
attempt a long time solution.

Strip Problem and Method of Solution

Consider a strip of an elastic material (Fig. 1) situated betweeny = +h
in fixed x,y-system. The state is one of antiplane strain, and the only non-
vanishing displacement component is denoted w. The strip is bisected by a
semi-infinite crack, initially moving steadily with velocity ¥. The crack
surfaces are stress-free and the remaining boundary conditions are given
by [7]

w:#v!Q
h y y
vt
ZZZ::::IZZ:ZI:ZJ»——
X x
h
w=-wg

FIG. 1—The strip problem.

2The italic numbers in brackets refer to the list of references appended to this paper.
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y = zxh: w= tw, (1)

This problem has been solved by Field and Baker [4] and later by Sih
and Chen [5].
Introduce a moving coordinate system attached to the tip, that is

x'=x-Vt (2)
y' =y 3)

Denote the displacement of the upper crack surface w(x’). The condi-
tions along y = 0 can then be written with respect to the fixed system.

y=0 T, = uwW,, =0 —oo<x< Vi 4)
w=wi(x— Vo —oo<x< Vt )
w=0 0O<x<oo ©)

« here denotes the shear modulus of the material.

The problem we want to solve is the following. Suppose that the crack
suddenly stops at ¢+ = 0. We want to obtain the stress intensity factor
after the stopping. In order to do this, we consider an auxiliary problem
defined by the following set of boundary conditions.

y = h: w=20 @)
y=0: T = uw,, =0 —w<x<0 8)
w=HlVt — x) O<x<oo €))

where H denotes the unit step function. These conditions can be inter-
preted as a screw dislocation of strength 2, which suddenly appears and
moves along the positive x-axis. Let g*(x,y,¢; V) denote the solution for
a field quantity. Consider now a family of such dislocations starting at
different times £ and each with strength 2A(£). The corresponding field
quantity due to all these dislocations is then given by the convolution in-
tegral
*t

qxyt V) = J q*xyt — & V)AE) dE (10)

£=0
Specifically we choose

awr ()

A = - Y

dt (11)
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where
wX(&) = wy(- V¥ (12)

The displacement of the crack surface due to these dislocations is ac-
cording to Eqs 7-12.

. dw
W= | —HOG-9-0 5 dey =000 )
£=0 at
After integration this reduces to
Wea = —Wx = VO X HVt —x) y=0,x>0 (14)

Superposing this problem onto the moving crack problem, we imme-
diately find that all boundary conditions for the problem of the stopping
crack are fulfilled.

As will be shown later, the stresses at x = +0 are given for the dislo-
cation problem by

K (5 V) _
=S emr 270 (15)

By using Eq 10, the stress intensity factor for the stopped crack is then

y )
KO = = | Kaytt - 1) 250
£=0

d¢ (16)

It may be noted that this method is similar to the one used by Freund
[6-7] for solution of related problems.
From Ref 5 the derivative of w (%) is found to be

OW®) _ WV o _ 1y-n
T 7 (emve/eh — 1)~ 17)

with
B=(U - VyCy~ (18)

and

(19)

9]

iS5 ]
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p is the density of the material. In the course of the analysis it is con-
venient to have the Laplace transform of Eq 17. From Ref & this is given
by

™

r(ﬂ + 1)
14

DBk
— + W
w, F< | 4 2)

c <6ws*(5)> - 20)

9t

N

where p is the transform variable and T is the gamma function.,

Solution of the Dislocation Problem

In this section the problem set by Eqs 7-9 will be solved by the Wiener-
Hopf method. The solution has to satisfy the wave equation

1
yy:(':_zw

@n

W,

» xx

+ w,

Along the x-axis the shear-stress 7,, for x > 0 and the displacement w for
x < 0 are unknown. We transform the quantities in the following way.

w(s,p,y) = / / w(x,y,f) e~ # dtdx (22)
X=—o0 t=0
The solution of the transformed wave equation is

w(s,p,y) = A(s,p) e” + B(s,p)e~" (23)
Y = (s2 + p¥C¥H*» (24)
where the branch of the square-root function which approaches positive

real numbers when s — + o is chosen.
Transformation of the boundary conditions gives

y=h:w=0 (25)
- 1
y=0w,= ;H+(s,p) (26)
5o __ 1
W= o HI-6P @n

where H, (s,p) and J_(s,p) are the transforms of \r,(x > 0) and w(x < 0),
respectively. If Re(p) > 0, the regions of analyticity can be summarized as
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H_(s,p) regular in Im(s) > — Re(p/C)
J_(s,p) regular in Im(s) < + Re(p/C)

1 1
_ X —— in I; —
s 5= p/V regular in Im(s) > — Re(p/V)

There is, consequently, a strip of common analyticity. Determination of
A(s,p) and B(s,p) results in the following Wiener-Hopf equation valid in
the strip.

1 1
K6p) (J6p) = o) = 2 H.6D) 28)
K(s,p) = Ycothth = K_(s,p) K . (s,p) (29

The factorization of K(s,p) was given in Ref 9 for the more general
case when the coordinate system (x,y) is moving. Specializing to a sta-
tionary system we obtain for the present case

_ 1 e s+ inn—’/zt)n
K.@sp) = v/ ,,I}l (s + in,®) (n — b) €O
with
2 nimiyv
nnt = 4+ <% + 'h—":'> (31)

It can be verified that these products converge. It is furthermore con-
cluded that

K, (s,p) regular and nonzero in Im(s) > — Re(p/C)
K _(s,p) regular and nonzero in Im(s) < + Re(p/C)

Equation 28 can be rearranged as follows

K_(sp) -~ K_(p/iV,p) _
pls — p/V)

1 H.(sp) N K _(p/iV,p)
» K. (sp)  pls— p/V)

K _(s,p) J_(s,p) —

(32)

= E(s)

The left member is analytic in Im(s) < Re(p/C) and the right member
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in Im(s) > — Re(p/C). By analytic continuation E(s) is analytic and non-
singular over the entire s-plane. By knowledge of the character of the
solution as s - +o (x = +0), it can be shown with aid of Liouville’s
theorem that E(s) must be identically zero. We can then solve Eq 32

_ _uK,(sp)K_(p/iV,p)
H, (s,p) = plis — p/V)

33

For large values of s, K, (s5,p) can be written [9).

K.Gp) —~h (§> (34)

Re(s) > +

Furthermore we have from Eqs 30 and 31
K _(p/iV.p)

i {l " a[l " (#ﬂyz;n =f_(p“)
! { 1+ a|:l + (%)2]/ VE

1
vk

(35

(n - 1)

with

byl

p*=p

c
14
C

a =

For large values of s, H, (s,p) can be written

H, (sp)— ¢ (—hs)~" (36)

f(p*)
D
Re(s) > +

Application of the asymptotic properties of the Fourier transform then
leads to the following result.
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2\ f(n*
e < —> Qrx)-* f(_p_)_ 37N
x— +0 h p
The Laplace transform of the stress intensity factor is thus
= 2\ f(p*)
K, = —
wip) = () =2 (39

The convolution property of the Laplace transform can be applied to
the integral in Eq 16. Equations 20 and 38 yield the following expression
for the Laplace transform of the stress intensity factor after the stopping.

- « B
i e

The quantity uw (2/h)% is recognized as the static stress intensity fac-
tor. Thus, we can write

KO = Ko 8 <ihc— : V) (40)

where g(?) is the inverse of the quantity within the brackets of Eq 39.
In order to obtain this inverse, numerical methods have to be applied as
described next. We will, however, first discuss some asymptotic properties

of the solution.
Short-Time Solution

By using asymptotic expansions and Stirling’s formula, it can be shown
for large values of p, Eq 38 can be written

1\
1+ —

— 2V < a>

K4 (P) = 1 <—> —

Re(p)—~ +w C p'/z

41)

This expression can be directly inverted, and the result is exactly valid
up to tC/h = 2, that is, as long as the strip acts as a half plane

2 v 1y 2h
. = —_— —_— - —_—
Ky () “<rc> <1+ a) r 0a< @2)
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This result is obviously not limited only to the strip problem. Using Eq
16 we obtain the following relation valid in the short-time range for any
problem of this kind.

In the special case of the strip problem we obtain from Eq 17 after
some algebra

K@ a VW J"C’” s ow (1€ 2h
Ksm‘<1r(1-a)> | ey (h £>d£,t<c (44)

This integral was evaluated by an adaptive three-point Gaussian quad-
rature subroutine from the (HSL) Harwell Subroutine Library [/0]. This
routine has the advantage of being able to handle singularities of the kind
occurring in the integrand of Eq 44 for ¢ = 0 and ¢ = ¢C/h. The result-
ing values are shown in Figs. 2-5 and can be regarded as exact.

A simple relation can be derived for K(+0) that is, the stress intensity
factor immediately after the arrest. Only the singular part of w, contri-
butes as time approaches zero. The singular part of the surface displace-
ment is

!

U3
ws(x’)—»%x ( > asx’' = —0 (45)

™

where K, is the stress intensity factor for the steadily moving crack. In-
sertion at Eq 45 into Eq 43 and integration gives the following result for
K(+0)

K(+0)=(1 - o)~ "K, (46)

The factor (1 — «)~* increases monotonically from unity at zero velocity
to infinity when the crack velocity equals C. It is interesting to notice that
Eq 46 is the same as the result obtained for the stopping semi-infinite
crack in an unbounded medium [/I], even if this crack moves nonuni-
formly. Equation 46 thus has a rather wide range of application, although
we can not presently claim its general validity.

Employing the relation between K and the crack extension force G, we
obtain an equation for G(+ 0) analogous to Eq 46.

G(+0) = (: * Z>/ Go @7)
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Here G is the crack extension force for the steadily moving crack.
From Eq 39 we also have

limp K(p) = & w, <3>% (48)

p— +0 h

Thus for large times X tends to the quasistatic value as expected.

Numerical Inversion

The first numerical problem is to evaluate f(p*) from the infinite prod-
uct. Denote the ntt factor in the product by f,. Series expansion of a cer-
tain factor results in Eq 49 when p is fixed.

fi=1+

pr 1
2 x—+0 <-> @9)

In order to increase the convergence rate a new product f' was defined.

R W | G-/ 50)
I R ANV
2ra  n?

The product of the denominators in Eq 50 is known exactly. We thus
obtain

s = (5] s (57) I, (51)

By taking the logarithm of both members, the problem is transformed
into that of finding the sum of an infinite series.

S= X a = P; log f,’ (52)

n
n=

The sum was evaluated by a method proposed by Gustafson [/2]. In
brief, it consists of transforming the series into a Stieljes integral which
is evaluated by Guassian quadrature rules. This method proved very ef-
ficient, and the resulting values of f(p*) have a relative accuracy better
than 10-%. A FORTRAN double-precision program was written to per-
form the summation and other additional calculations needed to obtain
K(p*) values.
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The method used for the numerical inversion is described by Bellman
et al [13]. If g() is the time function and g(p) its transform, one has

garm = ko8I N (59

Here a is a positive scaling parameter. The time points ¢ and the matrix
k™ are fixed for each N and can be found in Ref /3 for N up to 15. The
matrix is ill conditioned with large elements of changing sign, and this
ill conditioning worsens with N. This was reflected in the present calcula-
tions, since for N > 12 tendencies for numerical instability occurred. This
is due to the fact that the matrix elements are so large that the error of
f(p*) significantly affects the result. In Figs. 2-5 results from calculations
with N = 7 — 12 and a = 1,2,3,4,5 are shown together with the exact
solution for ¢t < 2h/c.

All figures reveal the same behavior. The numerical points follow the
exact solution well up to tC/h =~ 1.4. Then a certain scatter occurs, and a
considerable discrepancy as compared to the exact solution is seen. The
agreement with the exact solution is fairly good for low o values. For
large o values (for example, « = 0.8), both the disagreement and the
scatter is larger. The reason for this is probably that the true solution has
discontinuities in the derivative, that is, at tC/h = 2. This behavior is
not possible to reproduce with the numerical method, unless very large
values of N are used, which cannot be done for the just mentioned rea-
sons. Several other real inversion formulae were tried, but these yielded
even worse results. A possibly better way of handling this type of problems
is perhaps to use numerical integration on the complex inversion formula
[14]. One problem is, however, that it then is necessary to evaluate the
infinite product for complex p values. Some results indicate that the con-
vergence in this case is much slower than for real p values.

Discussion

Although one can not obtain any precise quantitative information of
the large-time behavior, several interesting qualitative conclusions can be
drawn. Thus, it is observed that X immediately after the stopping reaches
a high value, then decreases and oscillates around the quasi-static value.
The amplitude of these oscillations is clearly decreasing with time. It is
also seen that an increase of V gives larger oscillations. These observations
are in qualitative agreement with experimental findings by Kalthoff [15].

The present method can be easily extended to the somewhat more
general problem where the crack velocity after the jump is not zero but
has a finite value lower than V. No major changes in the described anal-
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ysis need to be done. We can expect that the results will be similar to the
ones given here.

It is of interest to discuss under what conditions a sudden arrest of the
assumed kind is possible. Suppose that a crack hits the interface of two
materials with identical elastic properties but with different fracture prop-
erties but with different fracture properties. The first material has a cer-
tain relation between velocity and critical crack extension force, say
GXV) (Fig. 6). The other material has another relation G.(V), where

CRACK EXTENSION FORCE

05 10 v/iC
ARREST NO ARREST

FIG. 6—Hypothetical example of momentaneous arrest.

G > G! and both are ever increasing. It can then be concluded that a
necessary condition for a momentaneous arrest is

3

> <GV = 0) (54)

6N x (1=
(62
If the crack is momentaneously arrested, growth can not be reinitiated
since G never reaches the level G_1(0) again (see Figs. 2-5). On the other
hand if the crack is not arrested completely but continues to move at a
low velocity, the behavior of K after the velocity jump will presumably
be approximately the same as shown in the figures. The crack can then
come to a halt during the decreasing of K, but crack growth may well
start again when K becomes larger. Dynamical effects thus play an im-
portant role in the crack arrest process.
The results derived in this paper can be of interest for experimental
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work. Relation (Eq 54) or an extended version for the case when a com-
plete arrest does not occur, for example, can be of value in evaluation of
material behavior. A corresponding relation for Mode I problems is given
in Ref 3. It is also valuable to have exact relations of this kind, when
testing numerical methods such as finite-element method (FEM).

We finally note that although the behavior of K immediately after the
stopping is identical to Eshelby’s solution, the long time behavior is com-
pletely different. Therefore, one cannot construct the solution for non-
uniform motion in a corresponding way.
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ABSTRACT: A dynamic finite element code, HONDO, was used to analyze four
dynamic photoelastic experiments in which the propagating crack arrested. The time-
averaged crack-tip velocity in the finite element model was matched with the mea-
sured crack-tip velocity in the dynamic photoelastic experiments. Dynamic energy
release rates were computed by a procedure similar to that used in computing strain
energy release rate in static finite element analysis. These directly computed dynamic
energy release rates at crack arrest agreed reasonably well with those computed from
the dynamic stress intensity factors determined photoelastically. The energy release
rates at crack arrest in the four Homalite-100 plates were approximately 50 percent
of the critical strain energy release rate, G, and were approximately 80 percent of
the corresponding static strain energy release rates.

KEY WORDS: fracture dynamics, crack propagation, crack arrest, dynamic photo-
elasticity, dynamic finite element, fracture properties

In a previous paper [/],2 the authors demonstrated the use of a dynamic
finite element code, HONDO [2] in modeling the dynamic fracture re-
sponses of Homalite-100 single-edged notch tension plates used in dy-
namic photoelastic experiments. The motivation of such dynamic finite
element analysis was to verify previously obtained results on dynamic
fracture [3-5] by an independent procedure in order to clarify some of the
discrepancies between the dynamic photoelastic results obtained at the
University of Maryland [6] and those just mentioned. A brief account of
these differences is given in the following.

'Professors and graduate student, respectively, University of Washington, Department
of Mechanical Engineering, Seattle, Wash. 98195.
2The italic numbers in brackets refer to the list of references appended to this paper.
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The dynamic photoelasticity results obtained at the University of Wash-
ington in essence showed that the dynamic stress intensity factors at crack
arrest varied from a high value of approximately 90 percent of the frac-
ture toughness in an impacted, stringer reinforced pretensioned panel to
a low value of approximately 50 percent of the fracture toughness in a
wedge-loaded double-cantilever-beam (DCB) specimen with a blunt starter
crack [7]. The specimens were all machined from 3/8-in.-thick Homalite-
100 plates from the same batch. This problem dependence of crack arrest
stress intensity factor is not new and has been advanced by investigators
at Battelle-Columbus Laboratories {8,9] in contrast to the notion that the
crack arrest stress intensity factor is a material property [10,11]. In partic-
ular, Ref 9 discusses the quantitative agreement between the dynamic
photoelasticity results of the DCB experiments and the analytical results
obtained by Kanninen’s dynamic fracture model of a DCB specimen.

Similar dynamic photoelastic investigations by the University of Mary-
land investigators using single-edged notch specimen three to four times
larger in size and machined from 3/4-in.-thick Homalite-100 plates showed
that the arrest stress intensity factor was approximately equal to its static
fracture toughness [6]. Moreover, the observed rapid fluctuations in dy-
namic stress intensity factors during crack propagation were completely
absent in the Maryland series of dynamic photoelasticity experiments.
Since the increased optical sensitivity obtained through the use of thicker
photoelastic specimens and the three parameter characterizations of iso-
chromatic lobes used by the Maryland investigators implied increased ac-
curacy in their photoelastic experiments, a review of the accuracy of our
series of dynamic photoelastic experiments became necessary. The method
used for this independent check was a dynamic finite element analysis of
previously conducted dynamic photoelastic experiments. In particular,
this paper reports a comparative study on four similar single-edged notch
specimens where the dynamic crack arrested after propagating 70 to 98
percent of the specimen width.

Dynamic Finite Element Analysis

The dynamic finite element code, HONDO [2], used in this investiga-
tion is based on an explicit time integration scheme and constant strain
quadrilateral elements. The code is capable of handling geometric non-
linearity as well as nonlinear material properties involving viscoplastic
material and time dependent boundary conditions. Crack-tip motion in
this paper was modeled by discontinuous jumps where the crack tip moved
from one finite element node to another at discrete time intervals. The
time-averaged crack velocities were then equated to the measured crack
velocities in the fracturing Homalite-100 plates.

The discrete propagations of crack tip in the dynamic finite element
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analysis generated significant oscillations in the states of stress and dis-
placements surrounding the crack tip. Time-averaged normal stresses in
front of the advancing crack tip and the corresponding time-averaged
crack opening displacements (COD) after crack advance were used to
compute directly the dynamic energy released due to one nodal distance
of crack advance in an incremental time. Details of the numerical proce-
dure as well as an accuracy check of the procedure are described in Ref 1.

The averaged dynamic material properties of Homalite-100 plate neces-
sary for dynamic finite element analysis were those determined by Bradley
[3]. The dynamic modulus of elasticity, dynamic Poisson’s ratio, and
static fracture toughness are 675 ksi (4.65 GPa), 0.345, and 579 psi Vin.
(636 Pay/ m), respectively. The dynamic stress-optic coefficient necessary
for interpreting the dynamic photoelastic patterns is 155 psi-in./fringe
(27.1 Pa- m/fringe).

Dynamic Photoelastic Analysis

Two previously reported dynamic photoelastic experiments [3] as well
as two additional experiments, all involving 3/8-in.-thick Homalite-100
plates with linearly decreasing edge displacements, were analyzed by the
dynamic finite element method. The starter cracks in all four specimens
were sawed and chiseled with an approximate initial crack length of 1/2
in. (12.5 mm). The linearly varying edge displacements were increased
gradually until the crack-tip condition reached criticality at which point
the crack propagated and arrested at 70 to 98 percent of the plate width,
all within 1 ms. Figure 1 shows typical dynamic photoelastic patterns in
a single-edged notch plate where the crack arrested at approximately 90
percent of the plate width. Details of the procedure for determining dy-
namic stress intensity factors from the dynamic isochromatic fringes and
the dynamic energy release rates are described in Refs 3 and 1, respectively.
In addition, the increased accuracy in dynamic stress intensity factor de-
termination by using a more sophisticated four-term William’s stress
function [/2] instead of the two-term approximation used in most of the
author’s previous investigations is discussed in Ref 7. Dynamic energy re-
lease rate, G, for the state of plane stress was determined from the dy-
namic stress intensity factor, K, by using Freund’s formula [/3-15] as

o _ K 82— 1 )
27 TG (1 + BAZ - 48,8,

where

{

2= 1 - (C/C)Y
1 - (C/C)Y,

w

o
)
f



98 FAST FRACTURE AND CRACK ARREST

G
C C, and C,

dynamic shear modulus of Homalite-100, and
crack velocity, plate wave velocity, and distortional
wave velocity, respectively.

H

[

The generality of this relation was discussed by Nilsson [/6] who showed
that once the dynamic stress intensity factor is determined by some means,
such as dynamic photoelasticity, then the dynamic energy release rate can
be computed for a moving crack in a finite body.

Fracture Dynamics of Single-Edge-Notched Plate

Four specimens with crack arrest at 70 to 98 percent of the 10-in.
(254 mm) plate width were analyzed by dynamic photoelasticity and dy-
namic finite element method. Figure 2 shows the crack velocities measured
during the dynamic photoelasticity experiments and the idealized crack

FIG. 1—Isochromatic patterns of dynamic crack propagation for Specimen Bi4.
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FIG. 2—Crack velocities used for numerical analysis along with experimental data in
Specimens, B12, B13, Bl4, and Bl1S5.

velocities used in the dynamic finite element analysis. The small fluctua-
tions in crack velocities in the former were ignored in prescribing the
crack velocities in the latter since the more accurate crack velocity mea-
surements by Doll [/7] indicated that in general the crack velocity in such
brittle materials as glass does not fluctuate appreciably.

Figures 3 through 6 show the static strain energy release rates and dy-
namic energy release rates in the four specimens. Note that the two coef-
ficient procedure was used in place of the more accurate four coefficient
procedure [7] in reducing the dynamic photoelastic data of Specimens
B12, B14, and B15. The four coefficient procedure was also used in
analyzing the last four frames of dynamic photoelastic patterns for a
more accurate assessment of the dynamic stress intensity factor at crack
arrest in these three tests. These dynamic stress intensity factors together
with the crack velocities were then used to compute the dynamic energy
release rates.



100 FAST FRACTURE AND CRACK ARREST

I T L T

u=0.0052"
{0.132mm)

ﬁc' 0.499psi-in
(0.0871 kPo-m) bﬁ
E = 675ksi (4.656Pa)
b
v :0.345 . ok
p 1.194xi0 b sec?in L
(1280kg/m*)

x EXPERIMENTAL /¥,
4 COEFFICIENT b= 10—

r\ (254mm)

DYNAMIC ¥ /¥
! (NUMERICAL)
A

ENERGY RE LEASE RATE

1 { 1
o 0.2 0.4 0.6 0.

CRACK LENGTH, a/b

®|CRACK ARRESTED
1

1.0

FIG. 3—Energy release rates in an edge-notched-tension Specimen B12.

Table 1 shows the measured and calculated dynamic energy release
rate at crack arrest in terms of the static critical strain energy release rate.
Also shown are the averaged dynamic energy release rates which were
obtained by dividing the sum of the total dynamic energy release rates
by the newly created crack surface during rapid fracture. The crack ar-
rest dynamic energy release rates, both determined by dynamic photo-
elasticity and by dynamic finite element analysis, were reasonably close
to 50 percent of the critical strain energy release rate except for Specimen
B15. In terms of crack arrest stress intensity factors, this arrest value
corresponds to about 70 percent of the static fracture toughness of Homa-
lite-100.

Discussions

The changes in dynamic energy release rates, determined experimentally
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FIG. 4—Energy release rates in an edge-notched-tension Specimen B13.

and numerically as shown in Figs. 3 through 6, are remarkably similar
when one considers the uncertainty in modeling the prescribed fixed
gripped boundaries of the photoelastic model. The numerically determined
maximum dynamic energy release rates were larger than the corresponding
experimental values and oscillated about the static values which were also
determined by finite element analysis. The differences between the nu-
merically and experimentally determined dynamic energy release rates
again can be explained by the uncertain boundary conditions in the photo-
elastic model.

Both the numerically and experimentally determined dynamic energy
release rates were very close to the corresponding static values in the field
of decreasing static strain energy release rate indicating that static analysis
could be used to evaluate the crack arrest results in this type of specimen
with decreasing stress field. Results from crack arrest experiments in-
volving impacted stringer reinforced, pretensioned plates, and wedge-
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loaded DCB specimens machined from the same Homalite-100 plates,
however, yielded crack arrest dynamic energy release rates of 81 and 25
percent, respectively, of the critical strain energy release rates and are
substantially different from the corresponding static strain energy release
rates [7]. The foregoing conclusion regarding the equivalency of static
versus dynamic analysis at crack arrest is, therefore, a problem dependent
conclusion applicable only to a restrictive class of dynamic fracture speci-
mens.

The initial drop in dynamic stress intensity factor and hence in the dy-
namic energy release rate immediately after the onset of crack propaga-
tion was predicted by Irwin [/8]. Although this phenomenon is more or
less noticeable in three of the four specimens, this downward dip is very
pronounced in Specimen B13 in Fig. 4. The only possible cause for this
distinct initial dip in dynamic energy release rate was that the starter crack
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was closer to an ideal crack than the other three specimens, thus initiating
crack propagation at a lower static stress intensity factor. On the other
hand, the slight bluntness in the starter cracks in the other three specimens
caused the crack to be overdriven at the initial stage of crack propagation,
thus obliterating the small initial dip in dynamic energy release rate.

The reasonable agreements in computed and measured dynamic energy
release rates suggest that the lower crack arrest stress intensity factors
for Homalite-100, as well as the fluctuations in dynamic stress intensity
factors obtained by the authors in their previous experiments, are reason-
able. The discrepancies between the University of Maryland and the Uni-
versity of Washington results could be thus due to causes other than mere
experimental inaccuracies. One such cause could be the use of static near
field solutions by both groups to compute the dynamic stress intensity
factor from measured dynamic isochromatics.



104 FAST FRACTURE AND CRACK ARREST

TABLE 1—Dynamic energy release rate at crack arrest.

S p/J ¢ At Crack Arrest G avg/0 c At Crack Arrest
Dynamic Photo- Dynamic Dynamic Photo- Dynamic
Specimen No. elasticity ¢ FEM ¢ elasticity ¢ FEM ¢
B12 0.49 0.46 2.07 2.90
B13 0.52 0.35 1.49 2.00
B14 0.56 0.53 2.77 3.70
B15 0.08 0.125¢ 2.62 3.47

“Dynamic photoelastic results were obtained by using the four coefficient procedure.

5Dynamic finite element method (FEM) results were obtained from a computer model
with arrest crack length equal to the closest half inch interval of the actual arrest crack length.

¢Extrapolated value from finite element method results where the crack length at arrest
was a/b = 0.98.

In order to provide some insight into possible errors involved in photo-
elastic data reduction by using the static near field solution, the dynamic
stress intensity factor was determined from the dynamic isochromatic
field surrounding a Yoffe crack [19] following the same data reduction
scheme, and these results were compared against the theoretical results.
The Yoffe crack was used because of its ease in numerically determining
the dynamic stress field surrounding a running crack, although the Bro-
berg crack [20] would have been a more realistic model for such studies.
Figures 7 and 8 show the normalized dynamic isochromatic lobes of a
Yoffe crack with a half crack length of @ = 5 in. (127 mm) propagating
at crack velocities of C/C, = 0.001, 0.10, 0.15, 0.2, and 0.25 in an in-
finite Homalite-100 plates. The dynamic isochromatic lobes for the ex-
tremely low crack velocity of C/C, = 0.0001 should be essentially equal
to the static solution and were used to estimate the accuracy of our data
reduction scheme using dynamic photoelastic patterns. The dynamic iso-
chromatic lobes surrounding a Yoffe crack propagating at higher crack
velocities were then used to determine the dynamic stress intensity factors
following Bradley’s procedure [3] and were compared with the theoretical
dynamic stress intensity, K, which is defined as [13],

Ky = limy2rr o, (r, 6 = 0) = Vroeva 2

r—~+0
where

r and @ = polar coordinates with references to the moving crack tip as
shown in the legends of Figs. 7 and 8,

¢,(r, 0) = y component normal stress as shown in the legends of Figs.

7 and 8,

half crack length of a Yoffe crack, and

applied load at infinity.

a
[
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Note that the dynamic stress intensity factor, as defined by Freund for
the Yoffe crack, is independent of the crack velocities and is equal to its
static counterpart of K, = \V= ¢ \/a. This dynamic stress intensity factor
differs with the decreasing dynamic stress intensity factors with increasing
crack velocities in the Freund crack [/3] and Broberg crack [20].

Table 2 shows a tabulation of the dynamic stress intensity factors com-
puted by Bradley’s procedure using the two inner and outer lobes of iso-
chromatics and the corresponding theoretical results for various crack
velocities. The good agreement between the theoretical static stress in-
tensity factor and those obtained from the two inner and outer lobes of
isochromatics of a Yoffe crack moving at an extremely low crack velocity
of C/C, = 0.0001 indicates that Bradley’s procedure is fairly reliable
if the actual isochromatic lobes can be accurately located as shown in
Figs. 7 and 8.

The differences between theoretical dynamic stress intensity factors and
the dynamic stress intensity factors determined by Bradley’s procedure
increase with increasing crack velocity with an estimated total error of 27
percent at the highest observed crack velocity of C/C, = 0.25. The ad-
gitional 17 percent error due to the use of larger isochromatic lobes, that
is, the outer two lobes, indicates the added error due to the use of a static
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near field solution in a larger dynamic stress field. The sizes of the iso-
chromatic lobes used in this error analysis are much larger than those
used by the authors and their co-workers; thus, an attempt was made to
obtain a more realistic estimate of the errors invoived by plotting the re-
sults in Table 2 on a log-log sheet as shown in Fig. 9. The estimated
idealized errors obtained by interpolating the curves in Fig. 9 range from
5 to 14 percent for the maximum crack velocity of C/C,; = 0.25. This

TABLE 2—Dynamic stress intensity factor of a Yoffe’s crack. ?

Dynamic Stress Intensity Factor K /K

Using Bradley’s Procedure

Crack Velocity Theoretical
c/C, Two Inner Lobes Two Outer Lobes Values
0.0001 1.04 1.04 1.0
0.10 1.09 1.12 Lo
0.15 1.11 1.16 1.0
0.20 1.19 1.26 1.0
0.25 1.27 1.44 1.0

2All dynamic stress intensity factors are normalized by the corresponding static stress
intensity factor K| = V7o \/a.
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maximum possible error increases with the size of the isochromatic lobe
and could be larger than all errors involved in reading the isochromatic
fringes.

Conclusions

1. The quantitative agreements between the results obtained by dynamic
photoelastic analysis and dynamic finite element method indicate that dy-
namic energy release rates during crack propagation and at crack arrest
do fluctuate and vary with the imposed loading conditions.

2. The dynamic energy release rates at crack arrest in the three out of
four experiments were approximately 50 percent of the critical static strain
energy release rate of Homalite-100.

3. The use of static near field stresses in place of the dynamic near
field stresses in computing the dynamic stress intensity factors could result
in overestimation of these values. If the static stress field must be used
in evaluating the dynamic photoelasticity results, the dynamic stress in-
tensity factors should be computed by using the smallest isochromatics,
preferably within 0.1 in. distance of the crack tip.
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ABSTRACT: An application of the finite element method to the rapidly propagating
crack problem in two-dimensional domain is presented on the basis of the energy
balance concept and the consistent mass formulation. The creation of the new crack
surface is simulated by splitting the nodal points along the crack line successively.
By introducing the Lagrange multiplier approach into the conventional finite ele-
ment method of crack propagation analysis, the inconsistency in the method is
avoided in that the crack grows by one element length at a time. Several numerical
examples are given for rectangular plates made of polymethylmethacrylate (PMMA)
with and without initial crack to show the applicability of the proposed method.

KEY WORDS: crack propagation, crack velocity, fracture properties, finite element,
energy balance, Lagrange multiplier approach, polymethylmethacrylate, dissipation
energy, Newmark’s beta method

Nomenclature
D Dissipation energy, Eqs 17 and 18
D, Elastic modulus tensor defined in Eq 11

E Young’s modulus
F, Body force vector in V (Fig. 1), Egs 1, 2, 5,9, and 16

K, Stiffness matrix defined in Eq 14

K;, Matrix defined in Eq 15

M,; Mass matrix defined in Eq 13

N, Shape function matrix, Eq 10
P, External force vector defined in Eq 16
S, Mechanical boundary (Fig. 1)
S, Geometrical boundary (Fig. 1)

T Kinetic energy, Eqs 17 and 18

! Associate professor, graduate student, and professor, respectively, Department of Nu-
clear Engineering, University of Tokyo, Bunkyo-ku, Tokyo, Japan.
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Traction force vector defined in Eq 4
Stored strain energy, Eqs 17 and 18
Volume occupied by the body (Fig. 1)
Volume occupied by the element

Work done by the external forces, Eqs 17 and 18
Crack velocity

Nodal displacement vector, Eqs 10 and 12
Time increment

Unit vector perpendicular to the boundary
Displacement vector defined in Eq 10
Strain tensor defined in Eq 8

A, Lagrange multiplier, Eqs 5 and 6

v Poisson’s ratio

p Density

:._\Q_‘ N g'v‘ < Q:ﬂ

KR

>0
~

o, Stress tensor defined in Eq 11
6 () Variation
A () Increment
(') Derivative with respect to time
().; Derivative with respect to coordinate i
() Prescribed value

During the last decade, there has been a growing trend to use the finite
element method for analyzing various static and dynamic problems in
solid mechanics, since any boundary condition is treated easily in the
formulation [/,2].2 In fracture mechanics applications, inertia effects
often play an important role. For instance, the phenomena of unstable
crack propagation are included in the category of moving-boundary value
problems in dynamics, wherein both the effects of inertia and geometry
change with time must be taken into account. The modelling of such be-
havior with the finite element method is performed generally by cancelling
the internal forces at nodes along the advancing crack line successively
with a step-by-step integration technique regarding time [3]. There exists
a shortcoming occurring in this respect in that the location of the pro-
duced crack tip by the discrete method is incompatible with the presup-
posed one by just one element size at the most; in other words, the be-
havior of crack propagation by this method shows the stepwise or sudden
increase of crack length by one element size, occurring at each arrival of
the presupposed crack tip at the nodal point along the crack line. The
reason for this is because the conformity of the displacement is invalidated
between two nodal points adjoining each other in the conventional finite
element formulation when either one of the nodal points is disconnected.

The primary purpose of this paper is to present the Lagrange multiplier

2The italic numbers in brackets refer to the list of references appended to this paper.
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approach [4,5] avoiding the foregoing mentioned shortcoming of the finite
element method regarding the analysis of rapidly propagating crack. In
addition, the first law of thermodynamics is combined with the present
numerical method to calculate the dissipation energy supplied in the dy-
namic process of crack propagation with which the crack velocity may
be related [6]. Several example problems are solved involving the two-
dimensional crack propagation in brittle material.

Finite Element Method for Rapidly Propagating Crack Problems

Let us consider the initially cracked body subjected to boundary force
T on s,, body force F in V, boundary displacement %; on §,, each of
which is a time dependent and prescribed value. The assumption is then
made that a new crack starts its propagation from the initial crack tip
into the solid at some moment with such velocity as the consideration of
the inertia effects is meaningful, Fig. 1. The dynamic motion of the body
is governed by the principle of virtual work which can be written with the
tensorial notation as [4, 7]

J o,pe,dV —J Fiéu,dV —L T,au,.dS +J pit;budV =0 (1)
v v 4 v

It can be easily proven that Eq 1 is equivalent to the equation of motion
and the mechanical boundary condition which follow, respectively,

FIG. 1—Continuum with propagating crack.
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o, + F,=pit;, inV (0]

and
T,=T, onS§, 3)

with
T, = o,n, )

The phenomena of rapidly propagating cracks could be generally simu-
lated by the finite element method based upon the preceding principle,
along with the successive removing process of reaction force at the node
located on the crack line; thus the new crack surface which satisfies the
boundary condition T; = 0 is being created step by step with the presup-
posed velocity. As explained briefly in the introduction of the present
paper, a difficulty arises in this respect in that the inconsistency in length
occurs between the actual length of propagating crack and the idealized
one by the finite element model, Fig. 2. The inconsistency corresponds
to the distance between the points C and D in the figure, which represent
the actual crack tip and the idealized one at some instant, respectively,
and after a period the former will arrive at the latter point.

A anpB : DISCONNECTED NODE
C: ACTUAL CRACK TIP
D: IDEALIZED CRACK TIP BY THE FINITE ELEMENT METHOD

CRACK CENTER LINE

FIG. 2—Modelling of crack propagation.

To avoid the just mentioned shortcoming of the method of analysis,
a modification of the basic principle given in Eq 1 is proposed in the
present paper with the intention of making a correction in the gap along
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the boundary surface CD shown in Fig. 2, which can be written for Mode
I crack growth as follows

] a,.,ae,.,dV—] FoudV —J T.oudS +
S,

v v

4

+J pitsudV — J 5[\ uJdS = 0 &)

v CcD

where the last term represents the integral spanning the segment CD
shown in Fig. 2, A, is the Lagrange multiplier, and u, the displacement
along the edge CD of the crack tip element which is perpendicular to the
crack centerline. By putting the variational calculation on Eq § with the
aid of the Green-Gauss’ theorem, we have the following equations

A =T, on CD 6)
and
4,=0 onCD )

together with Eqs 2 and 3, where the infinitesimal theory of strain-dis-
placement relation

1
€ =5 @+ u) ®

is utilized. The introduction of Eq 6 back into Eq 5 leads to the modified
principle of virtual work which follows

J o be,— JF,éu,dV— J

v v S,

T.ou.dS

+ / pil,»dV—J 5[T,yu,]dS = 0 ©9)
v CcD

Here, it should be noted that the displacement only is the independent
variable in this particular equation, whereas we can formulate such an
alternative that A, is also an independent variable.
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In order to apply Eq 9 to the finite element formulation for the analysis
of dynamic crack propagation, we shall express the displacement within
an element in terms of its nodal values as

Using Eq 10 together with Eq 8 and the stress-strain relation

0, = Dk (11

in Eq 9, we finally obtain the finite element equation of motion pertinent
to the present problem in the following form

M, + (K, + K)d, = P, T
where
M;= jy pN, N, dV (13)
K, = ]VeDk,,,,,zvki,,N,,,,qu (14)
K, = ~ JCDD“M(N,(,-,,NZJ. + N,;;NyndS (15)
and ‘ ‘
P = ]V FN.dV + js T.N,ds (16)

It is noted that integrals with respect to both surfaces CD and S, ap-
pearing in Eqs 15 and 16 should be applied only to the relevant element
boundaries. The standard assemblage procedure in Eq 12 yields the finite
element equation of the motion of the whole structure.

Energy Balance Relation

The thermodynamic equilibrium for an elastic body subjected to ex-
ternal loads requires

W=U+T+D 17
or

AW = AU + AT + AD (18)
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Combining Eq 17 or 18 with the results of the finite element dynamic
analysis regarding the crack propagation, we can estimate easily the varia-
tion of D or AD with time.

Numerical Analysis

Two-dimensional numerical analyses are carried out with reference to
the dynamic crack propagation in plane-stress condition for polymethyl-
methacrylate (PMMA) at room temperature. Young’s modulus, Poisson’s
ratio, and density of the material are assumed to be 320 kg/mm 2, 0.4 and
1.18 x 10-¢ kg/mm?3, respectively, and the plate thickness is 3 mm. The
Newmark’s beta method [8] is adopted with the beta parameter of one
sixth to solve Eq 12 for the relevant problems. The usual triangular ele-
ment with constant strain is used to idealize the structures.

Results and Discussion

In order to study the effectiveness of the proposed variational principle
and its application to the finite element crack propagation analysis, one
half of the rectangular plate symmetric with respect to the centerline
PORS is taken as the first example problem with the several element dis-
cretizations as depicted in Fig. 3. Let the uniform displacement %, = 0.3
mm in the longitudinal direction be statically applied at the top and bot-
tom of the plate, then let the crack be initiated and propagated with the
constant velocity @ = 500 m/s across the centerline PQ in the figure.

The calculated time variations of the longitudinal opening displacement
at point P in Fig. 3 are shown in Figs. 4 and 5 using the M-2 and M-3
mesh discretizations depicted in Fig. 3, respectively. The time increment
h is chosen 0.25 us throughout the calculation in each figure, so that 80
time steps are required to complete the calculation of the crack propaga-
tion with constant velocity @ = 500 m/s from points P to Q in Fig. 3.
In both figures, the curves by the present method are compared with the
results by the conventional finite element method. Both curves calculated
by the latter method in these figures show a rather wavy tendency in which
the number of waves seems dependent on the size of elements located
along the crack line. However, this unreasonable result, which could be
a kind of error caused by the finite element discretization, is corrected con-
siderably with the use of the proposed method, as can be recognized by
comparing both curves in each figure.

The influence of mesh size on the time variation of the dissipation en-
ergy is calculated by the present method and shown in Fig. 6, from which
we can see that the mesh size has a fairly significant influence on the dis-
sipation energy versus time curve within the range of the mesh sizes chosen
in Fig. 3.
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ANALYSED REGION

PROPAGATING CRACK WITH a=500"ec
—F - CENTER LINE
b= 10mere]

M-1 M-2 M-3 M-4

FIG. 3—Rectangular plate and the mesh subdivisions of one half of the structure.

Next, we shall consider a more realistic structure having an initial side
crack as shown in Fig. 7 with the mesh discretizing the upper half of the
structure PQRS because its symmetry with respect to the centerline along
the crack is assumed. Here, the crack initiation criterion based on the
linear fracture mechanics is utilized; the new crack begins its propagation
from the initial crack tip as the static stress intensity factor resulting from
the external displacement %, reaches the fracture toughness of the mate-
rial, 4.0 kg-mm-* [9]. The same time increment used in the previous
problem is employed in this example.

Figure 8 depicts the time variations of the crack opening shapes under
dynamic propagation for three different crack velocities, where the ordi-
nate represents the difference between the total crack opening displace-
ment and the initial one. It is worth noting that the crack shapes are
sharpened, in general, as the crack velocity increases. It is also interesting
to note that the crack tip has a tendency to keep a constant form with
its propagation provided the velocity is unchanged.

The dynamic stress distributions along the crack propagation in the
loaded direction are given in Fig. 9 as functions of time and the distance
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FIG. 4—Crack opening displacement versus time curves for M-2 mesh, a = 500 m/s,
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FIG. 6—Dissipation energy versus time curves for four different meshes, a = 500 m/s,
h = 0.25 ps.

from the point P in Fig. 7. Although the infinite stress values are impos-
sible to obtain at the crack tip because of the approximate property of
the finite element numerical method, the figure shows the group of curves
where the stresses at the crack-tip element increase with the crack propa-
gating to the time, + = 68 us, at which we terminated the calculation.
The time variations of the strain energy, the kinetic energy, and the dis-
sipation energy in the structure is demonstrated in Fig. 10, from which
it can be easily observed that each of the energy components behaves as
a nearly monotonical function of time as shown in the figure.

Finally, we consider the problem of evaluating the transient crack veloc-
ity by using the present method together with the energy balance concept
and the relation between the fracture surface energy versus the crack ve-
locity which is assumed tentatively for the purpose of the calculation as
shown in Fig. 11. Utilized are the same structure, mesh idealization,
initial condition, time increment, and material property as in the preceding
problem. In calculating the crack velocity, the assumption is made in each
time step that the increment of the fracture surface energy consumed by
the material is equal to the increment of the dissipation energy calculated
from Eq 17 or 18. Figure 12 represents the time variations of the crack
velocity and the crack growth calculated in this way.

It appears that more parametric works are needed analytically as well
as experimentally to establish the methodology for predicting the crack
velocity and the crack growth in a wide range of practical structures.
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FIG. 8—Crack opening shapes versus time curves under dynamic propagation for three
different crack velocities, h = 0.25 pus.
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FIG. 9—Stress distributions along the crack propagation in the loaded direction versus
time curves, a = 500 m/s, h = 0.25 ps.
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500 m/s, h = 0.25 us.
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FIG. 11—Fracture surface energy versus crack velocity curve assumed tentatively for the
calculation.
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FIG. 12—Crack velocity and crack growth versus time curves, h = 0.25 us.
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ABSTRACT: Finite-element simulations of rapid crack propagation are presented.
An earlier analysis of a crack extending in an infinite body is reviewed, and an un-
successful attempt to take advantage of a crack-tip singularity element is discussed.
Plausible stress-intensity factors are obtained for both constant speed and accelerating
cracks in finite sheets; the results are compared to those obtained by other investi-
gators.

KEY WORDS: crack propagation, fracture properties, finite elements, accelerating
cracks

Recent mathematical studies of two-dimensional problems of rapid
crack propagation in linearly elastic bodies have produced fundamental
information about the behavior of semi-infinite cracks in infinite bodies
and the nature of stresses and deformations near the tip of a running
crack, for example [I-6].2 Extensions of these analyses to problems in
which finite dimensions cannot be ignored are likely to be quite difficult;
hence, approximate or numerical methods will continue to play significant
roles in studies of such problems. Prominent among numerical techniques
are the finite-difference [7-9] and finite-element [10,1]] methods. In this
paper the writers present results of a continuing investigation, initiated in
Ref 11, on the finite-element simulation of rapid crack propagation.

The finite-element analysis of a crack propagating in an infinite body
[11] is reviewed. In that work the crack-tip stress singularity was not
taken into account explicitly. Hence the analysis of Ref /1 is modified in
an attempt to exploit a special crack-tip singularity element which has

! Assistant professor and associate professors, respectively. School of Engineering Science
and Mechanics, Georgia Institute of Technology, Atlanta, Ga. 30332.
2The italic numbers in brackets refer to the list of references appended to this paper.
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124 FAST FRACTURE AND CRACK ARREST

performed well in stationary-crack elastodynamic problems. Since the
results of this modification are not encouraging, the method of Ref 11 is
applied to two problems studied by Kobayashi et al [10]. It is of particular
interest to note that, while the writers and Kobayashi et al employ the
same basic scheme for simulating crack propagation, different techniques
are used for extracting stress-intensity factors from the numerically
determined stresses and displacements.

Crack Propagation in an Infinite Body

In Ref 11 the writers have presented a finite-element analysis of a prob-
lem to which Broberg [/2] has obtained an exact solution. We now recapi-
tulate the principal features and results of Ref /7 since they are closely
related to the present work.

Broberg’s problem is that of an infinite body in equilibrium with a
uniform uniaxial tension, o, prior to crack propagation. A crack grows
symmetrically, from an initial length of zero, at constant rate 2¢, each tip
moving at speed c¢. Broberg’s analysis revealed (1) that the ratio of dyna-
mic stress-intensity factor to static stress-intensity factor depends only
upon the crack propagation speed and (2) that this ratio decreases mono-
tonically from unity at zero crack speed to zero when the crack speed is
that of Rayleigh waves.

The finite-element model of one quadrant of a rectangular region is
depicted in Fig. 1. Each element of the model is a constant-strain triangle,
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FIG. 1—Finite-element model of Broberg’s problem.
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and the base of the model coincides with the trajectory of the moving
crack tip. The characteristic length, L, is the largest half length of the
crack, and the smallest distance between nodes is L/10. Material proper-
ties were chosen so that ¢,/c, = 2, where ¢, and c, are the propagation
speeds of longitudinal and transverse waves, respectively. Crack speeds of
c/c, = 0.2, 0.4, 0.6, and 0.8 were considered; thus, the rectangular region
is of sufficient size to simulate, for the time interval of interest, the infinite
space of Broberg’s problem.

Crack propagation was simulated by the sequential removal of re-
straints on the nodes at the base of the finite-clement model. The compu-
tational procedure was as follows:

1. Nodal displacements for the equilibrium configuration of the un-
cracked body (all base nodes restrained against vertical displacement)
were determined.

2. With these nodal displacements as initial values and with all initial
nodal velocities zero, the equations of motion were integrated numerically
for the model with Node 1 (base nodes numbered 1,2,3,... from left to
right) unrestrained and the other base nodes restrained. Integration was
terminated at the time corresponding to the crack-tip’s arrival at Node 2.

3. Displacements and velocities at the end of the first interval of inte-
gration were taken as initial values for the second interval during which
Nodes 1 and 2 were unrestrained. This process was repeated for time
intervals during which the crack tip is imagined to be running between
successive nodes.

It can be seen that the numerical procedure was one in which a sequence
of transient problems, each associated with a stationary crack, were solved.
Except at the end of each integration interval, the apparent crack length
in the finite-element model at any instant was greater than that of the
continuously expanding crack which was being simulated.

Stress-intensity factors were computed using the nodal displacements
occurring at the times at which the crack tip coincided with the apparent
crack tip of the finite-element model. Near-tip nodal displacements were
matched to a four-term series of eigenfunctions [11,13,14] appropriate to
a crack propagating at constant speed. One of these four functions ex-
presses the asymptotic form? (r-**) of stresses at the crack tip and, hence,
is related to the stress-intensity factor. Coefficients in the four-term series
were determined by a least-squares matching of the series representation
of the displacement field to the 13 displacement components computed
for the nodes shown by filled circles in Fig. 2. The stress-intensity factors,

3The asymptotic form has been proven valid also for an accelerating crack [5].
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FIG. 2—Stress-intensity factors for Broberg’s problem using running-crack eigenfunctions.

K|, resulting from these calculations are plotted against crack half length,
a, in Fig. 2; the maximum error is about 15 percent.

Use of a Singularity Element

Finite-element analyses of problems of stationary cracks have been
facilitated by the use of special crack-tip elements which incorporate
several of Williams’ eigenfunctions appropriate to a stationary crack in a
linearly elastic body [15,16]. The eight-node element shown in Fig. 3 em-
ploys the first 13 terms of a series of Williams’ eigenfunctions for crack-
opening modes of deformation, and the writers have used this element for
successful analyses of the elastodynamics of bodies with stationary cracks
[17]. It should be noted that the running-crack eigenfunctions utilized in
the preceding section reduce to Williams® functions at zero propagation
speed. While the singularity element incorporates the correct asymptotic
form of stresses and displacements for a stationary crack rather than a
running crack, this deficiency is in itself not likely to be serious for most
applications since these near-tip distributions are essentially the same for
c/c, <0.2 [14,18]. 1t is, therefore, reasonable to assume that finite-element
analyses of crack propagation problems might be improved by utilization
of such singularity elements. To that end we modify the analysis of the
preceding section in an attempt to take advantage of the existing singular-
ity elements.

The geometry of the eight-node singularity element allows it to be sub-
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FIG. 3—Stress-intensity factors from the singularity-element simulation of Broberg’s
problem.

stituted for six triangles in the model (Fig. 1) of Broberg’s problem. Fol-
lowing the procedure of the preceding section, calculations have been per-
formed for the first three nodal releases in the simulation of this problem
for c/c, = 0.2. In this scheme the singularity element was advanced one
nodal spacing with each nodal release. The time dependence of the stress-
intensity factor given by the singularity element during the first three
intervals of ‘‘propagation’’ are shown in Fig. 3. During the first interval,
the stress-intensity factor varies in the manner appropriate to the sudden
appearance of a stationary crack in an infinite body [/7]. However, the
high-frequency and erratic oscillation of the stress-intensity factor during
the second and third intervals precludes the association of the results of
this analysis with the behavior of the continuously extending crack. The
reasons for this oscillation, which was not reduced by an order-of-magni-
tude reduction in integration step size, are not clear, but we surmise the
excitation of a high-frequency mode of vibration because of the simula-
tion process. That is, at each nodal release a portion of the structure, pre-
viously represented by two triangles, is represented subsequently by a por-
tion of the singularity element and vice versa. Hence nodal displacements
(and velocities) at the end of an interval of time integration are imposed
as initial conditions for the next interval for a model whose local stiffness
has been constituted differently. Therefore, we must be pessimistic about
the prospects for this approach.

Crack Propagation in Finite Sheets

Recently, Kobayashi et al [10] have presented finite-element analyses of
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two fast-fracture experiments on edge-cracked sheets of Homalite-100.
These problems provide particularly useful cases for the comparison of
different finite-element analyses of fast fracture in a finite body. While
both the writers and Kobayashi et al employ the same process of simulat-
ing crack propagation, the latter compute energy-release rates through a
near-tip ‘‘work’’ calculation.* The writers, however, deduce stress-intensity
factors directly from the nodal displacement pattern in the finite-element
model.

The first problem from Ref /0 is illustrated by the insert in Fig. 4, and
consists of an edge-cracked sheet (assumed to be in a state of plane strain)
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FIG. 4—Finite-element model for the uniformly stretched rectangular sheet of Kobayashi
et al [10f.

subjected to uniform time-independent displacements imposed on the
edges parallel to the crack. The crack propagates from an initial length of
0.5 in. across the sheet at a constant speed of 14 900 in./s. The writers
have employed the same finite-element grid, Fig. 4, as in Ref 10; how-
ever, Kobayashi et al have used constant-strain quadrilateral elements
while the writers have used constant-strain triangles. For the present
work, stress-intensity factors for the running crack were deduced in
exactly the fashion of Ref 11 which was reviewed in an earlier section.
Results of the analysis of this first problem are shown in Fig. 5 along
with stress-intensity factors appropriate to quasi-static fracture; the latter
were deduced using the eight-node singularity element. The static stress-
intensity factor is supported by its relation to two well-known analytical
results shown in the figure. That is, for very short cracks the stress-inten-

It should be noted that both simulations preclude energy absorption at the crack tip.
Consequently, apparent energy-release rates are in conflict with a global balance of energy in
the finite-element model.



ABERSON ET AL ON SIMULATION OF CRACK PROPAGATION 129

! T | !
INFINITE-STRIP
[AFY N>y STATIC SOLUTION

° ¥

NUMERICAL SOLUTIONS

——o0—~0— STATIC

L —=0—0— DYNAMIC ..w

STRESS INTENSITY FACTOR — KSI-JIN

] | |
2 4 [] 8

CRACK LENGTH — INCHES

FIG. 5—Static and dynamic stress-intensity factors for the uniformly stretched rectangular
sheet.

sity factor should be given accurately by 1.12 o \/ma@ where ¢, = 835 psi is
the uniform stress which would exist were the sheet not cracked [/9]. Over
that range of crack lengths for which the stress-intensity factor is nearly
constant, it is only slightly greater than that for a semi-infinite crack in an
infinite strip subjected to uniform displacements on the edges [20,21].

Based upon the accuracy to be anticipated from the results of the study
of Broberg’s problem, it is reasonable to surmise that the dynamic stress-
intensity factor (Fig. 5) is sensibly constant for most of the fracture pro-
cess. While the dynamic stress-intensity factor is less than the static value
at any given crack length, the reduction is only about one half that which
occurs in the Broberg problem for the same crack speed.

In Figs. 6 and 7 comparisons of the present results with those of
Kobayashi et al are shown. The present energy-release rates, both static and
dynamic, are noticeably greater than those of Ref /0. The present static
result is supported by its relation to the ‘‘analytical average’® shown in
Fig. 6. This is the average strain-energy release rate for quasi-static frac-
ture of the sheet starting with a vanishingly small crack, that is, the strain
energy in the uncracked sheet divided by the width of the sheet.

The second problem reported by Kobayashi et al [/0] is an edge-cracked
finite sheet with linearly decreasing time-independent displacements im-
posed along the edges parallel to the crack faces. This case is depicted by
the insert in Fig. 8 where the dotted lines illustrate the linear distribution
of imposed displacements. This problem contrasts with the preceding one
in that (1) the sheet was subjected to combined overall stretching and in-
plane bending, whereas in the first problem it was placed in overall stretch-
ing only; (2) during propagation the crack tip accelerated as shown by the
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velocity profile in Fig. 8, while for the stretched case the crack velocity
remained constant; and (3) the crack arrested at a final length of 7 in.
(Fig. 8), but in the first problem the crack ran completely across the
sheet.

The finite-element mesh of Fig. 4—with imposed linear displacements
replacing the imposed uniform displacements—was used (as did Ref 10)
for solution of this second problem. The static and dynamic stress-intensity
factors were computed in the same way as described for the previous
problem. Results of these computations are shown in Fig. 8 where two
interesting and potentially important features are observable. Firstly, the
static and dynamic stress-intensity values are not separated significantly
throughout the time that the crack is extending. And secondly, at the
time of arrest the dynamic stress-intensity factor is very nearly the re-
ported toughness of the test material [710].
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FIG. 8—Static and dynamic stress-intensity factors for the rectangular sheet with im-
posed linearly decreasing edge displacements.

Comparisons of the present results with those reported are displayed
in Figs. 9 and 10. Although the comparisons reveal general qualitative
agreement, just as for the first problem, energy release rates computed
by the writers are again clearly larger than those previously reported.
Such significant quantitative differences lead Kobayashi et al to observa-
tions about the fracture/arrest sequence which differ strongly from those
listed by the writers.
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Conclusion

Limited experience indicates that fairly straightforward finite-element
analyses of rapid crack propagation can yield reasonably accurate stress-
intensity factors. An attempt to utilize an existing crack-tip singularity
element must be judged a failure. Results of the two analyses of crack
propagation in finite sheets are similar to those reported by previous investi-
gators, although there are significant quantitative differences which lead
to markedly different conclusions concerning crack arrest. As might be
expected, dynamic and static stress-intensity factors for the finite-sheet
problems are not related in the same manner as in either the infinite-body
problem solved by Broberg [12] or that solved by Freund [22].

Substantial numerical experimentation is required before the finite-
element method becomes highly reliable for crack propagation problems.
In the absence of analytical solutions to problems involving finite bodies,
independent studies by a number of investigators are needed to establish
guidelines for mesh sizes and time-integration steps for accurate and
economical computations.
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ABSTRACT: A recently proposed finite difference scheme for treating fast propaga-
tion and arrest in the double-cantilever-beam (DCB) specimen, which has so far
yielded satisfactory results when compared with experimental measurements related
to steel and epoxy resin, is here applied to a variety of materials, distinguished in
the analysis by their Poisson’s ratio only. It is shown that higher Poisson’s ratios
imply higher ratios between the initiating stress intensity factor and the dynamic
material toughness when the same amount of crack growth is considered. The rela-
tion between the crack length at arrest and the crack speed, with the latter given
with respect to the shear wave velocity, was found to be essentially independent of
changes in the material when geometrically similar DCB configurations are con-
sidered.

KEY WORDS: fracture properties, numerical analysis, crack propagation, crack ar-
rest

A finite difference scheme for treating fracture initiation and fast crack
propagation and arrest in the double-cantilever-beam (DCB) specimen was
recently proposed [/-3].2 The computer program was so constructed that
essentially the same scheme is employed in solving both the static (initia-
tion) and the dynamic (crack extension) problems. Thus, the validity of
the scheme may be verified by referring to results drawn from either the

static or the dynamic solutions.

In as much as the static solution is concerned, the numerically derived
stress intensity factors were found to be close to those reported in the
literature, and, for a variety of specimen geometries, the compliances

Associate professor, Faculty of Mechanical Engineering, Technion-Israel Institute of
Technology, Haifa, Israel.

2The italic numbers in brackets refer to the list of references appended to this paper.
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calculated were in good agreement with those obtained experimentally
[2]. A good matching was also found between a photoelastic analysis and
the numerically calculated and plotted stress fields [3].

Satisfactory results were obtained from the dynamic solution as well.
In accordance with experimental findings, both the crack length at arrest
(a,) and the crack speed (V) have been found to be single valued increasing
functions of the ratio K /K, between the initial and dynamic stress inten-
sity factors (K, and K, respectively) with the @, — V¥ dependence curve
close to the measured one [2]. In addition, for each of the two materials,
steel and epoxy resin, good agreement was found between the analytically
derived and experimentally found K ,/K , ratios [3-5].

In this paper, the investigation is extended to include a variety of mate-
rials by spanning a wide range of values of Poisson’s ratio, which is the
only parameter introduced in the otherwise similar scheme to distinguish
one material from the other.

In all cases investigated, a fracture stress criterion was assumed. How-
ever, it is shown that the same results would have been obtained had the
fracture been controlled by an energy criterion. The last criterion is based
on the local density of the energy field in the crack-tip region, close to
the criterion used by Sih in his S-theory on fracture initiation [6). Here,
compared with the S-theory, averages rather than stationary values of the
energy density are considered. (The stress criterion was preferred due to
numerical convenience.)

Elastic Equations and Numerical Data

A detailed description of the finite difference approximations employed
and the structure of the final numerical scheme is given in Refs 2,3. A
brief account is given here of the equations used and the numerical data
chosen.

Assuming an elastic medium under plane-strain conditions, the govern-
ing equations are

C2~CAHAU i+ CAU = U, + U, Lk =12 1

In Eqgs 1, C, and C, are, respectively, the dilatational and distortional
wave velocities of the material considered, U, stands for the displacement
vector components in the / direction, ¢ is the time, and the ordinary tensor
notation for differentiation and summation is used. We let « in Egs 1
be different from zero and positive, as implied by the dynamic relaxation
method, when seeking the static solution. By letting « be zero, Eqs 1 re-
duce to the elastic equations of motion, by which the dynamic state is
controlled.
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For the fixed grips case, a solution of Eqs 1 is sought satisfying the
following boundary condition (Fig. 1)

o,=0,=0 ony=0 forO<x<gy+ e
0,,=0,=0 onx=0,L+e forO<Ky<H

2
o,=0,=0 ony=H forO<Sx<L +e

U=90,=0 ony=0 forag,+ e<x<L +e
Uxpyp) =8 fort20

where § denotes the constant deflection at the point of load application.
The problem has been formulated so that all physical quantities are
given relative to the specimen height H, the dilatational wave velocity
C,, and the material density p. A value of 1 is substituted in the scheme
for these last mentioned constants. For the problem to be completely de-
fined (Eqs 1 and 2), the values of L, a,, 8, and C, should be provided.
Given the specimen geometry, L and a, are defined in terms of H. The
deflection §, which, due to the linearity of the equations involved, may
be arbitrarily chosen, is taken to be equal to H. The value of C,, however,
depends on the Poisson’s ratio v of the material considered and is defined
in terms of C, according to the relation C, = C(1 — 2v)%/2 — 2»)*.
This means that for any given geometry, different materials are distin-
guished in the scheme by their corresponding different Poisson’s ratio
only. Starting with a Poisson’s ratio of 0.250 and increasing it by 0.025 at
a time, 7 different cases were examined, in the last of which, instead of »
= 0.400, we take v = 0.392 corresponding to the Poisson’s ratio of the
epoxy resin studied in Ref 5. The proportions of the specimen geometry
used in the analysis, the same for all cases, were H/a,/L = 1.0/1.0/4.8.
The mesh size used in the numerical solution, the results of which are
described hereafter, was H/15. This particular mesh size was found to

y
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FIG. 1—The DCB specimen configuration.
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be the largest possible mesh size which, except for the crack end shape
[3], yields results which show no significant differences from those ob-
tained with denser grids. A larger mesh size is chosen, since the resulting
cuspated crack end shape obtained, in contrast to the steeper sloped shapes
(closer to the analytical elliptic profile) obtained with smaller mesh sizes
{31, happens to yield dynamic solutions which are closer to reality.

Dynamic Solution and Results

The simulation of a fracture process runs as follows. Given a Poisson’s
ratio, we first solve the static problem. This is accomplished by solving
Eqgs 1 with o> 0, subjected to conditions (Eqs 2). The solution is assumed
to approximate the static state when, at every grid point, the displacement
variation between two successive iterations does not exceed 10-4, At this
stage, the displacement field is recorded on a disk ready for the start of
the dynamic process.

In the dynamic solution « is reduced to zero and conditions (Eqs 2) are
adjusted continuously to account for the growing crack. A fracture stress
criterion is assumed according to which the crack extends by one mesh
size whenever the cleavage stress at the grid point lying on y = 0, next
to the tip reaches a predetermined critical value o.

At least for the static case, by investigating a variety of crack lengths,
this ¢, was shown to be proportional to the stress intensity factor; it is
here assumed that this proportionality still exists in the dynamic case as
well, that is, o, being proportional to the dynamic stress intensity factor
K,.

Starting each time with the previously mentioned static displacement
field recorded back from the disk, solutions are obtained for different
o., taken to be smaller or equal to the stress level ahead of the crack tip
at initiation (¢,) and kept constant during each run. The crack is assumed
to be arrested when a relatively long time passes after the last extension,
with the stress level ahead of its tip remaining below ¢,.. During the propa-
gation stage, the time elapsing between two sequential extensions is re-
corded and the corresponding velocity is evaluated. In all cases investi-
gated, it was found that while the crack propagation does not occur at a
precisely constant velocity, the crack length-time plots are close to being
linear (see Fig. 7 in Ref 2 and Figs. 4-5 in Ref 3) so that with each run
there can be associated a definite average velocity V. The just described
behavior of the propagating crack was also observed in experiments [4,5].
Hereafter, the crack speed ¥V will be defined as the constant value least
square approximation of all the velocities encountered in a particular run,

The previously mentioned stress levels, o, and ¢, being proportional
to the corresponding stress intensity factors, represent in practice K, and
K, respectively, with the last one taken to be the average of the dynamic
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stress intensity factors encountered in a given experimental run. While
in practice, for a given DCB configuration and material constants, dif-
ferent cases are effected by initiating fracture with different levels of K,
resulting in corresponding changes in the K,; in the analysis, rather than
the separate values of ¢ and o, it is the ratio o /o, (that is, K /K,) that
counts.

Figure 2 illustrates that both a, and V are single valued functions of
o,/ the form of which is dependent on the Poisson’s ratio of the mate-
rial considered. Numerical results deviate by less than 7 percent from the
averaged a,/a, — V/C, relation described, which practically means that
this relation is independent of the material considered.

In the course of propagation and for an arbitrarily chosen particular
case v = 0.300 and o ,/0, = 1.5, the flow of energy towards and out from
the crack tip was studied. This was performed in the following manner.
At each time step the strain (potential), kinetic and total energy densities,
denoted hereafter, respectively, by e, = 1,2,3, were calculated at all grid
points lying inside the circle r = H = 1, the center of which coincides
with the running crack tip (see Fig. 1).

The following formulae were used

1
(60 = 3l = ) (02 + 0,2) + 21 + ¥) (5, = vo,9,)] O
with E standing for Young’s modulus (E = pC2(3C2 — 4C2)/(C2 — CR))

2

efr,0,0) = %p [ <%‘>\2 1+ <6_6Ut_2> ] )]

exr,0,t) = e(r,60,f) + efr,6,1) (5)
For r = jAr, j = 1,2, ..., 15, with Ar = H/15 being the mesh size
used in the scheme [3], the average densities

L

amn=%fqmmmo ©

0

are obtained and finally the ‘‘accumulated energy densities”’ E, defined by

Eir.0) = Jo e(q,0)dq M

are evaluated.
Given any of the last mentioned variables (E,), a special program was
used to trace through the r — ¢ plane lines on each of which E, obtains
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FIG. 2-—Results for different Poisson’s ratios.

a constant level, the increment between sequential levels of E, being con-
stant. These lines are then written on the CALCOMP plotter as shown
in Fig. 3.

From Eq 7 and the way Fig. 3 was constructed, it follows that the con-
vergence of the E; constant lines down towards r = 0 indicates that the
energy considered flows towards the crack tip, whereas if these lines di-
verge towards r = R = 1, the energy considered flows out. In as much
as the strain energy density (Fig. 3a) is considered, we find that a constant
number of E; constant lines are accumulated below r = Ar (that is, the
smallest radius possible numerically) just before an extension of the crack
by one mesh size & = Ar, occurs. This means that the rise of o, ahead of
the crack tip to the o, level is accompanied by a corresponding rise of the
strain energy density there, each time reaching the same peak level. Hence,
the final results will remain the same if the fracture criterion is chosen to
be the just mentioned local crack-tip strain energy density level instead
of o.. However, it should be noted that although the assumed constancy
of the stress intensity factors infers the constancy of the strain energy
density at the crack tip, the energy release rate G (that is, the decrease
rate of the total energy) must not be constant. In fact, a detailed calcu-
lation of the energy distribution in the DCB specimen, in the course of a
fast crack propagation controlled by a stress criterion [3], shows a rather
complicated pattern of changes in G, which reflects the continuous inter-
change between the kinetic and the strain energy.
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ABSTRACT: An axial through crack was suddenly introduced into the wall of a pipe
which was pressurized by either hot water or air. The crack tip was assumed to ad-
vance along the pipe according to a fracture criterion based upon the character of
the deformation. For brittle elastic failure a maximum stress intensity factor was
utilized, while for a plastic stress field, a maximum strain criterion was used. The
fluid pressure in the pipe was calculated by a finite difference method in which the
effect of the outflow through the crack was taken into consideration.

KEY WORDS: crack propagation, pipe lines, fracture properties, stresses, strains,
plastic deformation
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Cross-sectional area for fluid flow
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Modulus of elasticity

Fluid friction term in Eq 1

Base reactors for the undeformed shell

Mass flow rate, shear modulus

Half thickness of shell, enthalpy

Ratio of specific heats

Moment resultants
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Pressure, initial fluid pressure
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Radius
Stress
Time
Shell surface tractions
Displacements
Crack-tip velocity
Fluid velocity
Radial displacement, average radial displacement
Width of crack opening
Axial coordinate
Radial coordinate
Rotations of shell midsurface
Half width of crack opening
Generalized shell coordinate
Poisson’s ratio
Shear stress modifier
Strain
Angle

p Density
Superscripts

a¥ar
— Values associated with large deflections
Subscripts
1,2,3 Values associated with x, 6, r directions

&
< N~ hns

=
AR NN

A F < oo N R

The design and operation of high-pressure piping requires the ability
to assess the proclivity to fracture of key components. Although the initia-
tion and short-term growth of cracks may be estimated by using, as an
upperbound, the peak pressures in the system, the crack growth in a rup-
turing pipe is affected strongly by the fluid pressure reduction associated
with outflow through the crack. Under certain geometries, the pressure
relief wave, generated by the pipe fracture, may reflect from the reservoir
and actually raise the pipe pressure at the crack tip. At the same time,
the free edges of the opening crack, termed the flaps, are subjected to a
significantly reduced pressure which may decelerate the crack growth.
Consequently, it is necessary to consider the simultaneous calculation of
the pipe deformations and the fluid pressures if the dynamic character-
istics of the crack are to be understood.

Emery et al [1,2] 2 have reported the analysis of fracture for elastic and
plastic deformations for constant pressure and for coupled pressure-de-
formation calculations. These results have indicated that large deforma-
tion analysis is important only for elastic and not for plastic deforma-

2The italic numbers in brackets refer to the list of references appended to this paper.
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tions. All of these calculations were for hot water pressurized pipes in
which a modest outflow through the crack opening produced a very sud-
den pressure reduction to the fluid saturation pressure. The flaps were
thus lightly loaded. In this paper, we treat the case of ductile tearing driven
by an internal air pressure which decays slowly as the air leaks through
the crack opening and also responds to dynamic changes in the cross-sec-
tional area.

Fluid Pressure Modeling

The fluid is modeled by the one-dimensional equations of motion in
which we assume that all the fluid properties are constant over a cross
section and vary only with axial position and with time. The leakage out
of the crack is treated by considering that the exiting fluid removes axial
momentum and mass from the pipe, but causes no pressure variations
across the cross section. Thus, the reaction pressure from the jet is neglec-
ted. For air and for steam, the reaction pressure is small compared to
the pipe pressure. For hot water pressurization, the reaction pressure is
greater, but liquid water leaks only during the initial times when the crack
opening is small and the total reaction force is negligible. By the time that
the crack opening area is large enough to require a consideration of the
transverse pressure, the water has flashed to steam and the reaction pres-
sure is small. The appropriate equations of fluid motion are the conserva-
tion of momentum plus the following equations which are derived from
the energy equation by using the equation of state and the conservation
of mass

dp  ,[9G  GaA ¢ Gap dh
T [‘a?}f‘a‘;] ‘77[7"532“%7”
%—J . J
Y
compressibility advection
c? G? VG w
2 — —_—_— = ! —_— J—
+[c h<h 352 e' + p>:|G[A
~ 4
leakage
2 _ 2> 7 RS
* [c % A dt
(. — _J

pipe expansion
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c*k G? VG 4
2 _ 2L ey =X = 2
+[c = 1)h<h 7 e' + > ):‘G,A
where
k = ratio of specific heats (= 1.4 for air),
V =G/pif G,20,
=0if G,<0,
e' = h + G¥/2p2 and
G, = leakage rate through the crack opening, which is calculated by

considering the leakage to be an adiabatic expansion of the pipe
fluid.

Although it is usual to write the one-dimensional fluid equations in
terms of density, enthalpy, and velocity, the current equations of state
for water-steam mixtures are best given in terms of p and A. A full discus-
sion of these equations and their generalization for general fluids is given
in Ref 3. The coupling between the structural deformations and the fluid
behavior are the terms G,, the leakage rate, dA/dt, the cross-sectional
area changes, and dA4 /dx, the connection of the pipe into the fluid reser-
VoIr.

Structural Deformations

The geometry of the cylindrical shell is shown schematically on Fig. 1,
where u# and v are the midsurface deflections in the axial and circumferen-
tial directs, w is the radial deflections, and « and 8 are the axial and cir-
cumferential rotations. Under the assumptions of small strains, but large
deformations, the appropriate equations of dynamic motion, considering
transverse shear are

aN N _
Ait + Ba = a ax” + 3—921 + aT M (3a)
aM aM - _
Biz+C&i=aax”+agz'+haT,M—aQ. (3b)
B . aN aN. — _
(a+g)r+Bimagte 2 4aTrsg, GO



146 FAST FRACTURE AND CRACK ARREST

FIG. 1—Schematic of a cylindrical shell showing the orientation of the crack, displace-
ments and rotations.

C\ . = aM,, aM,,
<B+—a—>v+Cﬁ=a—+

3% 30 + 9h TM-aQ, 9

Aw—'a—?;_"_—?—g—_sz"_aT} (3e)

where )
A4, B, C] = J_ pril, 2, 2% dz

and the force and moment resultants for large deflections (X/,MQ) are
defined in terms of the small deflection values (N, M, Q) as

N, N, N, Q;
i du il 1 du) 2 4d
i = (39 ) w3 o [5) @

Niz dv Ny y 1 av w N; Q;
= ——— gy — 4b
{Miz} _T{Mn}-’_(l Taaet a> {Mfz} +B{0} )

5 = W 1aw_Y) N 4 (40)
0 =3en,+ (Lo¥-2) Nt o

The surface tractions for large deflections are given by

) -t
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where

P = fluid pressure
and the small deflection force and moment resultants are

WM = 5 | Syl 2l dz
h

h

Ny, M, = _/_hsz,' [1,z] dz

0,01 = j[s%s] dz
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(4d)

(4e)

The Piola-Kirchoff stresses are related linearly to the Lagrangian strains

by

E
1= .2 (11 + vep), Sy = «Geyy

Sn=1

The Lagrangian strains are

)
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€. =

=5

1 /. du . au au du
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where g, are the base vectors referred to the originally undeformed shell
and du/d¢;is given by the covariant differentiation

du _ oud

A full description of the derivation of the large deflection equations
and the underlying assumptions is given in Ref 4. The stresses during
plastic deformations are computed by using the von Mises yield criterion
and an incremental strain theory.

Finite Difference Algorithm

The shell is divided into a series of nodal points by the mesh illustrated
in Fig. 2 with the force and moment resultants defined at the points as
indicated. The displacements and rotations are computed at the central
nodal points. The pressures, enthalpy, and fluid mass flow rates are
evaluated at the marked positions.

Fluid Algorithm

Because of the advection of fluid through the control volumes (Fig. 2),
the finite difference algorithm is very sensitive to the particular differ-
encing form used and manifests considerable phase shift and dissipation
unless special care is taken. Although it is well recognized that upwind
differencing strongly damps the fluid solution, Ref 5, the errors so intro-
duced are not likely to exceed those associated with a one-dimensional
treatment of the flow, and, furthermore, the panacea for these errors
is an algorithm which is too complex to be utilized in conjunction with
the structural code. The spatial derivations in Eqs 1 and 2 are represented
by

of _fi+ 1) -fGE-1
ax 2Ax

where f is p, h, or A. Following the derivation of Ref 6, the terms in-
volving G are given in upwind difference form as

3G G() - Gli - 1)
ox Ax

, G(), GG~ 1)20
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FIG. 2—Schematic of the nodal network showing the location of the force and moment
resultants and the fluid variables.
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0, otherwise

These special difference forms preserve the correct advection nature
and ensure conservation of mass and momentum, which Roache [7] has
shown to be a necessary feature of fluid algorithms. The temporal deriva-
tive is given by

a t+ AN - f(¢
%=W=g(p,h,6,e',x, 4

where the right side of Eqs 1 and 2 is represented schematically by the
functional g which is to be evaluated at the present time ¢. The stability
of this explicit difference equation requires that we satisfy the usual
Courant-Friedricks-Lewy condition
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Structural Deformations

The shell deformations are simpler to express in finite difference form,
although care must be taken to ensure that the algorithm models the cor-
rect boundary behavior [/] and adequately describes the full range of
those frequencies present in the shell which contain appreciable power
[8]. The right hand side of Eq 3b is expressed as

-~ /., 1 = /. |
Mn("*‘z‘a./) _M11<”"2_’J>

Ax
1 — 1
M21<l,j + ?> M21<l,j 5
+
Af
- 1 — 1
Ql ’+7’J +Q1<’_E"J>

+ah TMi j) —a

Similar expressions are used for the other equations. The time derivatives
are expressed as

E_Z_u_ _ut + A — 2u(t) + u(t - A
arr Af?

This set of explicit difference shell equations must satisfy the stability
criteria of

¢, At < min (2h, As) As = \/ Ax? + q2A9? (10)

Ax > 2h

Coupled Codes

When the codes are coupled, with the cross-sectional area change and
crack opening computed by the structural code used as input into the
fluid code, both codes must use the same time step. For liquid water,
this is not a problem because the fluid sound speed is nearly equal to that
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of the shell. However, for air or for steam, the fluid sound speed is an
order of magnitude less. Thus the fluid code should be able to use a time
step which is ten times that of the shell code. However, because the fluid
pressure responds to changes in the crack opening which the shell code
supplies, the fluid computations must take place simultaneously. This
state of affairs is unfortunate because the erroneous damping effect of
the upwind differencing is a minimum when Af is as large as possible.
For water-steam mixtures, this effect is overshadowed by the uncertainty
about the metastable equilibrium of the fluid and the inaccuracy of the
properties. For air it means that any shock waves will be smeared out
over six or more nodal points [9] and implies that the results will be indi-
cative of fracture tendencies rather than a precise quantitative measure
of the crack’s behavior. However, uncertainties in the specification of a
fracture criteria are likely to be more important than the inexactness in
modeling sharp pressure transients.

Fluid Pressures

Figure 3 illustrates the pressure distribution for an axial crack moving
at a constant speed in a pipe pressurized by hot water and by air. The
crack shape was prescribed as a cusp shape given by

W = min woy—0 l—cosI‘z
* 2 {

o i 1 i
2 4 6 8
TIME — MILLISECONDS

-

FIG. 3—Crack-tip pressure for a constant crack speed for air and water pressurization
(V/cg = 0.06, crack transition length = 5 diameters).
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where

Z

distance behind crack tip,
crack transition, and
w® = maximum crack opening.

The crack transition length is the axial distance from the tip to the point
of maximum opening.

The rapid decay of the pressure to the saturation value is seen easily.
The pressure wave caused by reflection from the fluid reservoir is also
evident. Whether this short time, high pressure pulse has a significant
effect on the shell or the crack tip remains to be investigated. Kanninen
[10] and Poynton [1]] have suggested that the pressure at the crack tip
can be estimated by modelling the crack discharge as the discharge from
an open-ended duct whose end is moving at the speed V and for which
the fluid velocity is sonic with respect to the end. The resulting tip pres-
sure is then

2k/tk — 1)
P _(_2  k-1V
p° k+1 k+1a
4 11
=0.30 + 0.57 —for k = 1.3 (11)

The algorithm used in this study produced a coefficient of V/a of 0.55
after the crack had moved through a starting distance of 5 to 6 diameters
as shown on Fig. 3. Kanninen also suggested that the spatial pressure
decay could be modeled by a simple exponential curve. Figure 4 shows
their values for wedge-shaped cracks and those of the algorithm for a
cusp-shaped crack. If the cusp shape is replaced by a wedge-shaped crack
of the same length and maximum crack opening, the decay is given by
the indicated solid line. Thus, the effect of the cusp is to delay the pres-
sure decay spatially and to expose the crack flaps to an augmented pres-
sure loading. The agreement of the computed solution with the simple
model of Refs 10 and 11 suggests that, at least for air and steam, it will
be possible to avoid performing the complex fluid mechanical calcula-
tions. Whether an equally satisfactory pressure model can be determined
for water-steamn mixtures remains to be seen, although the pressure decay
shown on Fig. 4 appears to be exponential. The major difficulty lies in
predicting the tip pressure for two-phase fluids if it is other than the satu-
ration pressure.

Axial Crack History

A steel cylinder with a thickness to radius ratio of #/a = 1/30, which
corresponds approximately to the shape used in the American Iron and
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FIG. 4—Spatial pressure distribution downstream of the crack tip for a constant crack
speed for air and water pressurization (V/cg = 0.06, crack transition length = 5 diameters).

Steel Institute tests [/2] was divided by a mesh with A¢ = 9 deg and
Ax/aA@ = V2. The shell was 8 radii long with an outgoing wave condition
imposed at one end to simulate an infinitely long pipe and a plane of
symmetry at x = 0. A half crack of length between a/3 and g was intro-
duced at x = 0, with the crack edges initially fixed. The shell was pressur-
ized with a pressure of p°® and the crack edges suddenly released. Emery
et al [Z,2] discuss the behavior of the crack for brittle fracture and ductile
tearing when the pipe was filled with hot water and in particular note
that the initial length of the crack does not affect the results. Here we
wish to discuss the effects of the pressurization by air, to comment upon
a simplification proposed by Kanninen, and to suggest some simplifica-
tions in the calculations.

Ductile Tearing

The ductile fracture was computed by measuring the transverse strains
at a point ahead of the crack and permitting the crack to extend whenever
these strains exceeded a prescribed value. A critical strain value of 2 per-
cent at Ax/2 ahead of the crack tip, based upon metallurgical estimates,
was used. Although the value chosen affects the speed of the crack in an
inverse way, the general characteristics of the deformation are applicable
to any value. Figure 5 illustrates the crack extension history for brittle
and ductile failure under constant fluid pressure and for large and small
deflections.
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FIG. 5—Crack-tip extension history for a constant pipe pressure for brittle and ductile
Jfailure, using small and large deflection calculations—initial pressure = 6.9 MPa, yield
stress = 482.3 MPa.

For brittle fracture the difference between large and small deflections
is large. For ductile failure, because of the appreciable yielding around
the crack, the flaps do not create a strong crack extending effect, and the
difference between large and small deflection calculations is not signifi-
cant. Since most piping is likely to fail in a ductile mode, it will not be
necessary to describe the flap behavior accurately and crack computations
should be possible with simple structural models. For most of these con-
stant pressure calculations, significant yielding took place from about one
half radius behind the crack tip to one quarter radius ahead of the tip.
It should be pointed up that the crack opening and tip speed are inde-
pendent of the initial crack length and thus of the pipe diameter and that
the limiting speeds are constant fractions of the shear wave velocity.

Ductile Tearing with the Combined Codes

When the fluid escapes through the crack opening, the pressure near
the crack tip will be reduced, and consequently the crack extension will
be slower because of: (@) a reduced pressure at the crack tip and (b) a
significantly reduced pressure on the flaps. To examine these effects, two
fluid cases were considered: (@) air for which the pressure decay behind
the crack tip is small and (b) a water-steam mixture. When a pipe is pres-
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FIG. 6—Pressure distribution downstream of the crack tip for air and water pressuriza-
tion computed with the coupled code (using a reduced speed of sound for water)—initial
pressure = 11.4 MPa, yield stress = 482.3 MPa.

surized with water, the sound speed is so high that the pipe depressurizes
to the saturation pressure before any significant crack growth can take
place, unless the saturation pressure is high or the fracture toughness is
low. In order to examine the effect of a strong axial pressure variation
on the flaps, the speed of sound of the water was reduced artificially to
approximately that of air. Thus, in both cases the wave speed in the fluid
was approximately equal to the crack speed.

Figure 6 illustrates the pressure decay behind the crack tip for the two
cases at a time for which the cracks are of the same length. The pressure
decay for air is small because of the relatively small crack opening (12
percent of the pipe area) and because the outflow is choked. For water,
the decay is very rapid and approximately one half of the flap area is at
the saturation pressure and the half near the tip has a strongly spatially
varying pressure. Because of this rapid pressure reduction for water, the
crack driving forces for the two cases are significantly different. How-
ever, the crack opening shape for these two cases, as well as for a con-
stant pressure small deflection case are virtually indistinguishable from
one another as illustrated on Fig. 7.

In view of the difference in loading, and the difference in small and
large deflection theory, this agreement strongly suggests that the flaps
are not important in driving the crack, and their dynamic behavior should
be amendable to a much simpler model. It must be recognized that the
two cases do differ in absolute magnitudes, but not in character. For the
conditions shown, the crack tip velocities are 0.136 C, and 0.108 C, for
air and water, respectively. Previous numerical tests with constant pres-
sures have shown that a nearly linear relationship exists between tip veloc-
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FIG. 7—Computed and estimated crack opening shape for air and water pressurization.

ity history and pressure. For these two cases of air and water, the tip ve-
locities are also nearly linear but not with the pipe pressure but with the
average pressure over that portion of the flaps between the tip and the
inflection point in the curve for 4. This relationship also held for water
computations, using the correct speed of sound, in which the entire un-
cracked pipe was at saturation pressure. Thus while it may not be neces-
sary to model the pressure distributions on the flaps exactly, the pressure
on the flaps near the tip does influence the crack motion. Freund [14]
concluded, from the study of a simpler structural model, that only the
total pressure force and its first moment should affect the crack motion.
This finding is in agreement with the results shown in Fig. 7.

Kanninen [/0] suggested that the half crack opening, §, could be re-
lated to the average radial displacement, w, by § = = w. This assumption
implied that the shell behind the crack tip is hinging about the side op-
posite the crack and undergoing no increase in circumferential length.
This estimated value of ¢ is also shown on Fig. 7, and the agreement is
excellent. Freund [/4] pointed up that such an agreement should exist
since shells deform in such a way as to minimize the extent of in-plane
straining. This condition can be achieved in the cracked pipe by bending
and in-plane axial extension, thus permitting the condition wherein § =
7= w. This agreement existed for all crack lengths up to the time at which
the crack flap deflections were so large (& = a) that the computations be-
came unstable. Gas line experiments for nonbackfilled pipes [/3] showed
that long cracks had flaps which were scalloped in shape with a periodicity
of the undulations of about 0.6 diameter. Just before the numerical pre-
dictions become unstable, similar undulations with a period of about 1
diameter began to exist. Unfortunately, it was not possible to carry out
the computations to permit further examination of these effects.



EMERY ET AL ON ANALYSIS OF PRESSURIZED PIPE 157

Conclusions

The numerical studies for different pressure distributions on the free
edges of axial cracks which are extending in a ductile stress field suggest,
in agreement with Freund [/4], that the pressure distributions on the flaps
do not appreciably affect the crack’s history. Consequently, it may be
possible to model the dynamic motion of the flaps in a simpler and more
qualitative way based upon Kanninen’s suggestion that § = = W over the
length of the flaps near the crack tip. By using such a simplified model
and noting that the crack history can be well determined by using a con-
stant pressure in the pipe, it appears that the fluid computation may be
carried out independently of the structural calculations.
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ABSTRACT: The influence of dynamic effects on the crack arrest process is in-
vestigated. For propagating and subsequently arresting cracks, actual dynamic stress
intensity factors were measured applying a shadow optical technique in combination
with a Cranz Schardin high-speed camera. The experiments were performed in wedge-
loaded double-cantilever-beam (DCB) specimens machined from an epoxy resin
(Araldite B). In the initial phase of crack propagation the measured dynamic stress
intensity factors were found smaller; in the arresting phase, however, they were larger
than the corresponding static values. After arrest the dynamic stress intensity factor
oscillates with decreasing amplitude around the static stress intensity factor at arrest.
Crack arrest toughness values determined according to a static analysis showed a
dependence on the crack velocity prior to arrest, but the dynamic crack arrest tough-
ness yielded a single value only, indicating that this quantity represents a true ma-
terial property.
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The crack initiation concept of fracture mechanics, corroborated by
extensive theoretical and experimental investigations, is very well under-
stood. Standardized methods have been developed and are applied success-
fully under widely different conditions. A crack arrest concept, however,
is considerably less well developed, and generally accepted parameters
to characterize the crack arrest process have not been established. Two
points of view are current.

Crosley and Ripling [/-3] 2 assume that dynamic effects can be neglected
and postulate that the crack-tip loading in the static condition following
crack arrest provides an adequate description of the crack arrest condi-
tion. In this static analysis the crack arrest process is considered identical
to the initiation process with the time scale being reversed. Dynamic ef-
fects (stress waves, structural vibrations) and their possible influences are
not considered.

Hahn et al [¢-6] analyzed the crack arrest process using an energy bal-
ance approach and concluded that a consideration of dynamic effects is
essential. According to their approach, as the crack accelerates in the
initial phase, kinetic energy is built up in the specimen which is subse-
quently available to contribute to the crack driving force at arrest.

The present investigation was undertaken to study the magnitude of
the dynamic effects involved and their influence on the crack arrest pro-
cess. Thus, actual dynamic stress intensity factors for arresting cracks
were measured and compared with the corresponding static values.

Theoretical Implications

The experiments were performed on wedge-loaded double-cantilever-
beam (DCB) specimens (Fig. 1). The cracks were initiated from blunted
notches at initiation stress intensity factors K, larger than the fracture
toughness K,.. For this configuration the arrest process is illustrated for
both approaches in Fig. 1. For simplicity the material resistance (in
terms of the crack initiation toughness K, the toughness K, for a propa-
gating crack, and the crack arrest toughness K, is assumed to be constant.

According to the static analysis the crack will arrest when the stress
intensity factor Ky, determined from the external loading conditions
using the conventional static formulae, becomes less than the material
resistance at an arrest length a,*.

According to the dynamic analysis the fracture behavior should be de-
termined by a dynamic stress intensity factor K@ with the following crack
length dependence: At the beginning of the crack propagation phase the
dynamic stress intensity factor K#» should be smaller than the corre-
sponding static value K while at arrest it should be larger. This means

2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Schematic representation of crack arrest in the DCB specimen.

that a crack can propagate even if K becomes less than the material
resistance. Consequently, an arrest length ¢ ** larger than @ * results.

Crack arrest toughness data usually are evaluated from crack arrest
experiments according to a static procedure. From their viewpoint of a
dynamic analysis Hahn et al [4-6] conclude, therefore, that such statically
determined crack arrest toughness values K, s are smaller than the true
arrest toughness and do not represent a material property. A noncon-
troversial, exact interpretation of crack arrest experiments requires
further knowledge of the actual physical conditions determining the ar-
rest process.

Method of Shadow Patterns

Stress intensity factors for stationary or propagating cracks can be de-
termined experimentally by shadow optical techniques. On this basis
Manogg [7] developed the ‘‘method of shadow patterns’’ which was
later extensively applied by Theocaris [8] under the name ‘‘method of
caustics.”” The method can be applied in transmission or for nontrans-
parent materials in reflection.

The underlying physical principle of this method is illustrated in Fig.
2. A notched specimen of a transparent material under external load is
illuminated by parallel light. A cross section through the specimen at the
position of the crack tip is shown on the right hand side of the figure.
The stress intensification in the region surrounding the tip of the crack
has the following two effects: it reduces the thickness d of the plate and
alters the refractive index of the material. Consequently the area sur-
rounding the crack tip—to use a very simple description—acts as a di-
vergent lens which deflects the light outwards. This leads to the forma-
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FIG. 2—Method of shadow patterns after Manogg.

tion of a shadow pattern bounded by bright light (the caustic) which may
be observed on a screen placed behind the specimen. As can be seen from
Fig. 2 the boundary between light and dark in this shadow pattern is de-
termined neither by the light incident directly at, nor by that incident
remote from the crack tip. Rather it is determined by a ring-shaped region
around the crack tip whose radius depends on the distance z, between the
screen and the specimen.

Assuming a stress distribution around the crack tip given by the Sneddon
formula, Manogg calculated the shape of the resulting Mode I shadow
pattern. Figure 3 shows the shadow patterns obtained for optically iso-

THEORY EXPERIMENT

OPTICALLY ISOTROPIC PMMA
MATERIAL

OPTICALLY ANISOTROPIC ARALDITE B
MATERIAL

FIG. 3—Shadow patterns.
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tropic and anisotropic materials compared to those experimentally ob-
served. Good agreement is obtained in both cases. Only one caustic re-
sults for isotropic materials, while for anisotropic materials two are ob-
tained. Quantitatively the diameter D of the caustic is a function of the
stress intensity factor K| and is given by

K, 2V 2r D

=3 f.rcdz,

where

K, = Mode I stress intensity factor,

D = diameter of the caustic,
J,,; = numerical factor for outer/inner caustic,
¢ = photoelastic constant,
d = thickness of the plate, and
z, = distance between specimen and image plane.

Table 1 shows numerical values of the factor f,; and the photoelastic
constant ¢ for different materials. As can be seen from these values shadow
patterns under plane-strain conditions are considerably smaller than those
under plane-stress conditions. Furthermore, the splitting up of the double
caustic for anisotropic materials is larger for plane strain than for plane
stress. (In the case of Araldite B D_,,,/D;,.., = 1.085 for plane stress and
1.141 for plane strain). From the measured separation between the two
caustics the actual state of stress of the ring-shaped region in the specimen
can be experimentally determined and hence the corresponding f,, ; values
can be chosen.

Experimental Procedure

DCB specimens measuring 321 by 127 by 10 mm? with initial notches
of length ¢, ~ 66 mm were made from an epoxy resin (Araldite B). Araldite
B was chosen because of the very small differences between the dynamic
and the static material data (Clark and Sanford {9}); the elastic properties
are: static (dynamic) Young’s modulus £ = 3380 (3660) MN/m?, static
(dynamic) Poisson’s ratio v = 0.33 (0.39), longitudinal wave speed v,
= 2500 m/s, transverse wave speed v, = 1060 m/s (Soltész [10]). The
acuity of the notch tip was varied by extending the notch over an additional
short distance using specially prepared jewellers’ saws of different thick-
nesses. The specimen was loaded in a testing machine by forcing a 20-
deg wedge between the pins. The deflection 25 of the beams was measured
directly at the loading points using a specially designed clip gage.

Shadow patterns for propagating and subsequently arresting cracks
were recorded with a Cranz Schardin high-speed camera. On technical
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grounds divergent instead of parallel light was used; the distance between
specimen and image plane was 1.4 m. The high-speed camera was trig-
gered by the crack itself which, at the start of propagation, interrupted
a laser beam to provide the trigger impulse.

Experimental Results

Cracks initiated at K, values varying from 0.74 MN/m?¥2 to 2.56
MN/m 32 and propagating at velocities ranging from 15 to 320 m/s were
investigated. The compressive stresses acting in the longitudinal direction
of the specimen generated by the 20-deg wedge were sufficient to achieve
straight-line crack propagation in more than 75 percent of all experiments.

Shadow Patterns

A series of shadow patterns photographed for a propagating and sub-
sequently arresting crack is shown in Fig. 4. Only 6 out of the total of 24
pictures are reproduced here. The separation of the double caustic indi-
cates that plane stress applied in all experiments. The center of the caustic
marks the actual position of the crack tip. The corresponding crack lengths
are given under each photograph.

Quantitative data obtained from such measurements are discussed in
the following sections.

Velocity

In order to investigate the crack velocity history prior to arrest actual
crack-tip positions are plotted as a function of time in Fig. 5. Only a few
experiments, representative of different velocity ranges, are shown. The
substantial linear regions at the beginning of the curves indicate constant
velocities. As expected these maximum crack velocities v, increase with
the initiation value K, that is, with the amount of elastic energy stored
in the specimen. Prior to arrest the crack velocity decreases from this
maximum constant value (see also Fig. 6).

Dynamic Stress Intensity Factors

For the cracks considered in Fig. 5 stress intensity factors as a function
of crack length are shown in the upper part of Fig. 6. Data from Speci-
mens 2] and 35 were obtained under practically identical conditions to
those for Specimen 4. The experimental points represent dynamic stress
intensity factor values K" evaluated according to the given equation
from the shadow patterns. The very early phase of crack propagation was
not investigated. The expected trend, however, is marked by the heavy
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FIG. 5—Crack propagation and arrest behavior.

dashed lines. For comparison, curves of the static stress intensity factor
Kt are shown in the same diagram which were calculated from the mea-
sured deflection values 25 at the loading points using the conventional
stress intensity factor formula (Kanninen [//]). The crack velocities de-
rived from Fig. 5 are shown in the lower part of Fig. 6. The same results
as in Fig. 6, but plotted in a different form, are shown in Fig. 7.

The following characteristics of the crack arrest process can be deduced
from these results:

1. At the beginning of the crack propagation phase the dynamic stress
intensity factor K, is smaller than the corresponding static value K s,

2. At the end of the crack propagation phase the dynamic stress intensity
factor K\ @n is larger than the corresponding static value K st

3. Only after arrest does the dynamic stress intensity factor K" ap-
proach the static stress intensity factor at arrest K >,

Differences between the dynamic and the static stress intensity factor
curves become smaller for cracks propagating at lower maximum velocities
Voaxe that is, the dynamic effects decrease with decreasing velocity as one
might expect. Thus, for example, in Specimen 62 in which the crack prop-
agated at a maximum velocity of only 15 m/s the dynamic stress intensity
factors K" scatter closely around the static curve K=t In fact, within
the accuracy of the experimental technique both curves practically fall
together, indicating that in this case dynamic effects were negligibly small.

The crack behavior subsequent to arrest was also investigated. In ex-
periment No. 8 a relatively long time interval was selected between con-
secutive pictures which meant that the crack was photographed long after
it had arrested. The results show that the dynamic stress intensity factor
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K9 decreases to less than the static stress intensity factor at arrest K st
(Fig. 6) but subsequently increases again—which of course does not show
up in this diagram. In order to analyse this behavior, measurements were
carried out with triggering delay times larger than the crack propagation
time. Results of two experiments, plotted as a function of time in Fig. 8,
show a damped oscillation of the dynamic stress intensity factor K, &m»
around the static value at arrest K The frequency of this oscillation
has the same order of magnitude as that of a vibration of a cantilever
beam corresponding to one half of the cracked specimen.
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FIG. 7—Normalized dynamic stress intensity factor for arresting cracks.

Toughness Data

Crack arrest toughness values were determined from the experimental
data and are shown in Fig. 9 together with the stress intensity factor curves
of Fig. 6. The points K, (full rhombi) are the crack arrest toughness
values determined from the static analysis. These values depend on the
crack velocities prior to arrest; the faster the crack the smaller the tough-
ness value. The observed dynamic stress intensity factor at the moment
of arrest represents the dynamically determined crack arrest toughness
value which we have denoted K, 4 (large open circles). These values are
larger than the corresponding static values; furthermore, they scatter
around a horizontal line and obviously—at least as these data show—do
not depend on the crack velocity. The dashed line in the figure represents
the average value of the initiation toughness K,  determined on CT speci-
mens to be K|, = 0.79 + 0.13 MN/m 372,

Crack Velocity—Crack Length Relation

The theoretical calculations by Hahn et al [6] and by Shmuely [12] pre-
dict a unique relation between the length of the crack at arrest and crack
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FIG. 8—Oscillating dynamic stress intensity factor after crack arrest.

velocity which depends only on the geometry of the specimen but not on
the toughness of the material. Both theoretical curves in a properly nor-
malized form are shown in Fig. 10. All experimental results obtained for
Araldite B so far are plotted in the same diagram together with data points
for various steels given by Hahn et al [13]. Despite the two very different
materials all data show the same dependence as that predicted by the
theoretical calculations.

Discussion and Conclusions

A shadow optical method for determining stress intensity factors has
been described and applied to dynamically propagating and subsequently
arresting cracks. A relation between the diameter D of the caustic and the
stress intensity factor K, was used, which was derived under the assump-
tion of a static solution for the stress-strain field around the tip of a crack.
An exact formula for propagating cracks of course requires the dynamic
stress distribution ahead of the crack tip. Such a relation is currently being
worked on by the authors. For the crack velocity range investigated, how-
ever, only small discrepancies are expected. This is supported by the fact
that the shape of the caustic for a propagating crack differs insignificantly
little from that for a stationary crack.

According to the method described actual dynamic stress intensity fac-
tors were measured for cracks before, at, and after arrest, At the beginning
of the crack propagation phase, these values were found to be smaller
than the corresponding static values, while at the end they were larger.
This result agrees essentially with the predictions based on the theoretical
results of Hahn et al [4-6] derived from their concept of recovered kine-
tic energy. Stress waves, carrying with them kinetic energy, emanate from
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the tip of the propagating crack and after being reflected at the finite
boundaries of the specimen, contribute to the actual dynamic stress in-
tensity factor characterizing the true stress intensification around the crack
tip. The physical implications of these stress waves are demonstrated
clearly by the observed oscillation of the dynamic stress intensity factor

long after arrest.

The influence of these dynamic effects on the crack arrest process also
manifests itself in the crack arrest toughness values evaluated from the
experimental data. Crack arrest toughness values K = determined using
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a static analysis depend on the velocity of the crack prior to arrest. On
the other hand, the arrest toughness K 9 determined from the measured
dynamic stress intensity factors was found to be independent of crack
velocity and seems, therefore, to be a more fundamental material property.
Only one geometry has been investigated, however. The experiments are
being currently extended to other sizes and types of specimens in order to
confirm this hypothesis.

The statically determined crack arrest toughness values K for larger
velocities are considerably smaller than the dynamic crack arrest tough-
ness K, ¥ and therefore unrealistically conservative. Only at small veloci-
ties do both analyses lead to practically identical values. The dynamic
crack arrest toughness K, 4 lies slightly below (but within the error band)
of the initiation toughness K,. A larger difference between these two
values is expected for more strain rate sensitive materials.

Various theoretical predictions are given in the literature for dynamic
stress intensity factors K %" of propagating cracks in infinite media. Values
calculated by Broberg [14], Freund [15], Nilsson [16], and others are less
than the corresponding static stress intensity factors K and decrease
with increasing crack velocity. The experimental data of Fig. 7 show that
these results—because of the effect of reflected stress waves-—do not ap-
ply for decelerating cracks in finite specimens. Dynamic stress intensity
factors larger than static values were also observed experimentally by
Bradley and Kobayashi [17] and predicted theoretically for arresting cracks
in strips of finite height by Nilsson [18].
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The reported crack arrest data in Araldite B support the theoretically
predicted existence of a material independent unique relation between
crack arrest lengths and crack velocities. This correlation indicates the
possibility of basing crack arrest safety predictions on inexpensive model
experiments.

The results presented give experimental evidence that for fast propa-
gating cracks in DCB specimens dynamic effects have an influence on the
crack arrest process. The effects have to be considered in determining
crack arrest toughness values and in applying a crack arrest safety analy-
sis.
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ABSTRACT: New developments are described which offer a flexible procedure for
measuring the fracture resistance values, X,., K|p, and Ky, which characterize the
crack arrest behavior of materials. The procedure relies on a dynamically stiff, wedge-
loading which limits dynamic energy exchanges between the test specimen and the
testing machine. This makes it possible to interpret both small and large crack jumps
without recourse to crack velocity measurements. The procedure is general and can
be applied to ordinary and duplex rectangular and contoured double-cantilever-beam
(DCB) specimens, and to compact and single-edge-notched (SEN) specimens when
dynamic analyses for these shapes become available. The paper examines the virtues
of the different specimen configurations, size and thickness requirements, possible
upper and lower bounds on the size of the crack jump, and the problem of branching
and side grooves. Measurements of specimen machine interactions are described.
Results obtained for A533B steel with a series of rectangular DCB specimens illustrate
the dependence of Ky, on the size of the crack jump as well as the previously pro-
posed relations between K, and K, or K. The resuits confirm that the X, (or
K p) values obtained with the new procedure from static measurements of load point
displacement and the crack length at arrest agree with values derived from crack
velocity measurements, The experiments also illustrate that duplex DCB specimens
with modest dimensions (400 by 140 by 50 mm) have the capacity for measuring
K,and K, values in excess of 150 MPa-m ",
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Energy release rate

Mode I energy release rate

Beam height of specimen

Stress intensity at arrest calculated assuming static equilibrium
Critical stress intensity parameter for crack extension
Propagating crack toughness (K, = V ER,/1 — v)
K, of starter section

K, of test section

Propagating crack toughness for crack jump length in test
section of Aa; _
Propagating crack toughness for crack velocity V'
K, determined from energy balance

Stress intensity at crack initiation in blunt-notched DCB speci-
men

Mode I stress intensity parameter

Mode I KX,

Mode I X,

Mode 1 K,

Minimum value of X,

Nil ductility temperature

Reference temperature nil ductility temperature

Pin load

Fracture energy (per unit crack area)

Mode I propagating crack fracture energy

Minimum value of R,

Velocity dependence of R,

Crack velocity

Average crack velocity

Crack velocity associated with K,

Crack length

Initial crack length

Crack length in test section

Crack length in starter section

Specimen width dimension (parallel to crack line)
Yield stress

Dynamic yield stress

Poisson’s ratio

The criterion for crack arrest can be expressed simply in terms of the
crack driving force and the minimum fracture resistance either in terms of
energy or stress intensity 2

2The crack driving force can be expressed either in terms of the energy release rate Gror
the stress intensity parameter K|; the minimum fracture resistance in terms of the minimum
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S1<R,, 1
K, <K,, 2

By applying this criterion to calculations of the driving force and measure-
ments of the resistance, it becomes possible to predict whether and where
a running crack in a structure will arrest. Alternatively, the analysis can
be used to design a crack arrester or to evaluate the fracture resistance
from an instrumented run-arrest event in a laboratory specimen. The lat-
ter step is important because the quantity K, does not necessarily cor-
respond with K, the resistance to the onset of crack extension.

Actual quantitative treatments of these concepts present difficulties.
Rigorous calculations for structures or specimens with finite dimensions
require a fully dynamic analysis of K, along the lines discussed by Kan-
ninen, Popelar, and Gehlen [/}].3 In this case, the value of K at arrest de-
pends on the fracture resistance experienced along the entire-crack path—
a resistance that can vary with crack velocity [2-4]. For this reason, the
material property governing crack arrest length is not simple X,,,, but the
portion of the K, crack velocity curve sampled during the run arrest
event. Examples of possible K, crack velocity curves are given in Fig. 1.

The difficulties of carrying out dynamic analyses and measuring K,
values at different velocities are compounded by the complex shapes and
large fracture resistance values of engineering structures [5]. For example,
the fracture resistance values that enter the assessment of crack arrest in
heavy walled nuclear pressure vessels are estimated to be K,,> 150 MPa-
m* [6]. The measurement of the K, crack velocity curve at this level of
toughness with conventional ASTM Test for Plane-Strain Fracture Tough-
ness of Metallic Materials (E 399-74) method would call for very large

L L / :
X x x
—4 KIm
Klm Kim -
Velocity— Velocity — \l,| Vm2
Velocity —
(o) (b) (¢)

FIG. 1—Possible fracture resistance (K ) crack velocity curves: (a) and (b) are examples
where the minimum resistance K, corresponds with zero velocity, and (c) where K, cor-
responds with a high velocity.

energy, Ry,, of the variation of propagating crack fracture energy (R,p) with crack ve-
locity, or the minimum toughness K, of the variation of propagating crack toughness
(Kp) with crack velocity. The quantities G and K| and R, and K\, are closely related
(see list of symbols) and can be used interchangeably to express the driving force and re-
sistance. To simplify the presentation, stress intensity values are used whenever practical
in this paper.

3The italic numbers in brackets refer to the list of references appended to this paper.
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specimens (comparable to 10T-15T compact specimens) as well as instru-
mentation to measure the crack velocity.

Simpler methods of analysis and testing will make it easier to use crack
arrest concepts in practice. With this in mind, Irwin [7] has proposed
that engineering calculations employ K, in place of the K, crack velocity
curve. The substitution tends to understate the fracture resistance and is
conservative. It will simplify calculations. It can also substantially reduce
the number of X, determinations needed to characterize a material, and
may eliminate the need for crack velocity measurements.

This paper describes new developments which offer a flexible procedure
for measuring K,,,, K5, and K, values. The procedure relies on a dy-
namically stiff, wedge loading arrangement which limits dynamic energy
exchanges between the test specimen and the testing machine. This makes
it possible to interpret both small and large crack jumps without recourse
to crack velocity measurements. Results obtained for A533B steel with a
series of rectangular DCB specimens confirm the viability of the new pro-
cedure and illustrate the relations among K, K,,, (or K,;), and the size of
the crack jump. The paper also touches on the virtues of different speci-
men shapes, specimen size and thickness requirements, possible upper and
lower bounds on the size of the crack jump, and the problems of branch-
ing and side grooves. The large reduction in specimen size that can be
achieved with duplex specimens is also demonstrated.

Specimen Configuration

Specimen Shape

The main factors affecting the choice of specimen shape are the size
of the crack jump that must be accommodated and the stability of the
crack path. The size of the jump depends on the shape of the K, crack
velocity curve for the material of interest (see Fig. 1). If the minimum
fracture resistance corresponds with a very low crack velocity (Fig. la and
b), then K, can be derived from measurements of a run-arrest event with
a low crack velocity and a ‘‘small”’ crack jump. ¢ If there is a well defined
minimum fracture resistance at a high velocity, ¥, (Fig. 1¢) then the K,
value must be obtained from measurements of a run-arrest event embody-
ing a velocity close to ¥, and a ““large” crack jump. For stiff, wedge
loading and a given volume of test material the rectangular DCB shape
accommodates the largest crack jump; the compact specimen is inter-
mediate; and the single-edge-notched-bend (SENB) is least efficient of
material in this respect (Fig. 2). The contoured DCB shape (Fig. 2e) has
a slightly smaller K,, measurement capacity than the rectangular DCB

4The crack velocity and the extent of the crack jump usually vary directly [8-12].
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FIG. 2—Schematic drawings of possible crack arrest specimens. The starter sections of
duplex specimens are made of a hardened steel electron beam welded to the test section.
The starting crack in duplex specimens is purposely blunted to obtain high K values, and
this eliminates the need for fatigue precracking.

shape, and the contoured DCB shape offers no special advantage when
K values are derived from displacement measurements under wedge load-
ing. Another factor influencing shape is the tendency for the crack path
to deviate from the axis of symmetry causing the arm of the specimen to
break off before the crack can arrest. This tendency is strong in DCB
specimens with small H/a ratios (see Fig. 2) and essentially absent in
compact and single-edge-notch (SEN) geometry. The problem of crack
path stability is currently overshadowed by the strong tendency for cracks
to branch in A533B [9,10,13] and other lower strength grades [//], and
this is discussed in a following paragraph. At this writing it is not yet
clear whether the larger H/a ratio of the compact specimen suppresses
branching. Deep side grooves are one device for restricting both branching
and crack path instabilities that can be applied to both the compact and
DCB geometry.

Size and Thickness Requirements

The K, measuring capacity of the specimens in Fig. 2 is limited by
the onset of large-scale plasticity for the types of analysis discussed in this
paper. The dimensions of the specimen, therefore, must remain large
relative to ‘those of the crack-tip plastic zone, which are a function of
(Ko/oy)? where K, is the stress intensity at the onset of the run-arrest
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event and ¢, is the (static) yield stress of the material surrounding the
tip of the starting notch or crack. The K, value must be about 10 to 30
percent larger than K, depending on the crack jump distance require-
ment. Table 1 lists estimates of the maximum K, values that can be pro-
duced in different specimens having the yield stress of A533B steel, ¢,
= 500 MPa, which is employed in nuclear pressure vessels. Since the
resistance values of practical interest for nuclear vessels are K, > 150
MPa-m* [6}], crack arrest specimens must have a capacity K ,> 200 MPa-
m*, Table 1 shows that this can only be obtained with extremely large
conventional specimens (for example, a 600 by 720-mm compact speci-
men).

Table 1 also illustrates that specimen dimensions can be dramatically
reduced by about X7, the volume by about x50, with the duplex con-
figuration shown in Fig. 2b and d. These specimens are produced by weld-
ing a hardened steel ‘‘starter section’’ (for example, quenched and tem-
pered 4340 steel, o, = 1380 MPa) to the test section. Specimen size re-
quirements at the onset of the run arrest event are then determined by
the yield stress of the ‘‘starter section.’”’ Figure 3a shows an example of
a 140 by 400 by 50.4-mm rectangular, AISI 4340/A533B duplex DCB
specimen (No. DA-21) with two 15-mm-deep 45-deg side grooves which
was successfully tested at — 11°C (NDT + 18°C). A K, = 287 MPa-m*
was applied without large-scale yielding, and this produced a 164-mm-long
run-arrest event with a velocity of 690 ms-! and K,, = 132 MPa-m" in
the test section. A closeup of the arrested crack front, revealed by heat
tinting followed by breaking off the arm is shown in Fig. 3b. The experi-
ence of the authors is that duplex specimens of this type are more costly
to produce than ordinary specimens of the same size, but this is more
than offset by the savings attending the reduction in size, and the elimina-
tion of the fatigue precracking step. Furthermore 600-mm-thick pressure
vessel material is neither available nor representative with respect to micro-
structure.

The size and thickness requirements of the test section while the crack
is running are reduced substantially because they depend on the ratio
(K\p/oyp)? where 0,,x 2 ,, is the dynamic yield stress of the test section
appropriate for the high strain rate, for example, ¢ > 1035 s-!, existing
within the running crack-tip plastic zone. This is borne out by results
summarized in Fig. 4, which show the effect of specimen thickness on
K, values. The lack of a significant thickness dependence is interpreted
as evidence that plane-strain conditions exist in all but one case. In terms
of static yield strength the plane-strain thickness requirement for fast
running cracks in A533B, inferred from these measurements is

2 2
B> 0.3 <1—<—‘£’)=o.3 <Ii”) @)

Ty Iy
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(a) Specimen after heat tinting fracture surface dark and breaking open at —78°C to expose
fracture surface.

(b) Closeup of arrested crack front.

(c) Measurement of crack position versus time derived from resistance grid.

FIG. 3—Example of an AISI 4340/A533B duplex DCB specimen (No. DA-21) tested at
—11°C. The photographs show the position of the starting slot (A), weld line (B), knot-
like perturbation (C) and unbroken ligament (untinted region near (C) caused by branching
attempt and arrested crack front (D). Note that the reduction in crack velocity observed
after about 120 mm of crack travel corresponds with the branching attempt (C). Additional
test data can be found in Table 2.

which is an order of magnitude smaller than ASTM Method E 399-74
requirement for essentially stationary cracks. Accordingly, the minimum
thickness required to measure K,,, = 150 MPa-m" for A533B (¢, = 500
MPa) is B =27 mm. Note that the quantity B stands for the full thickness
of side grooved plates as opposed to the remaining ligament width B,,.
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FIG. 4—Effect of gross specimen thickness on K for A533B (BCL Plate) at —78°C
and — 12°C. Numbers in parenthesis are average crack velocity values.

Crack Jump Length

The size of the crack jump needed for a meaningful, plane-strain re-
sistance evaluation affects the size of the specimen and the choice of ana-
lytical approach. This is a separate consideration, first because the entire
run arrest event does not proceed with a plane-strain crack front, second,
because the analysis of the crack length at arrest provides a weighted av-
erage of the resistance along the crack path, and third, because materials
are not completely homogeneous.

Crack arrest events occur in several stages:

Stage ())—In ordinary specimens the initial extension proceeds from a
point along the precrack front and gradually develops into the straight-
fronted crack that is characteristic of plane-strain propagation (Fig. 5).
As noted by Irwin [7], resistance during this period may depart from the
plane-strain value. Figure 5 illustrates schematically that the extent of
Stage (i) is comparable to the net specimen thickness B,.

Stage (ii)—In the second stage the crack propagates with a plane-strain
front. However, even here the resistance of anything but a homogeneous
material will vary along the crack path, and the crack may arrest pre-
maturely when it encounteres an atypical tough region. The measured

Successive Positions
of Crack Front

Fatigue Crack
Front

Markings on the
Fracture Surfoce

Point of
Initation

FIG. 5—Schematic representation of stage (i) of run-arrest event based on fracture sur-
Jface observations and crack velocity measurements.
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resistance will be more representative of an average as the crack samples
more material.

Stage (0)—In duplex specimens, the crack first propagates through the
starter section and the weld (the fushion zone is -~ 3 mm wide) before
entering the test material. It may then experience Stages (i) and (ii). The
fracture segment in the starter section, which is about 30 mm in the rec-
tangular duplex DCB specimen shown in Fig. 4, is designed to contain
the crack-tip plastic zone existing at the onset of the run arrest event.

Since the aim of crack arrest procedures is to obtain a representative
measure of the plane-strain resistance, the Stage (ii) extension must be a
significant fraction of the total jump in the test material.’ It must also
represent enough propagation, in absolute terms, to provide an adequate
sampling. In view of the extent of Stage (i) a minimum jump requirement
of 2B, may not be unreasonable. For the 50-mm-thick duplex DCB speci-
men, this corresponds to a total jump size of from 70 to 130 mm depending
on the depth of side grooves. As noted earlier and illustrated in the next
section, jumps of this size do not lend themselves to a static K, analysis
but require the dynamic analysis approach discussed in the next section.

Side Grooves and Crack Branching

Side grooves that reduce the cross section of the specimen along the
crack path can facilitate crack arrest measurements in a number of ways.
As shown in Table 1, the side grooves increase the K, values, and thereby
also the K,,, measuring capacity. Side grooves inhibit shear lip formation
[17]. Finally, they tend to stabilize the crack path and, when deep enough,
restrict branching (Fig. 6). These benefits are not without complications.
The side grooves produce out-of-plane stresses and strains that gives the
stress field of the propagating crack a three-dimensional character. This
contribution is reflected in the shape of the arrested crack front in Fig. 3
which shows the crack front leading slightly (1 to 2 mm) at the side
grooves. A number of systematic studies of the effect of side groove
depth on K, and K, measurements have been reported [10,18-21]. It
appears that K, values are not affected by groove depth equivalent to
60 percent of the cross section as long as the full thickness (in the absence
of the grooves) fulfills the ASTM Method E 399-74 thickness requirement.
Systematic measurements of run-arrest events in 25-mm-thick AISI 4340
steel DCB specimens, conducted by the authors [/0] show that the crack
velocity, the jump length and the K, and K, values are all unaffected by
side grooves occupying up to 60 percent of the cross section. These tests
involved a relatively low toughness level of (K,,/o,)? = 3.36 mm. The re-
sults in Fig. 4 for A533B, which involve systematic variations of the side

5The lower resistance of the starter section of a duplex specimen is taken into account
in the analysis and is not an issue here.
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(c) Midsection of 60% Side Grooved Specimen

FIG. 6—Examples of branching events in rectangular, AISI 4340/A533B duplex DCB
specimens. (a) and (b) A 40 percent side grooved specimen (DA-13) tested at —12°C, and
(¢) A 60 percent side grooved specimen (DA-19) tested at 1°C. The fractures propagated
Jfrom left to right and the photos show the main crack (A) and the two branches (B) and
(C). In the 60 percent side grooved specimen in (c), branch (B) continued to propagate and
branch (C) arrested.
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groove depths from 2 to 15 mm, also show no effect on K,,. These ex-
periments involve a toughness level of (K,,/7,)? = 49 mm which is closer
to the range of practical interest, for example, (K,,/7,)2> 90 mm.

Another complication arises when side grooves are used to restrict
branching. As noted previously, cracks propagating in rectangular and
contoured DCB specimens of A533B steel tend to branch, greatly com-
plicating the task of calculating K|, and K,,. In duplex specimens, the
branching events tend to occur shortly after the crack crosses the weld
and enters the test section as shown in Fig. 6. Side grooves representing
25 and 40 percent of the cross section do not alter the branching event
(see Fig. 6a and b). However, deeper grooves representing 60 percent of
the cross section modify the trajectory of the two branches by encouraging
them to run in the reduced section. This is shown in Fig. 6¢. As a result,
one of the branches prevails and continues to propagate, gradually re-
gaining a path close to the minimum (mid) section, and the second branch
is aborted. The branching attempts of this type are characterized by knot-
like perturbations on the fracture surface (Fig. 3¢ and b show an example)
which involves additional fracture surface, vertical shear lips that form
the connection between perturbed surface and the side groove, and un-
broken material (ligaments) left behind the crack. These features together
with the aborted crack branch, represent additional fracture energy ex-
penditure and added fracture resistance. Because of the effects of branch-
ing it remains to be established whether the K, or K, values measured
with DCB or other laboratory specimens are an accurate representation
of the behavior of cracks in large structural components.

Effect of Method of Loading

When the crack driving force originates entirely from the elastic strain
energy stored in the specimen at the onset of a run-arrest event, the crack
velocity and crack propagation distance in the specimen are related
uniquely to the fracture resistance K, and the geometry of the specimen.
In this case, a measurement of either the crack velocity or the length of
the crack at arrest is sufficient to determine K, from a dynamic analysis
of the event. When energy is allowed to enter the specimen via interactions
with the test machine during the run-arrest event, both the driving force
and the crack extension distance are modified. Unless this additional
energy contribution is accounted for, the K, value determined from crack
arrest length will be in error and will tend to understate the resistance.
The effects of the interaction produced by specific loading arrangements
can be calculated with the existing dynamic analyses if the motion of the
load points is known [/0]. In practice, however, it may be difficult to
characterize this motion accurately.

In this section results are presented which show that the load point
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motions are rather complex and that in some cases they become sufficiently
large to cause additional crack extension. Specifically, experimental re-
sults for a relatively compliant tensile loading system are compared with
results from a stiffer wedge loading method. While wedge loading reduces
the amplitude of load point motion, significant amounts of energy are
exchanged in both loading systems. Finally, a more dynamically stiff,
wedge loading arrangement is described. This loading arrangement pro-
duces substantially smaller pin motions. A simplified procedure for evalu-
ating K, that neglects the specimen machine interaction can now be
adopted for a wide variety of test conditions. This is discussed later,

Comparison of Tensile and Wedge Loading

Figures 7a and b show several test records of measured crack extension
versus time for test on rectangular DCB specimens. Eddy current proxim-
ity detectors were used to monitor the motion of the specimen arms near
the pinhole in these tests, and these results are also shown. '

The records in Fig. 7a are from a 25.4-mm-thick (B,/B = 0.4) ordinary
AS533B specimen tested at —78°C in a tensile loading arrangement. The
compliance of the pullrod-grip-load pin train is 6.5 mm/MN which is not
much less than 8.8 mm/MN, the specimen compliance prior to fracture.
Propagation initiated at a load of 44.3 kN corresponding to a K, = 60.6
MPa-m*. The crack extension occurs at essentially constant speed for a
distance of 50 mm, halted for 200 us, then extended another 15 mm before
arresting. During the halt, relatively large movements of the pins were
recorded indicating a correspondingly large energy input into the speci-
men. This energy eventually increased sufficiently to restart propagation.

That the propagation is unaffected initially by specimen-load machine
interaction is brought out more clearly in Fig. 7b. These four records
are of 25.4-mm-thick (B,/B = 0.4) duplex 4340/A533B DCB specimens
tested at —12°C. Only one arm of the specimen was monitored, and it
must be assumed that the motion is symmetric. The specimens were
wedge loaded using wedges having 11, 30, 80, and 110 deg included
angles. The wedge loading method, in which a DCB specimen stands on
end and a wedge is forced between pins inserted in the two ends of the
specimen has been described in detail elsewhere [8-12]. The main element
of the loading train, namely, the wedge (total thickness is 50.8 mm) and
pins can be easily designed to have a compliance much less than that of
the test specimen. Hence, the wedging method used in these experiments
employs considerably stiffer loading elements than the tensile loading
arrangement just described. While the fracture loads progressively in-
creased with wedge angle the K, values at initiation were similar, 156,
177, 149, and 151 MPa-m", respectively. Because initiation stress inten-
sities are similar, the initial crack velocities and crack lengths at which
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FIG. 7a—Tensile loading in ordinary testing machine. Records of time rate of change of
crack extension and arm displacement. (a) Ordinary A533B specimen tested at —78°C by
tensile loading. Displacement of both arms are shown (b). Duplex 4340/A533B results
tested at — 12°C by wedge loading. The weld line is at 30 mm. Note scale change on AP-1
record. Also, in AP-1, arm motion was sufficient that the arm struck the displacement
transducer at point indicated.

Spec. AV-I 11° wedge
150}—Max. load 46.7 kN —075
Arrest -
loof— o ¢ -Sa —oso
50 Fe —1025
o —1 11,
Spec. AU-2 30° wedge
150}—Max. load 1085 kN Arrest =107 E
E 100 050 &
. £
§ 50 025 g
§ A EE R NI R A
&3 Spec. AP-2 80° wedge a
o 150]— Max. load 2304 kN —o75
g )
2 | 50
S 100 050 £
501" 025 <
oro 0
Spec. AP-| oTo"uo" wedge ]
150} 150
-]
'OOL with arm 100
50 Fy" Max. load 5115 kN —050
o PN I SN R N '
[o] 200 400 600 800 IOO%
Time, psec

FIG. 7b— Wedge loaded.

rapid deceleration begins are alike in all cases. However, after a halt time
of about 250 us in Specimen AP-2 (80-deg wedge) and only 50 s in Speci-
men AP-1 (110-deg wedge) additional propagation occurs, a consequence
of an increased driving force due to specimen-load machine interaction
during crack propagation.
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Measurements also showed that the wedge advanced between the load
pins in these tests. However, the extent of wedge motion was considerably
less than would be needed to account for the arm motion. Thus, by in-
ference, only a part of the work done on the specimen is supplied directly
from the stored elastic strain energy in the loading mechanism. Subsequent
tests have shown that the sudden release in compressive load applied to
the specimen results in acceleration of the specimen off the lower platen
of the machine. As a consequence, that part of the stored elastic energy
in the specimen associated with the compressive stress acting parallel to
the crack plane (which does not contribute to § initially) is first converted
to kinetic energy, and then is reconverted to increase § as the specimen
decelerates upon driving itself onto the wedge.

In summary the following conclusions may be drawn from a compari-
son of these tensile loaded and wedge loaded experiments.

1. The distance of propagation up to the point of the first halt is a re-
producible quantity dependent upon the initiation conditions (that is,
K, and the specimen crack length) and the resistance of the material to
propagation.

2. While the wedge loading arrangement has the virtue of easily being
much stiffer than tensile loading thereby reducing the work done on the
specimen from the stored elastic energy in the test machine, the advantage
has not been fully realized because of the freedom of movement of the
test specimen.

Tie-Down Device

In Fig. 8 a loading arrangement is shown which utilizes the inherent
stiffeners of wedge loading and, in addition, greatly reduces the transla-
tional degree of freedom available to the specimen in the wedge loaded
results described previously. As before, the specimen is loaded by forcing
a wedge between the pins. However, the counteracting force is supplied
directly to the pins by supporting columns which are bolted to the lower
platen of the test machine. The release of the strain energy in the loading
pins is prevented from accelerating the specimen farther onto the wedge
by the two beams placed a short distance (0.2 mm) above the pins. These
beams are anchored to the supporting columns and thus constrain the
vertical movement of the specimen. We refer to this arrangement as a
“‘tie down’’ device.

Figure 9 shows the crack extension and pin motion records obtained
from a 25.4-mm-thick duplex 4340/A533B specimen (B,/B = 0.4) tested
at —12°C. The load at fracture was 99.2 kN producing a K, of 168
MN/m-% Although the load at fracture was relatively high, the move-
ment at the load points was substantially less than in the previous ex-
amples (compare specifically with Specimen AU-2 in Fig. 7b). In general,
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FIG. 8—Tie-down device. The specimen is supported by the pins on the side columns.
Cooling is provided by cold nitrogen gas fed to the copper coils on either side of the speci-
men.

recent tests show that the maximum amplitude of the load point move-
ment is reduced by about one half to one third with the tie-down arrange-
ment compared to the wedged-free specimen system described previously.

In summary, the wedge loaded-restrained specimen loading arrangement
described here has adequately isolated the test specimen from the test
machine. The advantages of this result become important in obtaining
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K, from measurements of crack propagation distance coupled with pre-
dictions of a dynamic model.

Methods of Analysis

The K, values of a material can be deduced from a dynamic analysis
of instrumented run-arrest events in DCB specimens. The analysis is
relatively easy to carry out for wedge loading, when the interaction be-
tween the specimen and the loading system is negligible. In this case, the
K, value can be obtained either from the crack velocity or from the crack
length at arrest [8]. To illustrate this, tests were carried out on two heats
of A533B steel using duplex specimens and the tie-down device, and these
are described in detail in a companion paper [26]. The K, values derived
independently from the measured velocity, K,(¥), and from the measured
crack length at arrest K,(Ag) are in close agreement as shown in Fig. 10.
The values based on the crack length appear to be slightly conservative
(—10 percent). These findings indicate that K, or K, values can be derived
from relatively unsophisticated ‘‘static’’ measurements of a DCB run ar-
rest event:

(@) The load or displacement at the onset of propagation, which de-
termine the initial stress intensity K.

(b) The crack length at arrest which can be obtained unambiguously
by the heat tinting method.

For a given specimen geometry, the dynamic analysis reduces to a single
valued relation between the K,/K, ratio and the crack jump distance
Aa, as shown in Fig. 11. The evaluation of K, values with the aid of Fig.
11 is therefore almost as simple as the calculation of K.

The K, values displayed by these specimens are summarized in Fig. 12,
and show a systematic variation with K, and the crack jump distance.
For small penetrations with the test section, that is, 20 mm < Aa < 80
mm, it is found that K, ~ 0.7 K,,. This result explains the apparent con-
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FIG. 9—Crack extension and arm displacement records of a specimen tested using the
tie-down device. Transducer outputs of the motion of both load pins are shown.
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stancy of K, reported by Ripling and Crosley [23]. For vanishingly small
penetrations K, approaches the K, value for a small crack velocity which
approximates K, in this case. The results in Fig. 12, which are supported
by the dynamic analysis [26], indicate that K, and X, values can also be
deducted from X, and a suitable correction factor for the relatively larger
crack jumps that are unavoidable in duplex specimens.

Measurement Concepts

The design of a K,, measurement procedure must, necessarily, take
into account the shape of the K, crack velocity curve. Existing measure-
ments for two heats of A533B steel are summarized in Fig. 13. While
more work is needed to define the shape of the curve at the higher tem-
peratures, the results illustrate the kinds of specifications that must be
placed on the testing conditions:

1. When X, is independent of crack velocity, any measurement of K,
also provides a measurement of K,,. The only limitation on the crack
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FIG. 13—Dependence of fast fracture resistance, K, with crack velocity and temperature
Jfor BCL and CBI lots of A533B steel. Bulk of the K, results are determined from crack
length at arrest except for tests where arrest did not occur in the specimen or where ex-
cessive energy input from the load system lead to additional crack extension. In these latter
cases, Ky is based on crack velocity measurement. K, measurements are located on the
ordinate. Points where the crack velocity was not recorded were derived from the arrest
length and enclosed by ().
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jump distance is the one connected with the use of static K,, interpreta-
tion.

2. When the K, value displays a shallow minimum at a finite velocity
V., the measurement conditions can be defined by specifying suitable
bracketing velocities, ¥V, < ¥, < V¥, within which K, values are an ade-
quate approximation of K, (see Fig. 1¢). The two velocities translate to
a corresponding brack of allowable crack jump size. For example, the
data at —12°C from the BCL and CBI plates suggests that 400 m/s <
V., < 1000 m/s. For the duplex specimen the corresponding bracket on
the crack extension distance in the test section would be 24 mm < Agq, <
146 mm. K, values can be derived from *‘such large’’ jump only by way
of the dynamic analysis of arrest length method.

3. In the event K|, increases at high crack velocities (as suggested by
the measurements at —78°C) an upper limit must be placed on the size
of the crack jump. For example, calculations [26] for rectangular duplex
DCB specimen of the design used by the authors show that a limit on the
crack jump of Aa, < 80 mm will limit the crack velocity to ¥V < 800 ms-'.

These specifications along with the specimen size requirements attending
K,,, values of practical interest provide a basis for judging the three dif-
ference instruments alien analysis strategies for interpreting laboratory
run-arrest events.

Static Interpretation of the Crack Length at Arrest

It can be shown that K,,, the so-called arrest toughness,® approaches
K, (the K value instantaneous with crack arrest) in the limit of an infini-
testimal crack jump [/0], when the minimum of the K|, velocity curves
occur at zero crack velocity (see Fig. 1a and b). In these cases:

KlaQKlm (3)

is a useful approximation for small crack jumps. The ‘‘small’’ jump must
be defined in terms of a permissible error. Calculations for the rectangular
DCB specimens used by the present authors (400 by 140 mm, with an
initial slot length @, = 83 mm) show that K, underestimates K,, by 10
percent for a 20 mm jump, and 20 percent for a 30-mm jump. The cor-
responding figures for the (m = 0.052 mm-') contoured DCB employed
by Crosley and Ripling are about 25 and 50 mm [/0].

The small crack jump K, approach can be applied to different speci-
men geometries, involves a relatively simple analysis and a minimum of
instrumentation. In the case of contoured DCB specimens only the load

6Defined as the K value existing at the arrested crack tip after the system comes to static
equilibrium.
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existing statically after arrest must be measured; in other cases, either
load or displacement and the crack length at arrest are needed. However,
there are several reasons the small jump requirement may prove too re-
strictive:

1. Experience to date shows that it is difficult to produce a small crack
jump above the NDT with anything but very thick specimens. This is il-
lustrated in Table 2, which shows that even at low temperatures it is dif-
ficult to produce jumps consistently smaller than 50 mm in the contoured
DCB. As a result, the K, values consistently underestimate K,,. A system-
atic variation of K, with jump size is reported elsewhere [26].

2. The larger K,, values of practical interest, for example, K,, > 150
MPa-m*, will require much larger conventional specimens and are likely
to involve relatively larger jumps. The use of duplex specimens preclude
a ‘“‘small”’ jump because the crack must propagate some distance in the
‘“‘starter section.’”” The crack must also propagate well beyond a weld to
assure the measurements reflect properties of the test material.

3. As discussed earlier, the crack jump should probably exceed twice
the specimen thickness to assure a representative two-dimensional place
strain event. This would make it difficult to satisfy both a small jump
requirement for K,,, and the minimum thickness requirement for plane
strain. Note, that the K, values reported on the 2nd and 3rd line entries of
Table 2 (corresponding with Ag = 27 mm, 25 mm) do not satisfy the
minimum crack jump requirement proposed here. The K, values derived
from these two results also noticeably underestimate X,,,.

4. Finally, the small crack jump K, approach cannot be used when
K,,, corresponds with a high crack velocity.

Dynamic Interpretation of the Crack Length at Arrest

““Large’’ crack jumps can be interpreted with a dynamic analysis but
this is complicated by dynamic energy exchanges between the specimen
and the testing machine. This paper describes a dynamically stiff, wedge
loading arrangement that effectively prevents such interactions. This
simplifies the analysis and makes it possible to infer K,, or K, values
directly from measurements of the load point displacement at the onset
of the run arrest event and the extent of the crack jump. The K, value
can be obtained in two ways:

(a) by deriving a correction appropriate for the crack jump distance
from the dynamic analysis and applying this to K, as illustrated in Table
2, or

(b) by calculating K, directly from K, and the crack length at arrest
from results derived from the dynamic analysis.
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These two procedures are essentially equivalent, and lead to the same re-
sults. A comparison of the last two columns of Table 2 illustrates that
this is indeed the case. It should be noted that the calculations of the
correction for K, or of the relations among K, Ky, and Aag presuppose
a knowledge of the shape of the K, crack velocity curve.

An approach based on stiff loading, the arrest length, and a dynamic
analysis has many attractive features. For a given stress intensity at crack
initiation, K, this loading arrangement produces the smallest possible
crack jump, and a jump size that is independent of the testing machine
and reproducible from laboratory to laboratory. The instrumentation re-
quired is essentially the same as for the K, approach and minimal. With
the dynamic analysis the test result can always be interpreted regardless
of the jump size. When the jump is small, results are interpretable by
the K, approximations. Finally, the dynamic analyses for contoured and
rectangular DCB specimens have been worked out [/,10] and are not
more difficult to apply than the static analyses of K,,. When two-di-
mensional models are completed [/] the same approach can be applied
to compact and SEN geometries.

Dynamic Interpretation of the Crack Velocity

Dynamic analyses also make it possible to relate K, to the crack ve-
locity of a particular run-arrest event and thereby deduce K,,,. The method
has been used extensively by the authors [8-12]. It is has also been used
here to validate the dynamic-crack-arrest-length approach. The principal
advantage of the crack velocity method is that it does not require prior
knowledge of the K|, crack velocity curve. The relations between K,
values and the initial crack velocity are relatively insensitive to the shape
of the curve. Of course, a range of K, values must be explored to define
K,,,. The crack velocity method has the advantage that it can be used to
measure K, for a wide range of velocities and crack jumps. Its main
drawback is that existing techniques for measuring the crack velocity are
more difficult and do not lend themselves to routine laboratory use.

In the authors’ view, a test method based on the dynamic interpretation
of the crack length at arrest and the use of ‘‘duplex’’ specimens offers
the most immediate prospects for a standardized test, capable of mea-
suring K, values of practical interest. At the same time, the complica-
tions attending branching and the restricting of branching with deep side
grooves or the use of alternate, less-branch-prone specimen shapes, re-
quire further study.

Conclusions

A methodology is-advanced for determining the important crack ar-
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rest properties, K,,, K;,, and K,,. The major findings and conclusions
on which this methodology is based are summarized as follows:

1. Of the specimen shapes considered the DCB geometry accommodates
the largest crack jump distance for a given volume of material. Questions
regarding crack path stability requirements remain.

2. Specimen size and thickness requirements are guided by: (@) (Ky/0y)?
to preclude gross plastic deformation prior to crack propagation, and
(b) (Kp/o4p)? to maintain plane-strain conditions during propagation.
The use of a hardened steel starter section in duplex specimens greatly re-
duce specimen sizes vis a vis (@) and experiments on side grooved DCB
specimens suggest that B> 0.3 (X,,/7,)?is an adequate propagating crack
thickness requirement.

3. Considerations of the evolution of the crack front shape and also
crack sampling during propagation suggest a minimum crack jump re-
quirement of 2B,. This restriction may exclude a purely static X, inter-
pretation as an appropriate option for analyzing fracture results.

4. Side grooves are necessary to suppress shear lips and, in DCB speci-
mens, should occupy more than 40 percent of the total thickness to restrict
gross out-of-plane branching characteristic of the fracture behavior in
AS533B steel. Questions are raised regarding the three-dimensionality of
the crack-tip stress field introduced by side grooves, but experimental
evidence suggests this is not influencing. The interpretation of the added
resistance conferred by small-scale branching attempts in laboratory speci-
mens requires further study.

5. The crack jump distance may be increased depending on the nature
of the loading system and the amount of energy input to the specimen
during propagation. A tie-down device is described which greatly reduces
the test machine specimen interaction even at high load levels. This re-
sult greatly facilitates dynamic interpretation of crack jump distance.

6. The value of K, can be determined simply from a measurement of
K, and the crack jump distance using reference curves generated by a dy-
namic one-dimensional analysis. From a group of AS533B test results,
K, determined in this way agrees with the K, determined from crack ve-
locity measurements with the former being somewhat more conservative.

7. K,, is approximately equal to K, in the limit of ‘‘small,”” low velocity
crack jumps and can be converted to K, for longer, higher velocity, prop-
agation events via a dynamic analysis.

8. The procedure for ascertaining K, depends on the velocity de-
pendence of K ,,. It is simplest when K, is independent of crack velocity as
a crack jump length proviso is not required. A velocity dependent K,
introduces minimum or maximum velocities or both necessary to sample
K,,, with corresponding limitations to the allowable crack jump distances
in a test.
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ABSTRACT: During a run-arrest segment of crack extension, the crack attains a
high velocity shortly after initiating, and then decelerates in a continuous fashion to
arrest. .

Strain measurements made during the event show that over the early portion of the
jump when the crack velocity is high, the specimen behavior requires a dynamic
analysis. During the later portions of the jump, when the velocity is low, the speci-
men behavior is described adequately by an analysis that assumes a condition of
static equilibrium. Hence, if the dependence of a on K for the test material is de-
scribed by a gamma (I') shaped curve, the crack arrest toughness, K,, is an adequate
description of K,,,, the minimum toughness for stable crack extension.

KEY WORDS: crack propagation, steels, crack velocity, crack arrest, measurements,
fracture properties

Nomenclature

K Stress intensity factor
K,, Static calculation of K after a run-arrest segment of plane-strain
fracturing
K,. Plane-strain fracture toughness
K,,, Minimum value of K for a crack running in plane strain
K_ Initiation toughness
a Crack length
a Crack velocity
G Strain energy release rate

In 1965, Krafft and Irwin pointed up that there were two convenient
transition points that could be used for characterizing the toughness of
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materials: the value of K at which a stationary or slowly moving crack
abruptly jumps ahead, and the value of K at which a running crack is
arrested [/].2 If the crack extends under a condition of plane strain, the
first transition is identified as K. and the second as K,,. In the same year,
Irwin and Wells state ‘‘that arrests are simple reversals on the time scale
of possible plane-strain initiations’” {2]. This view of K, suggests that it
can be evaluated in a similar manner to K,. Hence, methods for mea-
suring it are relatively straightforward. Just as K. is evaluated by mea-
suring the load, P, and crack length, g, immediately prior to the stationary-
to-running transition, K, is based on measurement of P and ¢ immediately
after the running-to-stationary transition, and a more formal definition
of K, might be the value of K a short-time interval (about one millisec-
ond) after a run-arrest segment of rapid crack extension. It is assumed
that the test conditions permit establishment of a nearly static stress state
in the test specimen in a time less than the just stated short-time interval.

This definition of K|, implies that it, like K|, is a material property,
that is, it is independent of the manner in which it is measured. Hahn et
al have suggested that the measured value of K, is specimen dependent
on the basis of a one dimensional dynamic analysis, performed by Kan-
ninen on the tapered-double-cantilever-beam (TDCB) and uniform double-
cantilever-beam (UDCB) specimens [3]. This, of course, raises some ques-
tion about the usefulness of X, and the ultimate decision of its useful-
ness, like that of any material characterization, must be based on experi-
mental observations: if measurements made on test specimens satisfactorily
predict the performance of structures, the measurement obviously has
value. Testing large structures of a variety of shapes to evaluate the pre-
dictability of K, is not feasible, however, so that its usefulness might be
established, or at least the range of problems for which a K|, characteriza-
tion has a predictive capability, might be established by comparing K,
with a characterization whose applicability is obvious.

Ideally, materials would be characterized by establishing the entire
graph of @ = f(K) for a crack extending under a condition of plane
strain. Because it is helpful to characterize materials with a single value,
the minimum value of K for stable crack extension, that is, K,,,, might
be then identified. Hahn et al compared K, as just defined with calcu-
lated values of X, (based on the Kanninen one-dimensional model) and
found that K|, was not an adequate approximation of K,,. The difference
between K|, and K|, (assuming two different K — & relationships) was
less than 10 percent when the data were collected on TDCB specimens
for which the ratio of initiation toughness, K, to K, was less than about
1.3. The difference increased as the ratio K, /K, increased, however, as
shown in Fig. 1 [3].

2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Calculated ratio of X ,,/Ky, as a function of K /K, for two assumed K-a re-
lationships and two specimen types according to Kanninen’s one-dimensional dynamic anal-
ysis.

The difference between K, and X, is attributed to the dynamic response
of the specimen. As shown schematically in Fig. 2, prior to the run-arrest
segment, and at some time after the event, K can be evaluated on the
basis of static calculations, Over the course of the event, and possibly a
short time after it, however, the specimen is not in a condition of static
equilibrium. The problem then becomes one of estimating the error in
using K ,,, as defined previously, to approximate K ,,.
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FIG. 2—Schematic drawing showing that the actual specimen response might be con-
sidered as a dynamic disturbance superimposed on the specimen’s static response.

Kanninen’s analysis is probably too severe for this purpose. His pro-
gram ignores damping and other energy losses remote from the crack,
and, as a consequence, his comparison of K|, and K, might represent
an upper limit in the error one might make by using the former to ap-
proximate the latter. A dynamic analysis for a bounded cracked structure
that takes account of damping is not available, but an analysis for an
unbounded structure might be used to represent the extreme condition of
complete damping. Freund has shown that if the crack in an infinite plane
runs at a modest velocity prior to arresting, K,, does approximate K,
[4]. Although his analysis is obviously not applicable to a bounded speci-
men, a real specimen in which damping is complete should behave in a
manner similar to that described by his analysis. The behavior of test
specimens (or real structures) is expected to lie somewhere between these
extremes.

It should be possible to make judgments about the magnitude of a
specimen’s dynamic response and the influence of the latter on the value
of K,, by making measurements on test specimens over the course of a
run-arrest crack segment. It is such measurements that are the topic of
this paper.

Materials and Procedure

Materials

The writer’s interest in K, is primarily for the use of A533B steel in
thick-walled pressure vessels. Consequently, most of the data collected
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to date were obtained on this material. However, some data were also
collected on a high-strength AISI 4340 steel and on bonded aluminum
specimens as well. The purpose for making the latter measurements was
not primarily for material characterization but in order to estimate dif-
ferences between K, and K,,. This should depend only on the analysis
and be independent of material as long as the test specimens are linearly
elastic on a macrobasis. Hence, information collected on bonded aluminum
specimens should be useful for making judgments on the behavior of steel
specimens.

Surface Crack Velocity Measurements

The most obvious measurements to be made over a run-arrest segment
of crack extension is crack velocity, and the simplest way to do this is to
measure the crack front position versus time using a ladder gage on the
specimen surface. Each rung of the ladder breaks as the crack passed
under it, and this, in turn, causes a step in the output voltage measure-
ment. On the basis of some preliminary tests, it was found that a thin
uniform layer of a ductile insulator and conductor was needed. If the
total layer were thin enough (of the order of 0.05 mm) it appeared to
crack with the substrate even if it were more ductile than the latter. A num-
ber of coatings were tried, and the most promising insulating layer was a
thin coat of varnish. Anthony, Chubb, and Congelton had previously
found this to be satisfactory with a vapor deposited conductive layer, on
smooth faced specimens [5]. For the face-grooved specimens used in this
program, the conductive layer was made by spraying conductive paint
onto a ladder shaped mask after the insulating layer had hardened. The
crack jump length was small for the steel specimens tested on this pro-
gram, so the distance between rungs has to be small (approximately 3
mm) to obtain a reasonable sensitivity in velocity measurements. Because
the output voltage steps for these closely spaced rungs was not always
distinct, each ladder gage was calibrated before the test was conducted.
Calibration consisted of electrically breaking each rung by means of a
switch in series with the rung so that the voltage change associated with
breaking each rung was known. It was convenient to arrange the circuit
associated with the ladder gage such that some arbitrary numbers of
breaks (generally seven to ten) caused the voltage to increase, the next
series caused it to decrease, etc. This had two advantages: first, breaking
each rung caused a larger step in the oscilloscope record, and second,
at the end of each series of steps where the voltage changed sign, the rung
that had just broken was unequivocally identified. A typical calibration
is shown in Fig. 3.

Effective Crack Velocity Measurements

The obvious uncertainty of evaluating crack velocities by making mea-
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FIG. 3—Calibration of ladder gage. Each horizontal line indicates one rung broken. The
first eight rungs caused an increase in voltage, the next eight a decrease, etc.

surements at the specimen surface is that one cannot be certain that the
measurements are indicative of the crack velocity at cross sections other
than the surface. A useful measure of crack length in fracture mechanics
studies is the “‘effective crack length.”” Although this term is defined gen-
erally in terms of compliance, it can be thought of as an average value of
a plus some plastic zone. Effective crack length might be measured in
test specimens by placing strain gages at locations where strains are
especially sensitive to crack-tip position, and measure the strain-time
curve over the course of a run-arrest segment. One convenient measuring
position is near the expected plane of crack extension to measure bending
of the specimen arms, and another is on the neutral plane of the specimen
arms to measure shear on either TDCB or UDCB specimens. Presumably,
the output of gages placed anywhere on the specimen can be calculated
for a condition of static equilibrium. It was more convenient, however,
to measure the outputs of gages placed at specific locations with stationary
cracks of different lengths directly, especially since a compliance calibra-
tion had to be made on m = 52.4 m-! specimens.

One of the aluminum alloy specimens used for the compliance calibra-
tion was instrumented with strain gages, as shown in Fig. 4. Gages Bl,
B2, B3, and B4 were placed immediately above the face groove along the
crack line to measure bending stress; and shear gages St and S2 were lo-
cated midway between the crack line and the top edge of the specimens.
The output of each gage was plotted against the output of the in-line load
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FIG. 4—Location of strain gages on TDCB compliance calibration specimen.

cell at each crack position that was sampled in the compliance calibra-
tion as described in Ref 6.

The output of the shear gages, which were composed of two elements
oriented at 45 and 135 deg to the x-axis (crack propagation direction),
are given in Fig. 5. The plotted strain value, ¢, is the difference between
the strains on the two gage elements that is, ¢ = (45 deg) — (135 deg).
As the crack passes the gage position the strain changes from positive
to negative. The change is somewhat more rapid for the gage located
closer to the loading holes so that descending portions of the two curves
are only approximately parallel and, hence, not uniformly displaced by
the distance between the gages, 1 in. The curves are well-enough defined,
however, that a monitoring of these gages during dynamic crack propa-
gation should permit an estimate of average crack speed between the two
gage positions.

The output of the four bending gages, B1, B2, B3, and B4, is plotted
in Fig. 6. The curves for gages B2, B3, and B4 have essentially the same
shape and are displaced along the crack length axis by amounts corre-
sponding to the gage spacing, 19 mm. The output of each gage shows a
distinct drop, reaches a minimum at a crack position of about 2.5 mm
short of the gage position, and then increases rapidly. The output levels
of the three gages are comparable when the crack is well past the gages.
The output of the first gage, B1, shows a rapid increase at a crack length
corresponding with the same behavior in the other gages; the output
levels of gage B1, however, are different from the other gages.
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The curves for the bending gages are more complex than those for the
shear gage, and although the drop in output which occurs when the crack
front passes each gage make the bending gages usable as a crack velocity
monitor, the simpler shape of the shear gage output curves makes them
preferable for this purpose.

Strain Measurement During a Run-Arrest Segment

As shown schematically in Fig. 2, the specimen behavior over a run-
arrest segment can be considered as a dynamic disturbance superimposed
on the specimen’s state response to load and crack length. By comparing
the actual strains to strains calculated on the basis of a condition of static
equilibrium, the dynamic response of the specimen during a run-arrest
segment can be separated from the static response. For this purpose, it
is convenient to use a gage location that is relatively insensitive to crack-
tip position. Hence, in the course of carrying out the calibrations, a gage,
L-1, was also attached into the specimen arm (see Fig. 4). The output of
this strain gage was not completely independent of the crack length. As
shown in Fig. 7, the strain gage output per 44 480 N applied load de-
creased by about 10 percent as the crack length was increased from about
40 to 125 mm. This degree of dependence on crack length should not
detract from the usefulness of the arm gage in helping to define the speci-
men behavior during, and shortly after, a run-arrest segment.

Results and Discussion

Surface Velocites

Steel—Surface velocity measurements were made on A533B steel speci-
mens in the vicinity of the nil ductility temperature (NDT), and these
results, as well as the fracture surface appearances, are shown in Fig. 8.
All specimens were fatigue precracked according to ASTM Test for Plane-
Strain Fracture Toughness of Metallic Materials (E 399-74) (final K,
= 25 MN/m?*) so that the K, values are lower than they would have been
had they been initiated from blunt starter cracks. The three-position time
curves in Fig. 8 are all similar. Shortly after initiation, the crack attained
a high velocity and then decelerated to a low velocity prior to arrest. The
velocities are within the range of 400 to 600 m/s for the fast part of the
jump, and less than 100 m/s for the slow part of the jump. The crack
grew continuously during the event, without any of the halts that had
been reported previously [7]. In addition, the time over which the crack
grew slowly was appreciable, that is, in excess of 100 us, depending on the
manner in which one selects the arrested crack length. At arrest, the crack
front was further advanced near the midplane than at the surface (see
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FIG. 8—Fracture appearance and position-time curves of A533B steel. Specimens D-2
and D-3 tested at — 12°C, and Specimens D-4 at ~4°C (NDT x —12°C).

Fig. 8) so that the position of the last broken rung of the ladder gage
always indicated a shorter crack length than the one measured on the
fracture surface after the event.

Similar data were collected on AISI 4340 steel tempered at 460°C. (R
= 40), and the position-time curves were also similar in shape, Fig. 9.
The velocities for this harder steel were much lower, and the fracture
surface much smoother than it was for the A533B steel, however, possibly
because the crack blunted less during loading. The crack opening stretch,
4, is proportional to the square of the ratio of K, to the yield strength.
Hence, the ratio of the crack-tip radius for the two steels would be about
2 or 3 to 1 at the time the crack began rapid extension. For the 4340 tests,
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FIG. 8—Continued.

the crack jump distance was small so that it was not possible to stop the
machine head displacement after the first ‘““pop.”’ Hence, the arrested
crack length had to be estimated from compliance and surface markings
on the fracture surface.

Again the crack was found to extend continuously with no evidence
of halts. Although the amount of slow crack extension for the two steels
was similar, because the crack extended so much slower in the hard steel
than in the softer one, the time required for slow crack growth was about
five to ten times longer in the latter than in the former.

Bonded Aluminum—It was not possible to use high ratios of K, to
K, for the steel specimens and still arrest the crack because of the hlgh
ratio of machine to specimen compliance. Bonded aluminum specimens,
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FIG. 9—Fracture appearance and position-time curves for ANSI 4340 tested at — 18°C
(R = 40).

prepared as described in Ref 8, did allow for very high values of K /K|,
(actually G /5 ,) so that some tests were run on this material as well. The
crack-tip position time curves obtained on this material are shown in Fig.
10. Unfortunately, the toughness of the adhesive for slow running cracks
was so low that the extending crack did not break the ladder gage and,
as a consequence, velocity data just prior to arrest were not obtained.
The previously reported velocity prior to arrest was about 1 m/s [8]. Of
course, the crack length over which the crack ran rapidly was large be-
cause of the initial blunt crack.

Arm Gage Readings

Steel—The load-time records for the three A533B steel specimens are
shown in Fig. 114, and these are identical in shape to those reported pre-
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viously [3-8]. The initiation and arrest toughness for Specimens D2 and
D3 which were tested at —12°C (NDT = -12°C) were similar; K,
= 84 and 76 MN/m?*, and K,, = 64 and 62 MN/m?, respectively. The
values of K .and K, for Specimen D4, which was tested at a slightly higher
temperature, —7°C, were somewhat higher, X, = 110 and K,, = 91
MN/m*,

The arm strain gage outputs are shown on a plot of voltage versus time
on a time scale of 100 us/division in Fig. 115, and a somewhat finer time
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scale of 50 or 10 us/division, in Fig. 11c. Superimposed on these is the
ladder gage output on which the velocity data of Fig. 8 were obtained.
Although these time scales are too coarse for resolving breaking of the
individual rungs (the time scale was expanded to 10 us/division for ob-
taining the crack velocity curves) the crack surface velocity is proportional
to the slope of the ladder gage output; the sign of the slope, as stated
previously, is not important. Nevertheless, it is apparent for the three
specimens that the strain on the arm gage drops abruptly over the time
interval of fast crack extension, and then oscillates with a low amplitude
and a period of 50 to 150 us. This low amplitude oscillation starts before
crack extension is complete and continues after arrest.
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The arm gage output for the three A533B specimens was compared
with a strain calculation, at the gage position, based on a condition of
static equilibrium, Fig. 12. The three comparison figures are similar.
Early in the event, the actual strain drops much faster than predicted
by the static calculation, and the largest difference between the actual
and static strains occurs at the end of fast crack extension. While the
crack extends slowly, however, the strain in the arm increases, and then
oscillates with a low amplitude about its eventual static value, suggesting
that a static calculation of K near the end of a run-arrest segment of
crack extension is an adequate approximation of the actual value of K.
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Similar tests were run on the AISI 4340, Fig. 13, but, because the dif-
ference between initiation and arrest was less for this steel than for the
AS533B, static calculations of strain were not conducted.

Bonded Aluminum—The arm gage data obtained on steel, like the sur-
face velocity measurements, had to be based on modest ratios of K, to
K,. The bonded aluminum specimens which made it possible to use a high
ratio of initiation to arrest toughness were also strain gaged in order to
collect arm strain gage data. A tracing of the strain-time curve for the
two test specimens is shown in Fig. 14, These curves had a somewhat dif-
ferent shape than those obtained on the steel in that a peak occurred
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shortly after initiation. After the peak, the voltage dropped rapidly, much
like that obtained on the steel. Whether the peak is a result of the fact
that the bonded aluminum specimens had a much higher compliance
(dC/da = 3.24 x 10-3 versus 5.55 x 10-8 N-! for the steel specimens),
or was due to the larger difference between initiation and arrest toughness
is not known. Nevertheless, in comparing the actual strains with those
based on a static calculation, it was found that the dynamic portion of
the specimen response was again dissipated long before the run-arrest
segment was complete. As was the case with steel, during slow crack ex-
tension, near the end of the event, a static calculation of toughness is
adequate even though the ratio of initiation to arrest toughness G,/
was about 7:1 (or K,/K, about 2.5:1).
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Shear Gage Reading

Steel—Shear strains were measured on only one steel specimen to date.
For this specimen the fracture appearance and crack position versus time
curve using both the ladder gage and shear gages are shown in Fig. 15.
The toughness, both K. and K,,, and crack jump length was somewhat
larger for this specimen than for the other two tested at — 12°C; neverthe-
less, the overall crack position time profile obtained with the ladder gage
was similar to those shown in Fig. 8. A number of position time points
could also be obtained with the shear gages using the calibration shown
in Fig. 5: point a, is the crack length and the time at which Gage 1 crossed
zero; a, is where (voltage on Gage 1) = — (voltage on Gage 2); a, where
Gage 2 crossed zero; and a, where (voltage on Gage 1) = 2 (voltage on
Gage 2). The crack velocity for the fast portion of crack extension is
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similar for the two methods of measuring it (450 versus 400 m/s). The
reason the shear gage data lies to the right of the ladder gage data is not
obvious, it may, however, be a result of the fact that the static calibration
of Fig. 5 is not adequate for the fast running portion of a crack jump.
In addition, if effective velocity is to be obtained with shear gages, it
will be necessary to monitor more than two gage positions.
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The arm and ladder gage outputs are shown in Fig. 16a, and the arm
and shear gage outputs in Fig. 16b. It is apparent from the latter, that
part of the problems in defining crack velocity by the use of shear gage
outputs was that too insensitive a scale was used for this record. Further,
after the crack passed both gage positions, Gage 1 should have given a
larger negative output than Gage 2. Since the two are about the same,
it must be assumed that some zero drift occurred.

Nevertheless, it was possible to compare the actual strain at these posi-
tions on this specimen with calculated static strain, Fig. 16¢ and d. Un-
fortunately, neither a P — A nor P-time was obtained for this test so that
the arrest load had to be approximated from Fig. 16a and b. Using this
value, a comparison of the actual and statically calculated arm strain,
Fig. 16¢, was made, and found to be similar to those shown in Fig. 12.
The static shear strain calculations were somewhat more involved. They
consisted of first finding the crack length according to the ladder gage
at some specified time, ¢,. (The arm gage output was recorded on Fig.
165 to supply a time base for this purpose.) The shear strain for this crack
length (or time) was obtained from the calibration in Fig. 5 by correcting
for the modulus difference between aluminum and steel, and for a scale
difference. The latter was the ratio of the statically calculated pin load
on the specimen to the load used for collecting the data in Fig. 5. This
shear gage comparison is shown in Fig. 16d. As was the case with the arm
gage, there was a considerable difference in shape between the actual
and calculated curves early in the event, but, by time the crack arrested,
the actual strains were réasonably time independent as, of course, are
the static strains. However, even a long time after arrest (300 us) the cal-
culated strains were less than the actual ones. The reason for this is not
apparent, and it is tentatively attributed to zero drift in the oscilloscope
traces. Nevertheless, the fact that the shear strains are essentially the same
just before and a long time after arrest, again suggests that K, is an ade-
quate description of K just before arrest.

Bonded Aluminum—Shear gages were also attached to the bonded
aluminum specimens in order to collect data on specimens having a large
ratio of initiation to arrest toughness. These shear and arm gage outputs
are shown in Fig. 17. Although these specimens were not calibrated, it
can be assumed that the shear strain passed through zero when the crack
tip was directly below the shear gage. Using this assumption, the effective
crack velocity for Specimen 104 was about 360 m/s, and for Specimen
202, 320 m/s, both of which are in close agreement with the values in Fig.
10.

The time at which rapid crack extension was completed for these two
specimens is also shown in Fig. 17, and crack arrest occurred long after
these records were completed. Nevertheless, it is apparent that even with
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FIG. 17—Arm and shear gages outputs from bonded aluminum specimen.

large ratios of initiation to arrest toughness, the shear strains exhibit no
dynamic response long before arrest occurs.

Conclusions

The following comments can be made on specimen behavior during a
run-arrest segment of crack extension:
1. Regarding crack velocity
(a) The crack attains a high velocity shortly after initiating, and then
decelerates in a continuous fashion to arrest.
(b) The crack velocity appears to increase for materials as the ratio
of K%/ ays is increased.
(¢) As the initiating crack is made blunter, the initial velocity is in-
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creased, and persists over a longer portion of the run-arrest seg-
ment.
2. Regarding dynamic response of specimen

(a) It is convenient to consider the total specimen behavior as a dy-
namic disturbance superimposed on a static response to the ap-
plied load. Strains can then be measured at various positions on
the specimen, and compared with calculations of strains, based
on a condition of static equilibrium, for these same locations.
In this way the dynamic and static responses can be separated.

(b) Early in a run-arrest segment, dynamic effects are so large that
static calculations do not describe the specimen behavior. During
the latter part of the event, prior to arrest, however, the dynamic
effects are modest, and the actual behavior is described ade-
quately by static calculations.

(¢) Since static and actual values of strain are approximately equal
near arrest, K, is an adequate description of K just prior to ar-
rest.

(@) If the dependence of @ on K is described by a gamma (T) for
the test material, K, is an adequate identification of K,,,.
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ABSTRACT: Rapidly wedged, double-cantilever-beam (DCB) specimens have a criti-
cal bending moment as a propagating fracture criterion in the limit of the Bernoulli-
Euler beam theory. The magnitude of the critical bending moment is calculated from
a fully dynamic analysis of crack propagation. The shear force in the beam at the
constant displacement rate end of the DCB specimen, multiplied by the square root
of the loading time, is related to the critical bending moment. Experimental mea-
surements of the time dependence of the shear force have been used to calculate the
specific fracture surface energy versus crack velocity: The crack velocity in a single
specimen decreases with increasing time, it varies by a factor of five and is typically
0.01 of \/ E/p. Details of the experimental measurements for brittle and ductile
fractures, including stress intensity values versus crack velocity, are described.

KEY WORDS: cantilever beams, crack propagation, fracture properties, stress in-
tensity, shear force, bending, crack velocity

The critical stress intensity factor for a propagating crack, K, is a
function of the crack velocity, the temperature of the test specimen, and
the material tested. K, values in the literature have been measured in
double-cantilever-beam (DCB) specimens by experimentally observing
the crack length as a function of time or the stress intensity factors before
and after crack propagation [/,2].2 The object of this paper is to report
on measurements of K, obtained by recording the time dependence of
the shear force in DCB specimens that have been rapidly wedged open.

All reported K, values in the literature are found by comparing specific
parameters calculated from dynamic mechanics analysis of a propagating
crack, with a prescribed specimen geometry and loading [3,4], to experi-
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mental measurements of the same parameters. In the rapidly wedged DCB
specimen the crack velocity decreases as the crack length increases; so,
measured K, values are often recorded over an order of magnitude in
crack velocities from a single specimen [/].

K,, values in the literature frequently show significant experimental
scatter. Part of the experimental scatter is affected directly by the difficulty
of absolute measurements of the crack length. In the simple static DCB
specimen with a fixed opening at the load end, the specific fracture sur-
face energy, R, depends on the fourth power of the crack length. Thus,
a 10 percent error in the measured crack length gives a 40 percent error
in R. The approach used in this paper is to apply experimentally a con-
stant rate opening on the end of the DCB specimen and measure experi-
mentally the shear force near the load end as a function of time. The R
values during crack propagation are computed from the time dependence
of the shear force as calculated from the dynamic mechanics analysis of
the rapidly wedged DCB specimen [3]. For plane-strain fracture R =
K,,2/E (1 — v) when the crack speeds are slower than several percent
of the sound speed; however, if crack speed is very large, then K, is not
simply related to the measured R value. In an infinite solid the analysis
of Broberg [5] or Freund [6] relates R to K ,.

The fracture criterion in DCB specimens in the limit of the Bernoulli-
Euler beam theory, with the beam built in at the crack tip is a critical
bending moment, M*, at the crack tip. In general, the value of M* may
depend on the crack velocity, /.

M* = (R(HYWEI)* o

where

W = width of the crack,
E = Young’s modulus, and
I = moment of inertia of one arm of the beam about the neutral axis.

This paper describes in detail how the critical bending moment and thus
R()) may be deduced during crack propagation. In static beam theory
the bending moment at the crack tip is given by the shear force at the load
end times the crack length.

In rapidly wedged, dynamic crack propagation the value of the bending
moment is determined by the shear force times the square root of the time
subsequent to the contact of the wedge with the specimen.

The Procedure Section formally relates the shear force to the specific
fracture surface energy. Also included are the shear force measurement
techniques. The Experimental Results Section describes the experimental
measurements on rapidly wedged DCB specimens and the interpretation
of these measurements. K, versus crack velocity data are also presented
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in this section. In the Conclusion Section the general findings are sum-
marized.

Procedure

Relating the Shear Force to the Specific Fracture Surface Energy

The analytic solution for crack propagation in rapidly wedged DCB
specimens is found in Ref 3; the solution is restricted to the slender
Bernoulli-Euler beam theory with constant specific fracture surface energy.
The beam is considered built in at the crack tip. The initial condition,
during rapid wedging, is zero crack length at zero time. The displacement
of the neutral axis of the beam, y(x,f) is also given in the analytic solu-
tion [3]. In y(x,#), x is the distance from the load end of the beam to a
point along the beam; ¢ is the time subsequent to the contact of the wedge
with the beam. The shear force in the beam, Q(x, #) is computed from the
third derivative of y (x,?) by

Y ep = 2
EI 55060 = Q1) )

A dimensionless shear quantity is formed from Q(x, 9.

QN1 G
_QWIVI VT )
& Ay, - SV
where
p = density of the beam,
A = cross sectional area of the beam, and

V, = constant end loading velocity of the beam.

It is now noted that Qu(x,)\/f for x = 0 is only a function of R, the
beam geometry, modulus, and density. Qx(0, )\ 1 will be given as a func-
tion of a dimensionless crack propagation parameter, 7, where

_ 1] AT ww)? )
~ 4| EI 3

n

I(?) is the crack length at the time ¢. It should be noted that when the time
for the DCB specimen to break completely is known, and when the final
crack length is known, then 7,is known for that time. It follows from Eq
4 that when n, = constant, the crack velocity, / = I(f)/2t = 1/1. Now,
Fig. 1 is Qn(0,0)V't plotted versus 7, as calculated from Ref 3. Figure 2
relates R to n, during crack propagation. In this second figure R is given
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FIG. 1—The analytic relation between Q /1 and 4, is shown.

in the dimensionless parameter 1/V [RW/pA]". Figure 2 follows directly
from Ref 3.

The specific fracture surface energy, R, during crack propagation is
calculated from experimental data by measuring the shear force at x = 0
as a function of time in the DCB specimen. From these data Q\/¢ is
formulated. Note that ideally Q\/¢ and thus Q,/f is a constant when
R is constant. Figure 1 relates the constant value of Q,(o,#)/¢ to the
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constant value of »,. R during the crack propagation is found from Fig.
2 since 7, is known.

One benefit of measuring the shear force to obtain the critical stress
intensity factor during crack propagation, K, is that in the slow crack
propagation limit K, is proportional to (Q,V/ 7 )* Thus, the error in mea-
surement of Q to 5 percent and 7 to 1 percent should give K, accurate to
4 percent, In principle, a shear force measurement gives a more accurate
determination of K, than the direct measurements of the crack length. A
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second advantage to measuring R from QV¢ during crack propagation
is that zero time, that is, when the wedge first contacts the specimen, is
determined with reasonable accuracy. This follows immediately since
Q(o,?) rises very rapidly when the wedge first contacts the specimen. A
simple extrapolation of Q(o,?) to zero shear force determines zero time.

A third benefit to this method of measuring R during crack propagation
is that the electronic hardware for measuring the shear force versus time
is the same as that used in the American Society for Testing and Mate-
rials K, programs [7]. Although the interpretation of the data is quite
different.

The formal theory of Ref 3 restricts Qn(0,£)V't, 7,, and R to be exactly
constant during crack propagation. However, it has been shown by com-
paring static and quasi-dynamic solutions of rapidly wedged DCB speci-
mens, that are not restricted to R = constant, that for »,< 1 that R may
depend on { during crack propagation [3]. With this restriction on 7,
Qx(0,H\Vt may also depend on ¢ during crack propagation.

Experimental Measurements of the Shear Force

Details of the rapid wedge loading machine and the design of the speci-
mens have been reported elsewhere [8,9]. The wedge loading machine is
designed to give rigid loading of the DCB specimen with a constant ap-
plied deflection rate. This is achieved by a massive, 300 kg, hammer free
falling approximately 2 m. The side grooved specimen is typically 7.0 by
2.5 by 40 cm. It is designed to be a slender beam that remains essentially
elastic during the fracture test.

The shear force is measured on the DCB specimen by recording the
shear strain on the neutral axis of the beam with a 90-deg rosette strain
gage. The 90-deg rosette gage is placed so it is primarily sensitive to shear
forces in the beam and insensitive to axial forces. The gage is located
near the load end of the DCB specimen. The gage is placed as near to
the neutral axis as possible and approximately a distance equal to one
half the height of the beam away from the load point. Thus, the gage is
midway between the load point and the initial crack length in the DCB
specimen. The signal from the gage is recorded using a vertical amplifier,
plug-in unit on an oscilloscope. The nominal rise time of the electronic
system is 60 us with a frequency response of 6 kHz. The shear force
measurement versus time is recorded photographically using a triggered
single sweep of the oscilloscope.

Absolute values of the deflection on the oscilloscope are calibrated to
shear force values by statically loading the specimen with a negative shear
force as measured with a load cell on a tensile machine. The gage output
must be linear in the shear force. The response of the gage has been
checked to be linear in the shear force although the slope of the response
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curve depends partially on the loading arrangement. If the gage were to
measure the strain at a point {(as opposed to a finite area) on the neutral
axis of a beam very far from the load point the gage response should be
insensitive to the loading arrangement. For the loading arrangement used
during our crack propagation tests the load point is only one half the
beam height away from the gage, so that the detail geometry of the con-
tract of the wedge to the beam can give differences as large as 20 percent
between the calibrated static force and the dynamically measured shear
force. It is also important to have the wedge contact the DCB specimen
in the midplane. A very thin piece of shimstock between the wedge and
DCB specimen is ideal for this purpose. The shear force testing of rapidly
wedged DCB specimens is self-calibrating (as will be discussed in the next
section).

The photographic record of the shear force versus time during the frac-
ture of a specimen, is processed by electronically digitizing the Q trace
and replotting Q\/ 7 versus ¢.

Experimental Results

QuV t versus t in Titanium Alloy

The theory for determining R during crack propagation and the experi-
mental procedures for recording the shear force, Q, during crack propa-
gation were outlined in the previous section. Figure 3 shows Q versus ¢
for a specimen of Ti-6A1-4V fractured at room temperature. This mate-
rial has been investigated for dynamic fracture using direct measurements
of crack length versus time [9]. Figure 3 shows several characteristic fea-
tures of a Q versus ¢ curve for rapidly wedged DCB specimens. The value
of Q is zero prior to the wedge contacting the specimen on the left of the
figure. The shear force then rises very rapidly after the wedge contacts
the specimen. Q at the end of the loading curve reaches a maximum value
and then Q decreases with time. The start of crack propagation is identified
with the maximum value of Q on the far left of Fig. 3. This point cor-
responds to the intersection of the nearly smooth rising Q versus ¢ curve
and the decreasing part of the Q versus ¢ curve after crack propagation.
The Q trace is not smooth but shows small amplitude oscillations. At
much later times, on the right of Fig. 3 the value of the shear force first
rises rapidly and then decreases very rapidly to zero. Although not shown
in Fig. 3 at longer times the shear force continues to oscillate about the
zero value with several mixed frequencies. At very long times a single
frequency is achieved, and the amplitude of the signal decays as time in-
creases.

The time when the wedge first fully contacted the specimen is de-
termined from the intersection of the zero Q value and the extrapolated
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FIG. 3—An experimental measurement of Q versus t for a titanium alloy specimen frac-
tured at room temperature. The scale of the ordinate is determined from the final fracture
point in Fig. 4 (see text).

intersection of the rapidly rising shear force curve on the left of Fig. 3.
Having defined zero time, Q\V/'7 is now formed. QV'f is the information
necessary to determine R during the crack propagation. Figure 4 is Q.\/ ¢
versus ¢ for this specimen as computed from the digitized trace of Fig. 3
with the scale of the ordinate as determined next. Q\/¢ is proportional
to QW t, where QW ¢ is dimensionless as given in Eq 3. On the far right
of Fig. 4 just before Q\/t increases rapidly the specimen is fractured
completely. At this point the crack length is the complete length of the
specimen, and the time for the crack to propagate to this length is known
from the abscissa value of ¢ in either the Q or the Q\/f curves. Thus, at
the end of the fracture 5, is known from the final crack length. At the end
of the test Q\/ ¢ may now be determined from Fig. 1 since 7, is known
for the final crack length. The scale of the ordinate axis in Fig. 4 is now
determined. Q,(f)V/ ¢ and 5 ,(¢) are determined throughout the entire test
once the scale of the ordinate is chosen. As the crack approaches the en-
tire length of the specimen, simple beam theory is not strictly applicable;
thus, the final calibration point may introduce a systematic error of up
to 5 percent in the absolute scale of the Q,(f)\/7 trace. It should be noted,
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FIG. 4-The experimental values of Qn\/t versus t computed from the data in Fig. 3.
The scale of the ordinate is defined from the final crack length.

however, that the relative trends in K, versus crack velocity curves are
uneffected by minor adjustments in the scale of the Q,\/ ¢ versus ¢ curve.
It probably would be more appropriate to calculate the scale of Q, /¢
curve by using a crack propagation gage near the midpoint of the DCB
specimen.

It should be noted in Fig. 4 that Q,\/7 rises rapidly to a nearly constant
value, and then oscillates with a period that increases slightly with time.
On the extreme right of Fig. 4, Q7 rises very rapidly and then goes to
zero. It ultimately would become negative since Q becomes negative, The
oscillations during crack propagation in Q./f are nearly periodic and
are thus believed to be associated with vibrations in the specimen. The
surface of the fractured specimen showed no indications that the crack
hesitated nor deviated from the fracture plane. In the analysis of the
QW data these oscillations will be considered not to contribute to the
crack-tip bending moment and will be smoothed over in calculating the
R data.

If the oscillations in Fig. 4 are not smoothed then the K, values, when
compared to the smoothed K, values, throughout the fracture test does
not vary by more than =5 percent. However, if the oscillations were
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interpreted as a rapid variation in », during an oscillation of QW then
the crack length would decrease and the crack velocity would be negative
between oscillations. This is an unrealistic interpretation whereas vibra-
tional modes in the DCB specimen are excited undoubtedly during the
massive wedge impact. Thus, it is argued that the oscillations in QW/7,
which are approximately of the same period as the free vibration of the
beam, do not directly contribute to the crack tip bending moment nor do
they represent periodic oscillations of the crack velocity. Thus, for the
computation of K, versus / as shown in Fig. S, these oscillations have
been removed and / is a smoothed crack velocity.

The K, values of Fig. 5 have been corrected for the strain energy be-
yond the crack tip, that is, from slender to thick beam specimens. This
is an important correction when the crack length is short and comparable
to the beam height [/0}. The K, values recorded in Fig. 5§ are about 50
percent larger than K, in this material [9]). The fracture mode along the
entire specimen is by ductile void coalescence. A plane-strain fracture
condition is not achieved since the fracture surface is not flat. In addition,
the calculated, static, plane-strain width as obtained from the dynamic
K, value and the static yield value is 50 percent larger than the measured
fracture width.

Q' t versus t in Steel

Figure 6 is Q versus t for a 1018 cold-rolled steel specimen. The speci-
men was fractured at —196°C. Q rises rapidly on the left of the figure
and then decreases with time. On the right of the figure, Q increases and
then goes to zero. Q then oscillates about zero with several frequencies.
Figure 7 is QW versus ¢ as digitized from Fig. 6 following the same pro-
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FIG. 5—Ky, versus crack velocity for titanium alloy as calculated from Fig. 4.
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FIG. 6—A photographic record of Q versus t for 1018 cold-rolled steel fractured at
—196°C. The abscissa time axis is 2 ms/division.
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FIG. 7—The experimental values of Q1 versus t computed from the data in Fig. 6.
The scale of the ordinate is defined from the final crack length.
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cedure used in Fig. 4. After rising rapidly during loading Q./¢ varies
slowly with time with small amplitude oscillations. Just before the large
peak on the right of Fig. 7, the crack has broken the specimen completely.
The time value just prior to this peak and the complete length of the
broken DCB specimen and therefore the crack, is used to calculate 5, at
this point. Figure 1 is now used to determine the scale of the oWt ordi-
nate. The data in Fig. 7 are smoothed, and K, versus [ is computed from
the smoothed curve. This is shown in Fig. 8. The fracture mode of this
specimen is brittle cleavage, and the fracture surface is very flat across
the specimen. Plane-strain fracture values have probably been achieved.
In addition to the flat fracture there is only a very small shear lip, and the
width of the fracture is well in excess of 2.5 (K,/7,)? where o, is the static
yield stress.
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FIG. 8—K |, versus crack velocity for 1018 cold-rolled steel fractured at —196°C as
calculated from Fig. 7.

Conclusions

The measured shear force in the rapidly wedged DCB specimen when
multiplied by the square root of the time is a slowly varying function of
time. Acoustic waves on the experimental data are small in amplitude but
should be smoothed in analyzing Q, \/ t. The determination of zero on the
time axis is deduced from the shear force versus time curve. The crack
velocities typically obtained using this test are a factor of two slower than
the crack velocities in crack arrest specimens. In a single test the crack
velocity varies by a factor of five and is typically 0.01 of \/ E/p for the
specimens and wedging machine used. The testing scheme has two self-
consistency checks; first, the absolute shear force calibration obtained
by loading the specimen in a tensile machine should be in reasonable
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agreement with the shear force calibrated from the end of the fracture test.
Second, the initial crack length calculated from the extreme left side of
the QW f curve should agree with the measured initial crack length in
the actual DCB specimen. The stress intensity data during crack propaga-
tion as deduced from the Q,\/7 curve shows that the thick to slender
beam correction is important for short crack lengths.

K, data versus crack velocity in Ti-6A1-4V shows little rate dependence
over the range of velocities tested. The K, values obtained from the
QOn VT data are, however, larger than K, in this material but smaller than
the K as calculated from the energy lost in a Charpy specimen and X as
calculated from the load deflection energy in completing the fracture of
a K| test specimen [9]. The K, data versus crack velocity for the steel
specimens, however, do show a rate dependence—the faster crack veloci-
ties have smaller K, values. In the range of crack velocities tested, the
rate dependence is not a strong effect and is just larger than the estimated
experimental scatter.
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ABSTRACT: The mechanism of energy dissipation near a fast running crack tip is
studied. The presence of low-sound velocities in the plastic region should imply in-
creased resistance to the energy flow from the elastic strain field at increasing crack-
tip velocity. Numerical calculations indicate, however, that this is a rather weak
effect in cases of small-scale yielding. On the other hand, increased resistance to
ordinary plastic flow at increasing crack-tip velocity is found to be a strong effect.
Increased resistance to plastic flow implies a smaller plastic region and thereby a
smaller energy dissipation in this region. In the region where material separations
are initiated, very different stress fields prevail at fast and slowly growing cracks.
The implication on the morphology of material separation suggests that the associated
energy dissipation should be much higher for very fast growing cracks than for
slowly moving ones.

KEY WORDS: crack propagation, dynamics, fracture properties, plastic properties

Recent experiments by Paxson and Lucas [/]? have shown that the energy
dissipation near the tip of a fast growing crack increases very strongly
with the crack-tip velocity. Thus at 70 percent of the Rayleigh wave ve-
locity the energy dissipation is about 50 times the one for slowly growing
cracks in polymethylmethacrylate (PMMA). The reason for this enormous
increase is not clearly understood. One possible explanation could be
sought in the fact that the sound velocities are very low near the crack
tip. In some cases they are even lower than the crack-tip velocity. Such a
situation should influence the energy flow to the near-tip region. It is,
however, difficult to intuitively estimate the importance of this effect. A
calculation based on a model, previously treated analytically by Broberg
[2] has been carried out in order to get a quantitative estimate. Further-
more, some estimates are made regarding the significance of increased
resistance to plastic flow at increasing crack-tip velocity.

'Professor, Lund Institute of Technology, Lund, Sweden.
2The italic numbers in brackets refer to the list of references appended to this paper.
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A distinction will be made between the process region and the plastic
region (outside the process region). In the process region material separa-
tions occur. The physical appearance of these separations, as is well
known, can be of different kinds. In some cases holes are opened. The
holes grow and coalesce with the main crack. In other cases microcracks
are initiated. Both mechanisms, in general, are associated with consider-
able plastic flow on a microscale. As a consequence of material separa-
tions the process region is extended under the action of decreasing forces,
that is, it can be characterized as a region that would be unstable under
load-controlled conditions. The conditions in situ are, however, some-
thing between load and grip controlled. '

The plastic region can be regarded as a continuum which would be
stable even under load-controlled conditions. Near the process region
formation of microseparations can occur, but these separations are not
enlarged enough to cause decrease in the stresses at increasing strains.

Discussion of Possible Mechanisms of Energy Dissipation

Crack growth demands a certain amount of energy flow to the process
region. This flow, which emanates essentially from the elastic region, is
suppressed at higher crack-tip velocities due to low-sound velocities in
the intermediate plastic region. Suppose, tentatively, that this effect is
very strong. It is then obvious that the outer load (on the body) must be
very high in order to transfer the energy required through the plastic re-
gion. Suppose further, tentatively, that the increased resistance to plastic
flow at increasing crack-tip velocity is a very weak effect. Then it is obvi-
ous that the plastic region will be very large as the outer load becomes
very large. Since energy is dissipated both in the plastic region and in the
process region, the total amount of energy dissipated would be very large
at high crack-tip velocities.

Suppose, on the other hand, tentatively, that the reverse situation pre-
vails, that is, the suppression of the energy flow to the process region due
to low-sound velocities in the plastic region is a weak effect and the re-
sistance to plastic flow at increasing crack-tip velocity is a very strong
effect. Then the plastic region will be very small at high crack-tip velocities.
The experimentally found result that the total energy dissipation increases
with the crack-tip velocity must then be attributed to increased energy
dissipation in the process region.

It is not easy to intuitively estimate the net effect of the different
phenomena appearing at high crack-tip velocities. From the preceding
discussion it is obvious that a quantitative analysis—even though by
necessity a very crude one—has to be made regarding the significance
both of the low-sound velocities in the plastic region and of the increased
resistance to plastic flow at increasing crack-tip velocities.
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Estimation of Wave Velocities in the Neighborhood of the Process Region

The propagation velocity of plastic waves is given by the expression
[(do/de)/p]” in the case of uniaxial stress, ¢. (¢ is the strain and p the
density.) Usually do/de < E, the modulus of elasticity, at plastic deforma-
tion. Propagation velocities of plastic waves can be, therefore, much
smaller than those of elastic waves.

At general triaxial deformations the stress wave pattern becomes more
complicated in the plastic than in the elastic case. This fact depends on
the anisotropy created by plastic flow and on the propagation velocity
dependence on the magnitude of stresses and strains and on the previous
loading history. However, two main groups of waves can be recognized.
In one group dilatation is involved. In the other one the waves propagate
without volume changes. A comparison may be made with the linear,
elastic case. As is well known, two types of elastic waves exist, the irrota-
tional one with propagation velocity

c;={[K + (4/3)Gl/p}”

and the equivoluminal one with propagation velocity
¢, = (G/p)”

K is the modulus of compression and G the modulus of rigidity.
In the case of uniaxial stress in a linearly elastic body the modulus of
elasticity

do E= 9KG
d "~ 3K+G
Transition from the elastic to the plastic region lowers do/de in many
cases by a factor of the order of 100. The compressibility is, however,
not substantially changed, except at very large dilatational strains. Thus,
the drastic decrease of do/de is essentially the result of a drastic decrease
of the rigidity. By comparison with the elastic case an estimation of the
propagation velocity of the two main groups of plastic waves can be made.
However, very little is known about material behavior at stresses and
strains of the magnitude that prevails near the process region. Therefore,
one has to resort to rather crude estimates.

In the one of the two main groups of plastic waves the propagation
velocities can be estimated to be approximately

c,x(K/p)”"=x0.3c, - 08¢,

The lower figure should be representative for very large and the higher
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one for very small dilatational strains. In the other group of plastic waves
the propagation velocities should be of the order

¢, ~ [(do/de)/3p]%~0.01 ¢, — 0.1¢,

where do/de is the slope of the o-¢ curve in the case of uniaxial stress.
The lower figure should be representative for very large and the higher
one for small and moderate plastic shear strains.

So far the specific situation near the process region has not been con-
sidered. Since microseparations occur in this neighborhood, the compres-
sibility should be considerably higher and the rigidity considerably lower
than in the peripheral parts of the plastic region. The propagation veloci-
ties of waves in the neighborhood of a crack-tip, therefore, should be
substantially decreased as the crack tip is approached. Naturally no ac-
curate estimates are possible, but a study will be made based on the as-
sumption that the propagation velocities in the neighborhood of the pro-
cess region are typically of the order of

¢,=03¢,

¢, =0.01 ¢,

Model Used

The model which will be used for investigation of the effect of low-
sound velocities near the process region consists of a semi-infinite crack
propagating in a thin layer (thickness 2d) imbedded in an infinite plate,
Fig. 1. The load consists of a normal stress o, = —h(x — V&) on the
crack surfaces. Both the layer and the plate are supposed to be linearly
elastic, but dissimilar. The crack-tip velocity is supposed to be supersonic
with respect to both wave-propagation velocities in the layer, but sub-
sonic with respect to both propagation velocities in the plate. More speci-
fically: the wave propagation velocities in the plate are supposed to be ¢
and k¢, with k2 = 0.3, and the wave propagation velocities in the layer
are supposed to be x¢ and k,xc, with « = 0.3 and k,x = 0.01, in agree-
ment with the estimates made in the preceding section. The crack-tip
velocity V' = Bc, where « < 8 < k. The modulus of rigidity of the plate is
G = pk?? where p is the density. For the layer the modulus of rigidity is
G, = p k,*%? where p, is the density. The case p, = p is regarded in the
calculations and the normal stress on the surfaces is taken to be constant
from the crack tip to a distance / from the tip and zero at larger distances.

The energy flow to the crack-tip region, the normal stress at the sym-
metry plane near the crack tip and the crack opening displacement have
been calculated.
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FIG. 1—Semi-infinite crack propagating in an elastic layer with thickness 2d imbedded in
an infinite elastic plate. The tip runs with constant velocity V, supersonic with respect to
the layer and subsonic with respect to the plate. In the numerical calculations h(x — Vt)
is taken to be constant for — 1< x ~ Vt< 0.

The analytical solution to the problem [2] is expressed by the following
formulas

o= | HC- R

2Ad
2v = Tez"x g,

du
e 2[e, — A(-O0)}v

|

where

o, = normal stress at the symmetry plane near the crack tip,
2v = crack opening displacement,
dU/da = energy flow to the crack tip per unit of crack growth, and

H(q) = % ] e —9x/d) h(x)dx

_ a(l — ay?)
h 4aa, - (1 + ap)?
_ L [7{ 4T, MigD(—ig
o= o ] { dq [m N(—iq)D(iq):H Ingdq

_, NGq)D(~iq) + N(-iq)D(ig)
INGg)l x |Dig)|

R(@) = —¢q
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b7 = Toaem ~ 1 = g 1

The expression for R(q) is here given in a more simple form than in the
previous treatment [2]. The advantage of using p, p,, k2 k%, G, and G, as
constants describing the material behavior lies in the fact that the results
obtained are then valid both for plane stress and plane strain.

The model used has the serious disadvantage of representing the rather
uninteresting case of wedging of a semi-infinite crack. Most practical
cases concern situations like the one of a finite crack in a large plate, sub-
jected to loads on the plate edges. Thus, a more realistic, but still fairly
simple model would be the one of a crack growing symmetrically in an
infinite plate subjected to remote loads. Fortunately there is a simple con-
nection between this model and the one of a semi-infinite crack. This
connection will next be discussed.

For a semi-infinite crack in a homogeneous, infinite elastic plate, loaded
by a stress — o, on the crack surfaces from the crack tip to a distance /
from the tip, the energy flow to the tip per unit of crack growth is [2]

auy _ 1 a,(1 — a?) e h(—z) 72
<d_a>, - T X G[4ala2_ a + 022)2] [Jo P dZ]

where, in the case regarded

—o,for0<z<!

h -— =
(=2) 0 for I<z
For a crack with length 24, growing symmetrically with constant crack-
tip velocity V in an infinite plate, subjected to a remote stress o, the
energy flow per unit of crack growth to each one of the tips is (Broberg

3D

au MO L2 g
<%i=4u—wmw@”
where
wBik) = 20 = kDA = BY k(L — Bk - 7% — (K2 — B

B le(®))



250 FAST FRACTURE AND CRACK ARREST
gB) = [(1 — 4k4)B2 + 4kK(VT = B?)
- B,l—z[ﬁ4 — 4kY1 + kB2 + 8k4E(V1 — B?)
8k4
—4kAL — BIKWVL = (B/k)) + 5

(1 -B8YEN1 — (B/k)?)

B2=1-ap

and K and E are‘the complete elliptic integrals of the first and second
kind.
Since

/ _h(__z)dz - _20-001‘/2

0 zl/z
one obtains by putting (dU/da), = (dU/da),

N w(Bsk) [daa, — (1 + a?)?

1=
16 (1 - ka1 - a?)

The result can be interpreted in the way that the stress-strain field in the
near-tip region in the case of the finite crack is the same as that of the
semi-infinite crack if the crack-tip velocities are the same and / is chosen
according to the relation found. It is now evident that the solution ob-
tained for the semi-infinite crack, travelling in a layer with low sound
velocities can be transferred in the same way to the case of a finite crack,
if the conditions

d<gand d</

are both satisfied. This has been done in the numerical calculations
which, therefore, are intended to describe the case of a finite crack of
length 2a, growing symmetrically in an infinite plate. The propagation
velocities of waves within a distance d from the crack tip are 0.3c (irrota-
tional waves) and 0.01¢ (equivoluminal waves), where c is the propagation
velocity of irrotational waves at greater distances from the crack tip.
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Results of the Calculations

The results of the calculations are given in Table 1. A brief study of
the table reveals that even though o, and v are very sensitive to the size d
of the region of low-sound velocities, the energy flow dU/da is not. Thus,
at a crack-tip velocity of 0.36¢ the energy flow dU/da is only about 13
percent smaller at d/a = 0.01 than at d/a = 0 (the reference case for
which no decrease is assumed of the sound velocities as the crack tip is
approached). The corresponding percentage figures for crack-tip veloci-
ties of 0.42¢ and 0.48c are 20 and 28 percent. The model cannot be used
for crack-tip velocities less than 0.3¢ (with the elastic constants chosen
here), but it is obvious that the relative deviation of dU/da for d/a = 0.01
from dU/da for d/a = 0 should be smaller the smaller the crack-tip veloc-
ity is.

The value d/a = 0.01 can be regarded as fairly representative for
realistic cases since the linear dimensions of the dissipative region at small-
scale yielding are less than some few percent of the crack length.

It should be noted that crack-tip velocities exceeding the lowest one in
Table 1 (0.36¢) are found rarely in experiments. Thus, the presence of
low-sound velocities in the near-tip region should imply an influence on
only the 10 percent level on the energy flow to the crack-tip region. This
influence is obviously far too small to explain the remarkable increase of
the total energy dissipation, found for instance by Paxson and Lucas
[], when large crack-tip velocities are approached.

Since the low-sound velocity region apparently cannot impede energy
flow to the process region, a strong increase of the total energy dissipa-
tion with increasing crack-tip velocity (as found in experiments) should
be due to a strong increase of the energy dissipation in the process region.
Whether or not this increase is accompanied by a strong increase of the
energy dissipation in the plastic region as well will be investigated in the
next section.

Significance of Increased Resistance to Plastic Flow at Increasing Crack-
Tip Velocity

In cases where the tip of an initially small crack accelerates to a high
velocity the scale of yielding, even if initially large, will become small
as the crack length increases. There are, of course, exceptions to this be-
havior. Thus, if significant length dimensions of the body (for instance
the width of a plate or the diameter of a pipe) are not large enough, the
case of small-scale yielding will not be reached. However, in the present
investigation only cases of small-scale yielding are considered. Stresses
above the static yield stress are then found in a crack-tip region that is
small compared to the length of the crack and to other significant di-
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TABLE 1 —Results of the calculations.

123

v d 41 - k) dU d, o, 2Gv
c 70 2a da < a > T 0(da)
0.36 0 0.30198 0.3644 0.9299
10-3 0.300 0.365 0.923
104 0.296 0.366 0.908
103 0.285 0.370 0.863
2x 1073 0.279 0.374 0.839
5x 1073 0.271 0.382 0.795
102 0.264 0.394 0.751
0.42 0 0.18770 0.2169 0.9710
10-3 0.185 0.217 0.958
10-4 0.181 0.218 0.931
10-3 0.169 0.222 0.854
2x 1073 0.164 0.226 0.813
5x 1073 0.156 0.236 0.741
102 0.150 0.250 0.671
0.48 0 0.06627 0.0649 1.1454
10-3 0.0638 0.0653 1.096
104 0.0595 0.0667 1.001
103 0.0528 0.0759 0.781
2x 1073 0.0509 0.0835 0.684
5x 103 0.0488 0.101 0.541
10-2 0.0476 0.124 0.429

mensions of the body (for instance the remaining ligament of a plate or
the diameter of a pipe). Estimates of the size of such a region are then
possible if the approximate value of the stress intensity factor can be de-
termined. Such estimates show that the linear dimensions of the region
with stresses above the static yield stress are generally smaller than about
10 mm, even for very tough materials. In many materials it is smaller than
1 mm.

Suppose the crack-tip velocity to be 500 m/s. Then a particle near the
prospective crack path experiences stresses above the static yield stress
during about 20 us, if the linear dimensions of the region where such
stresses occur is about 10 mm. The peak stress experienced depends on
the distance between the particle and the crack path. The fact that the
stress near the tip of a crack increase like r —* or slower (r being the dis-
tance from the crack tip) implies, for instance, that a particle at a distance
of 2.5 mm from the crack path experiences a peak stress of about twice
the static yield stress or less. The stress history for the particle will then
be the one of stresses above the static yield stress during less than 20 us
with a peak stress of about twice the static yield stress or less. Such a
stress history is not likely to produce substantial plastic flow. In several
materials only flow on a microscale would appear, due to delayed yield
phenomena. It is even difficult to imagine large amounts of overall plastic
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flow (in the ordinary sense) to take place during time durations of the
order of some few microseconds, even if the stresses were several times
the static yield stress. Other mechanisms, such as those by which separa-
tions occur in the material seem to be more likely. Such mechanisms are,
however, characteristic of a process region.

So far the discussion has concerned a very fast running crack. Since
the dynamic effects on the plastic region were found to be very strong,
the question arises if substantial dynamic effects show up already at fairly
low crack-tip velocities. It is obvious that for a sufficiently slowly growing
crack the time effects on plastic flow should be very small in materials
with negligible long-time creep. However, a quantitative analysis shows
that the significant times involved are very small even for fairly low crack-
tip velocities. Thus, an argument similar to the one previously used for
fast running crack tips shows that stresses above the static yield stress
may be experienced during times of the order of 0.1 s or less if the crack-
tip velocity is about 0.1 m/s. Such a time duration may be short enough
to substantially influence the development of plastic strains in, for instance,
mild steel. At a velocity of about 1 m/s the time duration will be of the
order of 0.01 s or smaller, certainly small enough to cause considerable
reduction of the plastic strains in comparison to those expected in a static
case under the same stresses.

The conclusion to be drawn from the discussion of time effects on
plastic flow near a running crack tip would be that the energy dissipation
in the plastic region (outside the process region) becomes smaller the
higher the crack-tip velocity is. This effect becomes substantial already for
very low crack-tip velocities (of the order of some few meters per second).
Therefore, it should be expected to be very strong at high crack-tip ve-
locities.

Morphology of Material Separations

From the preceding discussion the conclusion may be drawn that elastic
stresses considerably larger than those causing plastic flow in a static case
prevail in the neighborhood of a fast running crack tip. Whereas micro-
separations in static cases are initiated inside the plastic region, the pres-
ence of very high elastic stresses near the tip of a fast running crack could
lead to material separation at weak spots, for instance at particle-matrix
interfaces, without preceding plastic flow on a macroscale. The micro-
separations created grow towards coalescence with the main crack or with
other material separations. Due to the extremely short times involved
the formation and growth of one material separation does not substantially
influence formation and growth of other ones even in a close neighbor-
hood. Thus, many more separations will take place than at slow crack
growth. The high stresses involved should favor formation of microcracks
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rather than of rounded voids in many materials, for instance base-centered-
cubic crystals.

At very low crack-tip velocities microseparations, as mentioned, are
initiated in the plastic region. Straight ahead of the crack tip the stress
composition is approximately described by the relations

s.~1.80, 0,~0.60,

o,~30, thatis, { o,~08 0,

Uzz2.4 g,

where o, is the von Mises effective stress. These relations can be found
by using results obtained by Rice and Rosengren [4]. It is obvious that
such a state of stress will favor growth of material separations preferably
in the x- and z-directions. Recent calculations by Andersson [5] on void
growth also indicate this behavior.

At high crack-tip velocities microseparations, as mentioned, are initiated
in an essentially elastic region. The stress composition is then quite dif-
ferent from the one in the elastic case (and in the plastic region). Straight
ahead of the crack tip the relation between the principal stresses are

Iy _ 282(1 — k»)(2k% — 89 3
7, T 4k3Q — BY%(k: — B ~ k2 — B?)?

9, Bx(1 — 2k»)(2k? — 2)
7, T4kl - B (k2 — B2 — (2k% — B2)2

Assuming the crack-tip velocity to be about 70 percent of the Rayleigh
wave velocity gives for Poisson’s ratio 0.35 approximately

o.~1.8 o,

g 2 x>0 v
Such a state of stress should favor material separations growing preferably
in the y- and z-directions, that is, in directions normal to the propagation
direction of the crack. Naturally the directions would be somewhat
changed at positions off the prospective crack path, but still the growth
of the material separations should proceed in directions that are quite dif-
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ferent from the average growth direction of the main crack. The simple
(idealized) picture in the static case of material separations lined up along
the prospective crack path and growing essentially in the plane of the
main crack until they coalesce with the main crack seems, therefore, to
be quite inadequate in the case of very high crack-tip velocities. It is
obvious that growth of material separations in other directions than the
average growth direction of the main crack implies a much more energy
consuming mechanism.

Summary and Discussion

An investigation has shown that the presence of low-sound velocities
near a fast running crack tip produces only a weak effect on the energy
flow to the process region, that is, the region where material separations
take place. On the other hand, the increased resistance to plastic flow
(in the ordinary sense) at increasing crack-tip velocity has been found
to be a very strong effect. The conclusion to be drawn is that the energy
dissipation in the plastic region (outside the process region) decreases as
the crack-tip velocity increases.

A study of the morphology of material separation indicates that forma-
tion of microcracks rather than rounded voids should be favored at high
crack-tip velocities in many materials. Many more material separations
should take place near the tip of fast growing than near the tip of slowly
growing cracks, because of the very high elastic stresses that could pre-
vail at high crack-tip velocities and because the short times involved sup-
press interaction between growing material separations. The growth direc-
tions of the material separations seem to change from being essentially
coplanar with the main crack at low crack-tip velocities to being essentially
normal to the direction of crack growth at high crack-tip velocities. Easy
coalescence of the material separations with the main crack is, therefore,
not possible in the high velocity case. As a result the energy dissipation
in the near-tip region should be expected to be very high.

The investigations indicate that the energy dissipation decreases in the
plastic region and increases in the process region with increasing crack-
tip velocity. Substantial decrease of energy dissipation in the plastic region
takes place at low crack-tip velocities, whereas substantial increase of
energy dissipation in the process region takes place at high crack-tip ve-
locities, according to simple estimates. Therefore, the net effect may be
a decrease of the total energy dissipation with increasing crack-tip velocity
until a certain velocity is reached, whereupon the total energy dissipation
increases with the velocity.

Very little is known about material behavior near a nonmoving crack
tip. The knowledge about the dynamic case is, naturally, even more rudi-
mentary. Certainly different materials ought to show different behavior
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at very intense short-duration loading. The present investigations of
energy dissipation mechanisms at fast running crack tips, therefore, should
be regarded as attempts to take into account some factors that should
influence these mechanisms. Other factors may be equally or more signi-
ficant and may influence the energy dissipation mechanism in directions
opposite to those found here. For instance, the significance of the high
temperatures prevailing near fast running crack tips has not been investi-
gated.
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ABSTRACT: An experimental investigation of the dynamic behavior of crack prop-
agation in two birefringent polymers, Homalite-100 and KTE epoxy, is described.
Photoelastic isochromatic fringe patterns associated with cracks propagating in cen-
ter-pin-loaded, eccentric-pin-loaded, and crack-line-loaded single-edged-notched
(SEN) specimens were recorded with a high-speed multiple spark camera. Experi-
mental data were obtained in several tests for each polymer to cover cracks propa-
gating from arrest to terminal velocity.

The size and shape of the isochromatic fringe loops were used to determine the
instantaneous values of the stress intensity function K by matching analytical and
experimental results. Analytical results for the fringe loop were obtained by employing
a Westergaard stress function of the form

K
Z(z) = Vs [1 + 8'@z/a)

together with a superimposed o, = «o'/\/27a. Approximately 14 000 computer
generated fringe loops were compared to the experimentally generated results, and
values of the fitting parameters K, «’, and 8' were obtained.

Results obtained for @ versus K show an inverted L relationship for both polymers.
Crack propagation behavior with respect to the shape of & versus K curve is discussed.

KEY WORDS: crack propagation, fracture properties, dynamic fracture, dynamic
photoelasticity, birefringent polymers, isochromatic fringe loop, stress intensity fac-
tor, crack velocity, crack arrest, toughness

The application of fracture mechanics to dynamic fracturing is relatively
new and more complex than fracture initiation in static stress fields. Con-
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siderable interest in dynamic fracture has developed in the decade since
Krafft and Irwin [1]2 reviewed applications of fracture mechanics to dy-
namic fracturing. Recent studies involve: (1) Measurements of K, where
the measurement of fracture initiation toughness is based on the stress
intensity factor K at the instant prior to crack initiation. (2) Determina-
tion of the crack arrest toughness K, where the K value within 5 to 10
us prior to or after arrest is used for the measurement. (3) Determination
of K, the instantaneous stress intensity factor where the K values are in-
ferred by an energy balance from an analytical model.

In order to clarify many details associated with the much more difficult
measurements of the instantaneous values of K observed during crack
propagating and arrest, a whole-field experimental method which will
provide K as well as a description of the stress field over the entire speci-
men is required. Instantaneous values of K can be determined by dynamic
photoelasticity as demonstrated by the pioneering work of Wells and Post
[2] and Irwin [3] and the more recent work of Kobayashi and his associates
[4-6]. With this approach, the test specimens are fabricated from plates
of transparent birefringent materials, and dynamic isochromatic fringes
are recorded by using multiple-flash photography to observe K as the
crack propagates and arrests.

This paper describes two materials which have been thoroughly studied
using dynamic photoelasticity to characterize their fracture behavior. The
materials are Homalite 100 which is a very brittle polyester commonly
employed in dynamic photoelastic studies, and a modified epoxy, KTE,
which is tougher but more rate sensitive than Homalite 100. The pro-
cedures followed in conducting the experiments and analyzing the data
have been presented in detail. Finally the results obtained in terms of K
versus crack velocity curves are given over a range of K with crack arrest
on the low end and crack branching on the high end.

Description of Materials

Homalite-100,3 a transparent birefringent polyester has been used in
photoelasticity for the past 20 years because of its availability in large
sheets with optical quality surface finish and its insensitivity to time-edge
stresses. Clark and Sanford [7] have studied the material fringe value f,
and have shown it to be nearly independent of loading rate. Kobayashi,
Wade, and Bradley [8] have also examined the dynamic behavior of
Homalite 100 and have shown that it is suitable for photoelastic investiga-
tions of crack propagation. The material has been selected for study be-
cause it is currently the polymer used most frequently in photoelastic

2The italic numbers in brackets refer to the list of references appended to this paper.
3Homalite-100 is commercially available from SGL Industries, Wilmington, Del.
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studies of crack propagation and because it is one of the most brittle of
the available birefringent materials.

The second material characterized in this study was a modified epoxy
resin containing three components. The epoxy resin used was Epon 828,
a low molecular weight (380) epichlorohydrin/bisphenol A resin manu-
factured by the Shell Chemical Co.4 The curing agent, known as Jeffamine
D-400, which is a polyoxypropyleneamine with a molecular weight of 400
was used to polymerize the epoxy. As the reaction is slow an accelerator
A-398 was added to reduce the curing time. Both the curing agent and
accelerator are produced by Jefferson Chemical Co.5 The modified epoxy
called KTE was prepared in sheets by casting in a closed mold.

The mechanical properties of both the Homalite-100 and the KTE
epoxy were determined by conducting standard tension tests on a servo-
controlled hydraulically actuated loading system at strain rates of 50 x
10-6s-1,

Static fracture toughness of the two materials was measured by employ-
ing a contoured-double-cantilever-beam (CDCB) specimen [9] as illustrated
in the inset of Fig. 1. The CDCB specimen was subjected to a constant
rate of crosshead displacement in a testing machine, and the load P and
the displacement A of the loading pins were monitored on an x-y recorder.
Typical load displacement curves from CDCB specimens from Homalite-
100 and KTE epoxy are shown in Fig. 1. The critical strain energy re-
lease rate G,. was determined from

G, = (P¥2b)(dC/da) 0]

where

P = load at crack initiation,
b = crack width, and
dC/da = slope of the compliance crack length function and a constant
for the CDCB specimen configuration.

And, the fracture toughness was determined from G, using

K\ = VG.E ¥))]

The elastic constants under dynamic conditions were determined by
measuring the velocities of the dilatational and shear type stress waves.
These measurements were made by photoelastically observing the stress
waves propagate in a half-plane model dynamically loaded with a small
explosive charge. The elastic constants are related to the velocities of the

4Shell Chemicat Co., 1 Shell Plaza, Houston, Tex. 77002.
5 Jefferson Chemical Co., P.O. Box 53300, Houston, Tex. 77052.
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FIG. 1—Load displacement curves for CDCB specimens of Homalite-100 and KTE epoxy.

dilatational ¢, and shear c, stress waves through the well-known [10] rela-
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It is estimated that the strain rates associated with these determinations
of the elastic constants are of the order of 105s-1.

The material fringe value f, is the calibration factor which relates the
optical response in terms of a fringe order N to stress field through the
stress optic law [17]

27, =90, — o, = Nf,/h 6)
where
7,, = maximum in plane shear stress,
o, — o, = difference in the principal stresses, and

h = specimen thickness.

The determination of the material fringe value as a function of time under
load is particularly important in dynamic studies since the crack velocities
may range from near arrest to terminal velocity. Determination of f, for
relatively long loading times was made with conventional static calibration
techniques [//] with a disk in diametrical compression.

The measurement of f, under dynamic loading conditions was made by
simultaneously measuring axial strain ¢, and fringe order N in a bar sub-
jected to axial impact [/2]. The value of f, is related to these quantities by

S, = Eh(A¢,/AN) @)

where
A¢,/AN = slope of the axial strain fringe order relation.

Results for f, as a function of loading time over eight decades are given
in Fig. 2 for both the Homalite-100 and KTE epoxy.

The results for all the mechanical and optical properties measured for
these two photoelastic materials are given in Table 1.

Experimental Procedure

The local state of stress in the neighborhood of the crack tip was mea-
sured during crack propagation by employing dynamic photoelasticity to
obtain instantaneous records of the fringe loops. The high-speed record-
ing system employed is a Cranz-Schardin multiple spark camera which has
been described previously [/3]. The system is capable of 16 frames at
framing rates which can be varied from 33 000 to 850 000 frames/s. For
these experiments, the recording system has been fitted with lenses which
provide a 12-in. (300-mm) diameter field. Initiation of the first eight and
second eight spark gaps are on independent time controls in order to
extend the observation interval for the camera. The time of each frame is
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FIG. 2—Material fringe value as a function of loading time for Homalite 100 and KTE
epoxy (A = 4920 A).

TABLE 1—Mechanical and optical properties of Homalite-100 and KTE epoxy.

Homalite-100 KTE Epoxy
¢, (in./s):(m/s) 84 700:2150 77 000:1970
¢, (in./s):(m/s) 48 600:1230 44 700:1130
E (psi):(GPa) 560 000:3.86 437 000:3.01
E ;(psi):(GPa) 700 000:4.82 573 000:3.86
uq (psi):(GPa) 267 000:1.84 214 000:1.47
Vgaeien. 0.31 0.34
p(lb-s2/in.4):(Kg-s2/m*) 0.000112:122 0.000107:117
G Ib/in.:3/m? 0.33:57.8 2.65:464
K psi Vin. :MNm~% 405:0.45 1072:1.18
K, psi V0. :MNm ~% 380:0.42 770:0.85
fos Psi-in./fringe:MN- mm/fringe ¢ 121:21.1 85:14.9
f,gpsi-in./fringe:MN- mm/fringe 125:21.9 118:20.7

4Static—10 s after application of load.
bDynamic at a loading time of 200 us both for v = 4920 A for spark gap light source
with Kodak 4135 film and type K-2 filters.

established by monitoring the intensity of light output from the spark
gaps with a high-speed photodiode and an oscilliscope.

A typical example of a set of 16 fringe patterns representing high
velocity fringe propagation is shown in Fig. 3. An enlargement showing
the detail of the isochromatic fringe loop at the crack tip is shown in Fig.
4. It is evident from these results that the size and shape of the fringe
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FIG. 3—Complete set of 16 dynamic photoelastic fringe patterns showing high velocity
crack propagation across a center-pin-loaded SEN specimen.

loops which have been recorded in about 300 ns are sufficiently well
defined to give instantaneous values of the stress intensity factor K.
Also the tip of the crack can be defined so that the crack length can be
established as a function of time during propagation.

Three different types of single-edge-notched (SEN) specimens were em-
ployed in the test program to determine the instantaneous stress intensity
K as a function of crack velocity @. The geometry of the SEN specimens
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FIG. 4—Enlargement of one isochromatic pattern showing state of stress as the crack
attempts to branch.

are presented in Fig. 5 for the center-pin-loaded (CPL), eccentric-pin-
loaded (EPL), and crack-line-loaded (CLL) specimens. In all instances the
specimens are relatively large so that any stress waves generated by the
formation of fracture surfaces would disperse and attenuate before being
reflected back into the neighborhood about the crack tip.
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Initial crack length was 1% - 2 inches for the CPL and EPL specimens
and 1/2 inches from a pin hole edge for the CLL specimens.

FIG. 5—Single-edge-notched specimens.

In all instances, a starter crack was cut into the specimen with a band-
saw and then sharpened by scribing. For the SEN-CPL specimens, the
load was increased slowly (manual control through a hydraulic cylinder)
until the crack initiated. Initial crack velocities of 8 000 to 12 000 in./s
(200 to 300 m/s) were typical. However, as K increased with crack length
for the SEN-CPL specimen, the velocity of crack propagation increased
as the crack extended until terminal velocity was achieved.

The SEN-EPL specimen was loaded in a similar fashion except that the
pins had been moved to a location outboard relative to the edge of the
specimen. This change in pin location resulted in a decrease in K as the
crack extends during propagation. Usually the crack would be initiated
with intermediate velocities, 8 000 to 12 000 in./s (200 to 300 m/s) and
decrease to velocities of 3000 to 4000 in./s (75 to 100 m/s) as the crack
extended.

The SEN-CLL specimen was loaded with a split-pin-loading fixture
shown in Fig. 6 which applied a load to the crack line. The load was
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FIG. 6—Split-pin loading fixture.

measured with a small piezo electric force transducer. When the crack
began to propagate, the split halves moved apart until they were con-
strained by an adjustable stop which limits their movement. As the crack
extended in the SEN-CLL specimen, the K field decreased, and if the
initiation velocity was not too high the crack arrested after propagating 3
or 4 in. (75 to 100 mm).

The high-speed recording system was sychronized to the propagating
crack by using a strip of conducting paint across the path of the crack.
When the crack interrupts this conductor a pulse is issued to electronic
counters which activates the two banks of eight gaps each after preselected
delay times. Typically, the recording interval ranges from about 300 to
1000 us.

Analysis Methods

Two different methods were used in analyzing the data depending upon
the shape of the isochromatic loops. When the fringe loops tilted too far
forward and 4, defined in Fig. 7a was less than 80 deg a three parameter
method was employed. When 6, > 80 deg, Irwin’s [3] two-parameter
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FIG. 7—Characteristic shape of fringe loops. (a) Definition of r, and 8. (b) Six mea-
surements defining shape.

method was used to determine K from the fringe loops. Irwin’s equations
are

= —— o o_ MW7
h sind, 3 tan 6, ®)

Nfeo \2ar,, 2 2 )= % 2 tan (39,,/2)
K {1 + <———> } { 1+
3tan 4,
where the positive sign corresponds to 4, < 90 deg and the negative sign
to 8,,> 90 deg. The symbol r, is defined in Fig. 7a.

When 6, was less than 80 deg a much more involved method of analysis
was used where three fitting parameters were used to match experimental
and theoretical results to obtain instantaneous K values. The theoretical
fringe loops were developed in a static analysis where the Westergaard
[14] stress function is
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Z = KN\2xz [l + B'(z/a)] )

where
z = re®.

The K/\/2#z term describes the crack-tip singularity for a uniform thick-
ness plate where the crack of length 2g is located centrally, and the in-
plane boundaries extend to infinity. In order to more accurately analyze
the SEN plate, the parameter 3’ was introduced into the stress function.
The parameter 3’ was added to the stress function in order to model the
effect of near field boundaries and boundary loading, thus extending to
some degree the analysis of fringe loops further away from the crack tip.
For completeness, a uniform stress, o, = «'K/\/2ma was added to the
stress field. The parameter o’ can be varied such that the stress o, at the
far boundary is zero, thus creating stress free vertical boundaries.

Using Westergaard’s methods, the maximum in-plane shear stress was
derived as

2

T = -;—(— |:sin20 (1 — 28'(r/a) cos 8 + B'Xr/a)?)

wr

9 )
- 2a'\/r/a sin 0{ sin§2— — B'(r/a) sin 7} + Q’Z(r/a)] (10)

The description of a fringe loop observed in photoelastic tests is given by
Eq 10 where the parameters K, «’, and 8’ control the characteristic shape
of the fringe loop. Combining Eqs 10 and 6 gives the expression for the
position r which locates the isochromatic fringe order N as

B2 sin%6 w* + 2af sin 8 sin 6/2 w?

2 . . 36
+ <a2+ %-ZBCOS 0sin20>w2- 2a sin 0s1n—2-w

+ sin2§ = 0 (11)
where
w = Vr,
Y = Kh/Nf,,
B8 = B'/a, and
a = a'/\/_a_.

The parameters ¢, 8, and ¥ where varied over the range anticipated, and
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solutions for the position r along the isochromatic loop were determined
as 6 was varied from O to 180 deg in 2 deg increments. Since the combina-
tion of parameters considered yielded 13 990 isochromatic loops with each
loop defined by 91 points, a computer program FRACTURE was pre-
pared to evaluate Eq 11 and to condition the results so that they are in a
form which can be readily compared to the experimental findings.

Six measurements were made on each experimentally determined fringe
loop to characterize its size, shape, and orientation as shown in Fig. 7b.
These measurements are compared with the same measurements from the
analytically determined fringe loops by evaluating the comparison func-
tion f,

fc = wllrm - rmel + Wzlgm - omel + w3|(tl + t2) - (tle + t2e)|
+ wl(t, — 1) — (the = L)l + wilry = 1) + welr, = 1y (13)

The values of the weighting coefficients w, through w, were selected to
reflect the relative importance of the six different measurements in match-
ing the analytical and experimental isochromatic patterns, that is

w, = 0.627

w, = 0.565 6

w; = 0.439 | 2 w2l” =1
w, = 0.251 =

ws = we = 0.125

A computer search is made to select the 13 solutions from 13 990 avail-
able which most closely match the experimental results. These 13 solutions
are then examined manually to select the most consistent solution.

Stress Intensity Factor—Crack Velocity Relationship

Results for the stress intensity factor K at different crack velocities are
shown in Figs. 8 and 9. Reference to Fig. 8 shows the K versus 4 relation
for Homalite 100 as obtained from tests on seven different SEN speci-
mens with either CCL or CPL loadings. These results correspond closely
with a completely independent determination of the same curve by the
authors [/5] on a different lot of Homalite 100. The results show that
there is a minimum value of K associated with crack arrest which is denoted
here as K,,, = 380 psi \/in. (0.418 MNm-*). Small increases in X above
this minimum level result in very sharp increases in crack velocity until
velocities of about 8000 in./s (200 m/s) are achieved. A transition region
exists for velocities between 8 000 and 15 000 in./s (200 to 381 m/s) where
the stress intensity factor must be doubled to produce this change in crack
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FIG. 8—Crack velocity a as a function of the instantaneous stress intensity factor for
Homalite-100.

velocity. There is some scatter in the data in this transition region due to
errors in photoelastic measurements and analysis as well as errors in the
velocity determinations. It is also possible that material variations account
for some of the scatter. For higher velocities, 15 000 < @ < 17 000 in./s
(381 < ad < 432 m/s), significant increases in the K are required to increase
the speed. The value of K must be about doubled to achieve the last
increase of 200 in./s (50 m/s) in crack velocity. The fracture surface is
extremely rough in this high velocity region of crack propagation account-
ing for the large amounts of energy required to drive the crack. Branching
begins to occur at about K = 1200 to 1300 psi vin. (1.32 to 1.43 MNm %)
and successful branching occurs at X = 1530 psi vin. (1.68 MNm~*%)
(about 4 times K ;) at a crack velocity of 17 000 in./s. This terminal
crack velocity is 20 percent of ¢, and 35 percent of c,.

The K versus a relation for KTE epoxy presented in Fig. 9 shows similar
results for the tougher more viscous material. There are three features
which aid in characterizing the dynamic crack propagation in this material.
First, there is a terminal velocity of about 13 000 in./s (330 m/s) which is
0.30 times the shear wave velocity. This terminal velocity is achieved when
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FIG. 9—Crack velocity a as a function of the instantaneous stress intensity factor for
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K = 1600 psi Vin. (1.76 MNm-%), and further increases in X do not ap-
pear to drive the crack at higher velocities. As K is increased in this region
it does result in rougher fracture surfaces, attempts to branch and finally
successful branching occurs at K = 4650 psi Vin. (5.12 MNm-*).

Second, there appears to be a minimum value of K below which cracks
cannot propagate. This minimum value is denoted as the arrest toughness
K, = 770 psi Vin. (0.85 MNm -*) which is about one half the value of K
associated with terminal velocity and about one sixth the value associated
with successful branching.

Third, in the velocity range from near zero to about 12 000 in./s (305
m/s), there appear to be two branches in the @-K relation. The lower
energy branch is associated with decelerating cracks, and the higher
energy branch is associated with both accelerating and decelerating cracks.
Crossover from the higher energy to the lower energy branch was observed
for both the EPL and CLL specimens when the initial crack velocity was
below 12 000 in./s (305 m/s). From these limited observations, it appears
that it is not possible for a crack to propagate on the lower energy branch
without having first propagated for some distance on the higher energy
branch. Further studies will be necessary to explain this phenomenon;
however, it is similar to the behavior observed in linear polymers such as
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polystyrene and polymethylmethacrylate (PMMA) where crazing results
in two branches for the ¢-K relationship.

Results of the K, determined by a CDCB specimen are also plotted in
the Figs. 8 and 9. The value of K. for Homalite-100 (405 psi V/in.) is
about 7 percent higher than that of K, (380 psi Vin.); while the value of
K. for KTE epoxy (1072 psi Vin.) is about 39 percent higher than the
K, value (770 psi Vin.). It is of interest to examine the crack propagation
behavior in the CDCB specimens (Fig. 1) with respect to the relative
values of K. and K,,. The closeness of K, and K, values in Homalite-
100 resulted in repeated small crack jumps (of the order of 0.025 in.)
without a significant drop in the load, as shown in Fig. 1. On the other
hand, a relatively large difference in the values of K. and K, for KTE
epoxy produced crack jumps of 0.2 ~ 0.7 in. in the CDCB specimen.

Conclusions

For Homalite-100 there appears to be a unique relation between the
instantaneous stress intensity factor K and the crack velocity. A minimum
value of K,,, = 380 psi \/in. (0.42 MNm - *%) is required to sustain propa-
gation. Small increases in K above K, result in extremely large increases
in @ up to velocities of about 8000 in./s (200 m/s). When K~ 4K, branch-
ing occurs at a terminal velocity of about 0.35 c,.

For KTE there appear to be two branches to the vertical stem of the
K-a curve which probably is due to an interrelated shear and crazing frac-
ture mechanism similar to that observed by Green and Pratt [/6] for
PMMA. For design purposes, the higher energy branch should be ignored
and the lower K values used to predict fracture behavior. A minimum
value of K,,, = 770 psi Vin. (0.85 MNm-*) is required to sustain crack
propagation. Again small increases in K above K, result in marked in-
creases in a up to velocities of about 6000 in./s (150 m/s). When K =~
6K, branching occurs at a terminal velocity of 13 200 in./s (335 m/s).
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ABSTRACT: This paper describes the initial development stages of a computational
capability for fast fracture and arrest, based on treatment of plastic flow and micro-
fracturing at the crack tip. The approach is to model the events occurring within
the process zone, compute the associated energies, and thereby determine the frac-
ture toughnesses of propagating and arresting cracks.

The model treats crack propagation as occurring by the nucleation, growth, and
coalescence of microfractures in the plastically deforming material at the crack tip.
It uses as input actual measurements from specimens fractured under stress wave
loads. The dynamic stress history experienced by this material is calculated by a two-
dimensional wave propagation code.

The approach was demonstrated by performing a computational simulation of a
Battelle double-cantilever-beam crack arrest experiment and calculating the energies
absorbed in plastic flow and microfracturing. Plastic work accounted for about 95
percent of the fracture toughness, but microfracture activity controls the amount of
plastic work that is done and hence governs the toughness. Agreement between com-

puted and observed crack velocity and arrest length is not yet satisfactory but should

improve when a finer computational grid is used.

The approach offers an avenue for understanding fracture toughness on a micro-
level by linking micromechanical material response to continuum toughness parame-
ters.

KEY WORDS: crack propagation, microfracturing, crack initiation, fracture proper-
ties, crack arrest, stress intensity, velocity

The design technology that emerged in the 1950s from linear elastic
fracture mechanics (LEFM) concepts has enabled us to resolve a wide
variety of crack initiation problems. This success has encouraged re-
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searchers to apply these concepts to problems of crack propagation and
arrest, but the results have not been completely satisfying. For example,
current attempts to develop a predictive capability for crack arrest by ap-
plying continuum fracture mechanics concepts have met with problems
arising from kinetic effects in the process zone near the crack tip. Work
by Crosley and Ripling [/]?2 indicates that the stress intensity factor at
crack arrest, K;,, is a material property; work by Hahn and co-workers
[2] indicates that the geometry-dependent kinetic energy associated with
a running crack influences crack arrest and suggests that K, cannot be
a material property. This discrepancy demonstrates a need to understand
the nature of energy dissipation at the tip of a propagating crack.

This paper considers the various microevents that occur in the process
zone at the tip of an advancing crack and describes an approach for com-
puting the associated energies. It is hoped that the results will be useful
in clarifying the meaning of toughnesses associated with running and ar-
resting cracks.

Fracture Mechanisms and Models

Substantial evidence indicates that crack propagation occurs by micro-
fracture activity in the region slightly ahead of the crack front [3]. Figure
1 shows the partially failed material at the tip of a crack in Fe-3Si steel.
This photomicrograph was obtained by sectioning a double-cantilever-
beam (DCB) specimen on a plane normal to the crack front. By removing
successively thin layers of material from the sectioned surface, Hoagland
et al [4] ascertained that the microfractures were linked with each other
and with the crack front.

The inherent weak spots in materials are responsible for this mechanism
of crack propagation. Favorably oriented grain boundaries and cleavage
planes are common weak spots. Inclusions and second-phase particles
also initiate microfractures either by interfacial debonding or by cracking
of the particles themselves [5,6). The weak spots in the path of the propa-
gating crack can fail before the crack front arrives, because of the mag-
nified stresses preceding the crack.

The details of this mechanism have not been quantitatively modeled.
Crack propagation is treated usually as the movement through a homog-
eneous medium of a continuous crack front separating broken from un-
broken material. This approach is computationally simple and often pro-
vides adequate results for design purposes. (For example, the toughness
of a material with respect to crack initiation is a material property based
on continuum considerations that has found considerable practical use.)
In other instances, however, simplified continuum approaches have en-
countered difficulties as, for example, in describing crack arrest.

2The italic numbers in brackets refer to the list of references appended to this paper.
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The need to make simplifying continuum assumptions to obtain a
mathematical solution is averted to a large extent by the availability of
large computers. More realistic treatments of crack propagation are now
possible. Unfortunately, most researchers using large computers to solve
fracture problems tend to concentrate on making better representations
of geometries and put little additional sophistication into modeling the
fracture process. As a result, our understanding of the physical meaning
of toughness and how toughness depends on microstructure, strain rate,
temperature, and so forth, has not increased very rapidly. Insight into
these areas can best be gained through computational models that describe
the fracture process in a detailed and realistic way.

To derive theoretical expressions that would describe microfracture
activity at the tip of a propagating crack accurately at present appears
to be a major task. To be sure, a number of models for microfracture
nucleation at inclusions or on cleavage planes, for plastic void growth,
and the like, have been postulated, and all these models describe more
or less well the situation for a given material under given load conditions
(usually in the necking region of a tensile bar). Furthermore, certain nu-
cleation and growth models might conceivably be combined to yield pre-
dictions of void size distributions for arbitrary load histories. However,
the criteria used in the current models are based on a wide variety of
parameters that may not be physically appropriate. For example, it is un-
clear whether inclusion/matrix decohesion is controlled by shear stress,
shear strain, normal stress, or some combination. Furthermore, no satis-
factory model for microfracture coalescence appears to exist. Thus, the
development of a successful theoretical model of microfracture nuclea-
tion, growth, and coalescence would seem to lie some distance into the
future.

An approach that may have higher chances of early success is the ob-
servational approach used to develop a predictive capability for fracture
under short impulse loads [7]. The fracture damage produced by a tensile
pulse is assessed quantitatively by counting and measuring the . sizes of
individual microfractures visible on polished cross sections of impacted
specimens. Figure 2 shows microcracks produced in Armco iron by planar
impact (note the similarity of the microfractures in Fig. 1). The large
number of microfractures makes a statistical approach possible, and
damage distribution functions are constructed. By correlating these data
with the loading history, we obtain empirical expressions describing nu-
cleation and growth rates. Thus, the approach is not concerned with
mechanistic details of nucleation and growth, such as the size distribution
or spacing of nucleation heterogeneities or with dislocation models de-
scribing how voids grow. Instead, the microfracture nucleation and
growth laws are deduced directly from the measured microfracture data.

Application of this approach, known as the SRI NAG approach, to a
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0.5 mm

FIG. 2—Microfractures in Armco iron produced by impact.

variety of ductile and brittle metals and alloys [7-10} showed that micro-
fractures nucleate and grow (NAG) according to the following expressions

N =N, exp%’ ¢))

1

Ho_ U’—U’ga
R———4n R #))

where the nucleation rate N is an exponential function of the tensile stress
o, and the growth rate R depends linearly on the stress and the size of the
microfracture R. The remaining parameters act as material properties
describing various aspects of micromechanical behavior. Their values are
fixed by the fit to the data.

Computation of Crack Propagation and Arrest by Microfracturing at the
Crack Tip

To determine whether the microfracture nucleation and growth func-
tions extracted from plate impact experiments could be used to describe
microfracture activity ahead of a propagating crack, we performed a com-
putational simulation of an actual DCB crack arrest experiment by using
the SRI NAG model and dynamic fracture data from plate impact ex-
periments. A two-dimensional wave propagation code was used to com-
pute the stress histories experienced by the material at the moving crack
tip.
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As a test case, we selected the DCB crack arrest experiment 3V-31 per-
formed by Battelle Memorial Institute [//]. The specimen was a rectangu-
lar, notched plate of 4340 quenched and tempered steel with no side
grooves. Specimen geometry and wedge loading arrangement are shown in
Fig. 3. Loading pins were inserted in the holes at the notched end of the
specimen, and a wedge attached to the crosshead of a tensile machine was
forced downward between the pins. At constant crosshead speed, the
load on the specimen increased monotonically until a sharp crack advanced
from the blunted notch and propagated into the specimen. The crack ran
about 75 mm at an average constant velocity of 435 m/s, then abruptly
stopped. Wedge opening load and displacement at the onset of crack

(a) WEDGE LOADING ARRANGEMENT
FOR DCB SPECIMEN SHOWING
THE VELOCITY MEASURING
CONDUCTING STRIPS

}
h
(o] I
e s s |
T h
i
o] e g J b L
1
a, = 2,670 in. (67.8 mm) f=0.80 in. (20.3 mm)
b = 0.500 in. (12,7 mm) h = 2,500 in. (63.5 mm)
e = 063 in. (16.0 mm) L= 11.36 in. {3056.0 mm)

Pin Diameter 1.00 in (25.4 mm)

(b) DIMENSIONS OF TEST PIECES

FIG. 3—Wedge loading arrangement and specimen dimensions for the DCB crack arrest
experiment [11].
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propagation were measured; crack velocities were measured by monitoring
the breakage of a grid of conducting strips cemented across the expected
crack path. Since the crack speed was orders of magnitude greater than
the wedge opening rate, essentially fixed grip conditions prevailed. Ref-
erence // gives additional details.

The dimples on the fracture surfaces, Fig. 4a, were approximately equi-
axed, and their diameters varied up to several micrometres. The absence
of isolated voids beneath the fracture surfaces, Fig. 4b, and in front of
the main crack tip indicates that voids form only in a very small zone
ahead of the advancing crack tip and that all voids that nucleate become
part of the main fracture.

Fast crack propagation through a material is clearly a dynamic process.
Since the load is applied at some distance from the crack tip, stress infor-
mation must be continually transmitted through the specimen as the crack
runs. This is accomplished by stress waves. Consider the loaded DCB
specimen at the point of instability. As the crack starts to run, the stresses
at the crack tip relax somewhat and the crack tends to slow or stop. This
unloading information is communicated to the load point by way of a
stress wave, and new load information runs back to the crack tip and
builds up the stress concentration. The crack may respond by accelerating
again, thereby relaxing the stresses. This cycle may repeat itself many
times. Eventually, when stress relaxation resulting from crack extension is
such that the applied load can no longer maintain fracture, arrest occurs.
Observations of such stop-and-go crack propagation and corresponding
stress wave activity have been reported by Van Elst [12,13] who used
ultrahigh-speed photographic and electronic methods to demonstrate the
intermittent nature of crack propagation. He found that fracture proceeded
in a series of discrete steps and that sizeable stress waves emanated from
the crack tip at each advance. The use of a soft loading machine no doubt
enhances discontinuous fracture behavior.

Thus, the stresses at a propagating crack tip vary with time in an oscil-
latory manner and require a wave propagation code for an accurate ac-
counting. Kanninen [/4], Schmuely and Peretz {/5], and Wilkins (private
communication) have applied one-, two-, and three-dimensional wave
propagation codes, respectively, to the DCB geometry. In this work re-
ported here, the stress distribution in the specimen at all points in time
was calculated by use of TOODY3 [I6], a two-dimensional, Lagrangian,
finite difference wave propagation code. Plane-strain conditions were as-
sumed. This code solves equations for conservation of mass, momentum,
and energy in two space dimensions at successive small (0.5 us) time steps
and computes thereby the two-dimensional strain and stress states. A
simple constitutive equation for the material was constructed using non-
standard round bar tensile data from specimens machined from the
broken halves of the DCB specimen.
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(b) SCALLOPED SIDE PROFILE

FIG. 4—Fracture topology of crack arrest specimen.

The computational grid consisted of a 16 by 50 array of 4.0 by 6.4-mm
cells, as indicated in Fig. 5. Because of symmetry only half of the speci-
men had to be considered. We realized that a much finer grid with cell
sizes of the order of the dimple size would be required for accurate re-
sults, but we chose the coarse grid of Fig. 5 to provide a less expensive
demonstration of feasibility.
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FIG. 5—Grid scheme and boundary conditions used in computation.

The computation was accomplished in two stages. First, the measured
wedge opening displacements and forces were applied to the computa-
tional grid to obtain the elastic stress distribution in the specimen at the
point of instability. The method of dynamic relaxation [/7] was used to
accomplish this in an economical time. When the static elastic solution
was obtained to within about 1 percent, yielding was allowed to occur.

The second calculational stage began with instability of the blunted
notch and continued until many microseconds after arrest. In this stage,
stress wave activity was computed and allowed to dictate the stress state
and fracture activity at the propagating crack tip. Nucleation and growth
of voids was treated as occurring according to Egs 1 and 2. Void nuclea-
tion and growth rate parameters for a similar steel under plate impact
loading conditions were assumed applicable [12]. As microfractures nu-
cleate and grow in a cell, the strength of the cell gradually decreases.
Coalescence and, consequently, cell rupture were assumed to occur when
the volume of all voids generated equaled the volume of the computa-
tional cell. When this condition was fulfilled, the crack advanced one cell
length. Thus, the crack velocity is defined by the rate at which successive
cells rupture. Reference I8 gives details of the computational procedures.

Crack branching was calculated as soon as instability occurred. In ad-
dition to a propagating fracture along the specimen midplane, a crack
began to propagate at right angles to this fracture. Although bifurcation
and trifurcation of fracture in similar specimens is frequently observed
[19], the crack in the particular experiment 3V-31 simulated here propa-
gated nominally on the specimen midplane. A second calculation was
then performed for which off-axis cells were not permitted to fracture.
The calculated crack ran 51.4 mm, about one third of the experimentally
observed arrest length, in about 65 us before stopping. The calculation
was continued for an additional 100 us after arrest to test whether reinitia-
tion would occur. The propagation velocity was rather constant at 790
m/s, about 80 percent higher than measured. There were no significant
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periodic oscillations in macrocrack velocity from the periodic stress wave
loading.

The energies absorbed by microfracturing and by plastic flow at the
crack tip were calculated and printed out. The microfracturing energy
was computed at each time step as the product of the average stress in
the cell and the change in cell volume resulting from the nucleation and
growth of microfractures during that time step. Similarly, the plastic
energy was computed as the product of stress and plastic strain.

The variation with time of the elastic strain energy and the energies ab-
sorbed by plastic flow and by microcracking are shown in Fig. 6 for the
material in the seventh computational cell from the notch point. As the
crack tip approached and loaded this cell, the elastic strain energy rose
sharply. Soon afterwards, plastic flow occurred, and the crack tip material
began to absorb the elastic energy. Somewhat later, microfracturing began
to occur and after about 25 us ruptured the cell.

The results show that relatively little energy is absorbed in the micro-
fracturing process; about 20 times as much as absorbed in plastic flow.
However, it is the microfracturing activity that ruptures the cell and
thereby controls the amount of plastic energy that is absorbed. Figure 6
shows the crescendo of microfracture activity shortly before the cell rup-
tures.

The rupture of this particular crack tip cell required 86 MN/m? of
plastic work and only 3.3 MN/m? of microfracturing work. Thus, the
fracture toughness derives largely from plastic flow at the crack tip. As-
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FIG. 6—Energy partitioning in a computational cell in a DCB specimen as the cell is
traversed by the crack.
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suming the radius of the plastic zone at the midplane of the specimen to
be 10-4m, the energy absorbed per unit crack extension can be computed
and converted to obtain the fracture toughness for a propagating crack
K. The resulting value K,, = 61 MN/m~* compares favorably with re-
ported values [/]] for static initiation toughness and arrest toughness of
54 and 68 MN/m -*, respectively. In view of the coarseness of the com-
putational grid and the approximate nature of the microfracture proper-
ties and constitutive relations, however, this result should be considered
preliminary.

Discussion

We have demonstrated the feasibility of computing the energies absorbed
at the tip of a propagating and arresting crack by treating the microevents
that occur in the process zone. Agreement with experimental measure-
ments of crack velocity and arrest length would be improved by using a
finer computational grid to resolve more accurately the crack-tip stress
concentration and to concentrate the fracture damage in a zone compa-
rable in size to the process zone. This should decrease the macrocrack
velocity and reduce the tendency to branch. A further improvement can
be expected from the use of more accurate nucleation and growth proper-
ties and constitutive equations.

The motivations for using more detailed and physically realistic models
to compute crack propagation and arrest are threefold. First, such ap-
proaches promise to provide the link between continuum mechanics pa-
rameters and microscopic material behavior. For example, being able to
derive the fracture toughness from a knowledge of individual contributing
factors on the microstructure level, such as plastic energy, and microfrac-
ture energy, would be a great advance. Second, the more detailed approach
used here is not restricted by geometry, strain rate,? or even stress state.
Therefore, the results of detailed calculations may be helpful in extending
continuum approaches, which have the advantage of simplicity, to apply
to more ductile materials and to smaller specimens. Finally, the role
played by microstructure in controlling toughness can be studied and per-
haps understood in a more quantitative way.

Of immediate interest is whether the toughness exhibited by a material
in arresting a running crack can be considered a material property, as
suggested by Crosley and Ripling [/], or if the arrest toughness is influ-
enced significantly by stored kinetic energy so that it has little meaning
as a material property, as suggested by Hahn et al [2]. An understanding
of the energy partitioning among the various microprocesses occurring
at crack arrest would be helpful in resolving this question. Such energy

3Simple trial calculations on a one-dimensional array of cells in tension indicate that
the microfracture energy depends strongly on strain rate {/8).
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partitioning information can be obtained from detailed, physically real-
istic calculations such as described here.
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ABSTRACT: The paper presents results from an experimental program whose ob-
jective is the determination of the effects of grain size and temperature on flat frac-
ture propagation and arrest in mild steel. Small laboratory test specimens, containing
nitrided notches and surfaces so as to eliminate respectively the initiation barrier and
shear lip formation, have been deformed by four-point bending. The onset of crack
arrest has been correlated with the applied loading, and the fracture surface appear-
ance during both propagation and arrest has been studied in detail; cleavage rather
than ductile fracture is the predominent failure mechanism for a wide range of testing
conditions. The results are discussed in relation to theoretical models describing
the micromechanics of flat fracture propagation and arrest.

KEY WORDS: fracture properties, crack propagation, arresting (process), mild
steels, grain size, temperature, cleavage

The prevention of unstable fracture initiation in engineering steel struc-
tures by the application of fracture mechanics principles is now an es-
tablished procedure. However, because it is difficult to account for such
factors as residual stresses, dynamic loading effects, change of material
properties during service, subcritical crack growth by fatigue or stress
corrosion, and indeed many other factors in situations where failure might
have extremely serious consequences, it is desirable to have a fall-back
position, and aim also to prevent extensive crack propagation, for in this
way complete disintegration of the structure might be avoided.

Extensive investigations of service failures and also laboratory tests
have both shown that crack propagation in mild steel proceeds in either a
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flat fracture or a shear fracture mode. These modes are distinguishable
by their speeds, flat fracture propagation usually being much faster than
shear fracture propagation [/].2 For a given material there exists a critical
propagation transition temperature, above which fracture is of the slow
shear type and below which fracture proceeds by the faster flat mode;
this full-scale propagation transition temperature has been successfully
correlated with the transition temperature determined from the Battelle
drop weight tear test [2] provided the drop weight specimens and full-
scale components have the same thickness. Since crack speed affects the
extent to which the stresses can relax, it affects the way in which the struc-
ture loading influences the propagation phenomenon. Stress relaxation
is more difficult with a high-crack velocity, and the maintenance of high-
stress levels is therefore more likely if propagation is by the flat fracture
mode. The loading pattern itself also plays a major role in the relaxation
process; with a soft loading system the stresses within a structure will not
relax irrespective of the crack speed, whereas with a hard loading system,
a condition approached in many laboratory scale tests, the stresses can
readily relax during crack propagation. For situations that are interme-
diate between these extremes, relaxation is easier the lower the crack
speed, and consequently flat fracture is so dangerous in practice because
it is associated with a high crack velocity, and this enables the stresses
within a structure to be maintained at high levels, thereby encouraging
the proparation process to continue. These considerations clearly show
that a logical approach to minimize the risk of a catastrophic failure is to
ensure that flat fracture never occurs. This will not automatically prevent
catastrophic failure, since extensive shear fracture propagation can occur
if the loading conditions are sufficiently exacting; nevertheless, it is a
step in the right direction.

It is against this background of the importance of flat fracture in rela-
tion to the overall catastrophic failure problem that flat fracture propaga-
tion has been investigated. The long-term objective is the development
of a comprehensive model of flat fracture propagation, which might be
used as a guide for relating microstructural effects to dynamic fracture
resistance; this would be of considerable assistance when selecting mate-
rials for engineering components, particularly if the relevant experimental
data could be obtained from simple laboratory tests.

The particular aspect of the problem considered in the present paper
is the micromechanics of flat fracture propagation and arrest, and how
these phenomena are affected by temperature and microstructure in the
form of grain size. These phenomena are deliberately studied without the
complications introduced by shear lips, which are often associated with
flat fracture propagation and arrest. Shear lip elimination can be achieved

2The italic numbers in brackets refer to the list of references appended to this paper.
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by testing small laboratory specimens at very low temperatures, or their
effects may be minimized by testing very thick specimens at temperatures
closer to those of practical interest. However, the present investigation
takes an alternative route in that it is based on the use of small Charpy
notched specimens, whose surfaces are nitrided to eliminate shear lip for-
mation and whose notches are nitrided to eliminate the initiation barrier,
thereby allowing attention to be focussed on the propagation phenomenon.
The authors have already used these procedures with Charpy specimens
fractured under impact conditions, when shear lip elimination produced
substantial decreases in both the impact and normalized impact energies
[3]. Furthermore, the results showed that dynamic flat fracture resistance
at a given temperature increased with decreasing grain size, while the
failure mechanism was essentially 100 percent cleavage irrespective of the
grain size and test temperature. The present investigation uses slow bend
tests in order to study flat fracture arrest, and these show that for the
particular mild steel investigated cleavage is essentially the sole failure
mechanism during both propagation and arrest. The observations are
discussed in relation to theoretical models describing the micromechanics
of flat fracture propagation and arrest.

Experimental Procedures

The material investigated was a mild steel similar to the steels used for
many structural applications, although it had a high-nitrogen and a low-
carbon content since it was intended, for other parts of the investigation,
to determine the extent of plastic deformation by means of Fry’s etching
method. The steel was cast as a 25 kg ingot at the Corporate Laboratories
of the British Steel Corporation, Sheffield, and supplied as hot-rolled
bar, approximately 15 mm square. The composition analysis was:

C N Mn Si S P

Percent 0.068 0.024 0.840 0.011 0.013 0.006

The as-received material’s grain size was 25 um, but to produce larger
grain size (74 um) material, the as-received material was strained approxi-
mately 15 percent and then heat-treated for 4 h in vacuum, followed by
furnace cooling. The tensile properties for the two grain sizes studied
were:

Ultimate
Proof Stress, Tensile Reduction of
Grain Size 0.2% Strength Elongation, % Area, %
26 um 323 MN/m-2 547 MN/m -2 20 61

74 um 260 MN/m-2 445 MN/m -2 20 66



BULLOCK AND SMITH ON FLAT FRACTURE PROPAGATION 289

The small and large grain size materials are hereafter referred to respec-
tively as S- and L-materials.

Modifications were made to the standard Charpy specimen design in
the light of some preliminary experiments. The 0.25 mm Charpy notch
radius was too blunt, and specimens were machine notched to a depth of
1.5 mm, this being increased to 2.0 to 2.5 mm by hand sawing with a
0.2-mm-thick jeweller’s saw blade (the specimen design is shown in Fig, 1).

The specimens were nitrided for 12 h in an ammonia atmosphere at
863 K, water-quenched, and tested in this condition as the nitride case is
more brittle than when specimens are slowly cooled; the nitride case thick-
ness was -~ 0.8 mm at the notch root and - 2.0 mm at the side surface.

The mechanical tests were carried out in a four-point bending jig at-
tached to an Instron machine, with appropriate constant temperature
baths surrounding the bending apparatus. The tests were conducted at
a crosshead speed of 0.5 mm/min within the temperature range 248 to
353 K, the temperature during each test being constant to within +1 K,
A test was terminated whenever there was a load drop, since this indicated
the propagation and arrest of a crack; there was complete load relaxation
whenever crack propagation caused complete fracture.

After testing, the fracture surfaces were examined to see whether the
features along the crack path and at arrest varied in a manner that could
be attributed to grain size or temperature. Completely fractured speci-
mens were slit longitudinally at midsection, one half being used for metal-
lographic examination, the other half for fracture surface studies in the
scanning electron microscope. Specimens containing arrested cracks were
first longitudinally slit at midsection, one half being examined metallo-
graphically, the other half being fractured so that the surfaces could be
examined.

Experimental Results

General Features

Fractures were of three types: complete fractures, long-arrested frac-
tures (that is, arrest 1 to 4 mm from the compression surface), and short-
arrested fractures (that is, arrest just outside the nitride layer); at low
temperatures there were no long-arrested cracks, while at the highest tem-
peratures there were only short-arrested cracks. The fracture surfaces of
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FIG. 1—Details of test specimens.
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both S- and L-specimens were practically 100 percent crystalline even up
to the arrest fronts, irrespective of the testing temperature.

The main general effect of increasing temperature was fewer complete
fractures, and the occurrence of ‘‘kinked’’ arrest fronts formed by a
crack running further in the nitride layer, before arrest, than in virgin
material (Fig. 2). Except at the higher temperatures, arrest fronts in both
S- and L-specimens were fairly straight.

Grain size had a significant embrittling effect, with arrest in S-speci-
mens generally occurring at lower temperatures than in L-specimens, while
long-arrested cracks were not observed in L-specimens.

Mechanical Test Results

When a notch embrittlement technique, such as nitriding, is used to
facilitate crack initiation, the crack driving force cannot be controlled
and it is therefore only natural that there should be appreciable scatter in

FIG. 2—Fractograph of an S-specimen tested at 318 K, showing a typical fracture surface
and a kinked arrest front (X 25).
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the experimental results. This is of little consequence in the present in-
vestigation; indeed, it was desirable to measure the extent of crack growth
for a wide range of driving forces, which were recorded in terms of the
initiation stress intensity (K,) as determined by Brown and Srawley’s ex-
pression [4]. The extent of crack growth was expressed in terms of the
dimensionless quantity Aa/L, Aa being the amount of crack growth and
L the initial ligament depth of a notched specimen; this gives Aa/L = 1
for all complete fractures.

The S-specimen results are presented in Fig. 3 which shows that, in
general, the K, values for short- and long-arrested cracks are separated
by a threshold K; value. The term short refers to cracks for which Aa/L
< 0.4, while the term long means that Aa/L > 0.4, the latter category
including complete fractures; the distinction between short and long
cracks was quite marked since Aa/L for long cracks was rarely as low as
0.4 and then only at high temperatures (Fig. 3). The threshold K value is
given by the broken line, which essentially separates, for temperatures
up to 300 K, the highest and lowest K values for short and long cracks,
respectively. Within this temperature range, there is no apparent tempera-
ture variation of K, or Aa/L for short cracks. Figure 3 shows considerable
scatter in the higher K, values, but there is no evidence for crack arrest
being due to lower K values within this band. Despite the scatter, there
is a definite trend for K, to increase with temperature, presumably because
of the increased ductility of the nitride layer at a notch root. Between
312 and 323 K, there is a very sudden decrease of Aa/L from the typical
long-crack value (-~ 0.8) to a typical short-crack value (-~ 0.15) despite an
increasing crack driving force; this is clear evidence for a significant dy-
namic toughness increase within this temperature range. A further indica-
tion of increasing toughness with temperature is the arrest of long cracks
above 294 K despite an increasing trend in K;; below this temperature,
all cracks that initiate at K; values in excess of the threshold, propagate
to complete failure.

The most important feature of the L-specimen results (Fig. 4) is the
absence of long-arrested cracks, and another feature was the ease with
which fracture could be reinitiated at an arrested crack front. Unlike the
S-specimen situation, it is difficult to judge whether a threshold KX; value
exists; however, increasing temperature would seem to cause a transition
from complete fractures to short arrested cracks between 287 and 294 K,
and despite the scatter, there is a trend for both complete fracture and
arrested crack K values to increase with temperature. There is little varia-
tion in Aa/L up to 318 K, which is an indication of increasing toughness
since K, is increasing. Above 318 K, Aa/L rises with temperature, until
there is a large drop to a low value at 353 K; this result is extra conclusive
evidence for an increase in dynamic fracture resistance with increasing
temperature.
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The embrittling effect of increasing grain size is demonstrated clearly
by comparing the data for S- and L-specimens, the results from tests at
and above room temperature being particularly illuminating. For example,
at 312 K an L-specimen fractured completely at a K, value below that for
which cracks arrested in S-specimens, and for which Aa/L values were
rapidly decreasing as the temperature increased. Furthermore, in the re-
gion of 320 K, the Aq/L values for S-specimens are similar to or less than
the L-arrested crack values, despite their much greater X, values.
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Metallographic Observations of Fractures

Examination showed that all specimens fractured by cleavage, irrespec-
tive of the initial crack driving force (K) or testing temperature. As regards
arrested cracks, unfractured links were observed in the vicinities of both
short- and long-crack arrests in S-specimens (Fig. 5); with short cracks,
the general trend was towards more extensive links as the temperature
increased, while with long cracks the link size appeared to decrease as the
temperature increased above 312 K, coinciding with the occurrence of
kinked arrest fronts and progressively smaller arrested crack lengths.

The fracture surface profile was more regular with L-specimens than
S-specimens (Figs. 6 and 7). There were no long-crack arrests in L-speci-
mens but unfractured links were associated with arrested short cracks
(Fig. 8).

Scanning Electron Microscope Observations of Fractured Surfaces

The aim of this aspect of the work was to determine the relative
amounts of cleavage and ductile fracture associated with flat fracture
propagation and arrest. Surface examinations were conducted with speci-
mens that were fractured completely at room temperature subsequent to
arrest, and it was anticipated originally that there might have been dif-
ficulties in distinguishing between links fractured before and after arrest.

FIG. 5—Link formation in S-specimen tested at 294 K (x 100).
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FIG. 6—Fracture surface profile (transverse section) of S-specimen tested at 318 K (x 170).

In the event, however, this was no problem since ductile reinitiation of
short cracks in S-specimens was associated with a strip of ductile fracture
that was easily distinguishable from the prior arrest features, while brittle
reinitiation of long cracks in S-specimens and short cracks in L-specimens
left no markings on the fracture surfaces. This, in fact, meant that the
arrest front was difficult to locate at higher magnifications, since tem-
perature had apparently no effect on the microscopic fracture surface
features during both propagation and arrest. The fracture mode was es-
sentially 100 percent cleavage, although there were thin strips of ductile
fracture, which presumably are due to tearing across boundaries separating
grains that have cleaved (Fig. 9). When observed, ductile fracture was
always confined to grain boundary regions, and there was less ductile
fracture with L-specimens. Figure 10 shows the region near a short crack
arrest in an L-specimen tested at 331 K, the arrest front being delineated
by the out of focus region near the bottom of the figure; there is clearly
very little evidence of ductile fracture.

Discussion

The preceding section’s experimental results on flat fracture propaga-
tion and arrest in mild steel have been obtained with small laboratory
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FIG. 7—Fracture surface profile (transverse section) of L-specimen tested at 353 K
(x 120).

test specimens without the complications introduced by the presence of
shear lips, which have been eliminated by nitriding the specimen surfaces.
Furthermore, in order to focus attention on the propagation phenomenon,
initiation was facilitated by nitriding the notches. The important features
of the results are: (¢) the dominant role of cleavage as the failure mecha-
nism throughout both the propagation and arrest stages of flat fracture;
ductile failure processes seemingly play only a minor role and (b) grain
size has a marked effect on the propagation process, in that dynamic flat
fracture resistance decreases with increasing grain size, a conclusion that
manifests itself particularly by an absence of long-arrested cracks in large
grain size material. This grain size effect is in general accord with the
Charpy impact results [3], mentioned previously, which showed that both
the impact energy and also the normalized impact energy at a given tem-
perature decreased with increasing grain size.

Cottrell [5] has emphasized that plane-strain fractures can propagate
at low-stress levels because microcracks or holes are able to form and
grow within a fracture process zone ahead of the propagating crack tip.
An alternative view [6] is that the main crack bypasses locally tough re-
gions, which subsequently fracture. In both cases, the crack-tip motion
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FIG. 8—Link formation in L-specimen tested in 305 K ( X 85).

can be formally described by the climb of a group of edge dislocations;
this type of fracture is referred to as a cumulative fracture [5], because
the contribution to fracture, made by a dislocation moving through the
material ahead of the crack, accumulates continuously with the distance
travelled by the dislocation. Thus, the general picture is that flat fracture
propagates in the present material by the formation of cleavage cracks in
preferentially oriented crystals within a process zone at the crack tip,
followed by the fracture of the remaining ligaments. However, an im-
portant feature of the present work is the observation that the ligaments
also fracture by a cleavage mechanism, in other words by the same me-
chanism as that which is responsible for the formation of cracks surround-
ing the ligaments. Consequently, all the crystals in the process zone frac-
ture by cleavage, and the heterogeneous nature of the process, that is,
the formation and fracture of ligaments, is due to the relative ease by
which cleavage cracks form in the differently oriented crystals at the crack
front. Based on Tipper’s work [7], Cottrell [5] envisaged the ligaments
to fail by a plastic tearing mechanism, but this is certainly not the case
with the present material, perhaps because cleavage is encouraged by the
high-nitrogen content.

Since cleavage is associated usually with lower local strains than plastic
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FIG. 9—Fractograph showing cleavage facets with thin interfacet regions of ductile frac-
ture in S-specimen tested at 318 K (x 570).

tearing, the ligament failure mode is important with regard to propaga-
tion and arrest phenomena; thus, other things being equal, continued
propagation will be easier and arrest more difficult if the ligament failure
mode is cleavage. Following Cottrell [5] and assuming o, to be the average
failure stress of the discontinuous fracture process zone, and &, the limit-
ing plastic displacement at the crack tip, that is, @, is the crack opening
associated with ligament failure, the work per unit area of fracture is
Y, = o,%,. A change of ligament failure mode is likely to have a greater
effect on & ,than ¢, and &, will be much lower for cleavage than for plastic
tearing. Furthermore, in view of the well-known effect of grain size on
the cleavage ability of mild steel in static tests [8], @, should be smaller
with large grain size material. Consequently, it is immediately seen why
flat fracture propagation should be so easy at the relatively high-testing
temperatures in the present investigation, and moreover why grain size
has such a marked effect. However, it should be emphasized that the re-
sults described in this paper will not be truly representative of the be-
havior of typical mild steels when tested at the same temperatures, unless
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FIG. 10—Fractograph showing very little evidence of ductile fracture in L-specimen tested
at 331 K (x 125).

the latter are embrittled by, for example, neutron irradiation or strain
aging so as to promote the cleavage mode of failure at the expense of
plastic tearing.

Conclusions

1. With the particular mild steel investigated, in which shear lip for-
mation has been eliminated in small laboratory test specimens by nitriding
the specimen surfaces, cleavage is essentially the only failure mode in-
volved in both the propagation and arrest of flat fractures.

2. Increasing grain size has a deleterious effect on the dynamic fracture
resistance, in that crack propagation is easier and arrest more difficult
in coarse grain size material.
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ABSTRACT: An experimental procedure is described for accurately establishing
the dynamic fracture initiation properties of structural metals at extremely high load-
ing rates. The apparatus is an adaptation of the Koisky pressure bar (split-Hopkinson
bar) in which a 1-in.-diameter round bar specimen with a prefatigued circumferential
notch is loaded to failure by the rapidly rising tensile puise resuiting from an ex-
plosive detonation. Using the standard Kolsky technique, the average stress at the
fracture site is measured as a function of time. Crack opening displacement is
measured by optical means, as a function of time, thus yielding a complete load-
displacement record for each test. From the data the critical value of the crack-tip
stress intensity factor, K., at loading rates, Ky in excess of 10° psi \/in./s may
be obtained. This is nearly two orders of magnitude faster than has been achieved
by other standard techniques. Results are presented for dynamic tests conducted on
SAE 4340 steel and 1020 cold-rolled steel, and these are compared to results from
static tests performed on specimens of similar shape.

KEY WORDS: fracture initiation, fracture properties, experimental techniques,
explosive loading, stress waves, strain rate, metals

Nomenclature

8. Displacement due to presence of crack
D Outside diameter of bar

E Elastic modulus

F Size function

G Griffith energy release rate

J J-integral
K, Crack-tip stress intensity factor
K, Crack tip loading rate

& Equivalent fracture toughness
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v Poisson’s ratio

P Applied load

R Radius of remaining circular ligament
R, Effective radius of remaining ligament
Yield stress

t Time

¢ Relative rotation angle between grid lines
W Fundamental Moiré fringe width
w  Grid pitch

Because flaws are present in all engineering structures, whether occur-
ring naturally or as a result of some fabrication process, it has become
common practice to design against fracture initiated failures. In most
cases the fracture initiation is regarded as occurring under static or quasi-
static loading conditions. However, many loading conditions occur in
practice which cannot be treated as quasi-static, and, in these cases, the
inertia of the material as well as its rate sensitivity must be taken into
account. A potential danger arises in the use of materials which exhibit
high sensitivity to loading rate because this behavior can lead to a signifi-
cant reduction in fracture toughness and thus to unexpected failures in
service under dynamic loading.

Fracture initiation resulting from the application of dynamic loads
has received considerable attention in recent years [/-5].2 Most recent
experimental work has employed hydraulic testing machines or similar
mechanical devices to achieve rapid loading of a standard fracture speci-
men. With such apparatus, it is possible to determine the critical values
of the stress intensity factor, K., for crack-tip loading rates of up to
K, = 10% psi \in./s. However, such a loading rate is still quite low
when compared to loading rates associated with propagating cracks, nom-
inally 1072 psi \/in./s [2,4].

A somewhat different approach to dynamic testing is the Charpy test
which, because of simplicity and low cost, is perhaps the most widely
used test for measuring dynamic fracture toughness properties. While
loading times as low as 10 to 50 us have been obtained in Charpy tests
[6-8], resulting in loading rates one to two orders of magnitude faster
than dynamic machine tests, the energy measurements resulting from the
standard Charpy test are somewhat difficult to interpret in the framework
of elastic or elastic-plastic fracture mechanics.

In the present work, an experimental procedure is described by means
of which the dynamic fracture initiation properties of structural metals
can be accurately established at extremely high loading rates. The experi-
ment is, in part, an adaptation of the Kolsky pressure bar to dynamic

2The italic numbers in brackets refer to the list of references appended to this paper.
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fracture testing. However, we have further modified the technique to
allow for rapid tensile loading of a fatigue cracked specimen. This tech-
nique has the distinct advantage of achieving extremely high loading
rates, while providing a load-displacement record which is directly com-
parable to those produced in a static test on a similar specimen. A de-
termination of the loading rate sensitivity, under stress wave loading con-
ditions, of the parameters usually used to characterize fracture initiation
is therefore possible.

Experimental Apparatus

A schematic diagram of the apparatus is shown in Fig. 1. The specimen
consists of a solid round bar, with a circumferentially fatigued precrack.
Fracture of the specimen is produced by a tensile stress pulse initiated at
one end by the detonation of an explosive charge. As the pulse passes
through the precracked section, the section is loaded to fracture at an
essentially constant rate. The incident pulse is of sufficient magnitude to
fracture the precracked section while still on the rising portion of the
pulse. Using explosive loading techniques we are able to achieve fracture
within 20 to 25 us after the arrival of the tensile pulse at the precracked
section.

Specimen

The specimen consists of a solid round bar, 1 in. in diameter and 40
in. in length. A circumferential notch is machined into the bar, 26 in.
from the loading end. The notch is machined so that its faces are parallel,
and the root is sharp. A circumferentially uniform fatigue crack is grown

FATIGUED NOTCH

GRIDS
y
WE
BLAST
SHIELD
26" 14"
ExPLASVE " || incioenT sTRAIN T TTRANSMITTER
"/ GAGE STRAIN GAGE
r—— o=
» S 51
PHOTO-DIODE LIGHT
< SOURCE

FIG. 1—Schematic diagram of apparatus.
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in from the root of the notch, leaving an unfractured ligament slightly
less than Y2 in. in diameter. Fatiguing is accomplished in an apparatus
designed by Mylonas and Hermann [9] which produces a concentric fatigue
annulus. Figure 2 shows the prefatigued annulus on the fracture surface
of a specimen.

Two sets of strain gages are attached to the specimen. The first set is
placed 8 in. from the loading end. These gages are used to measure the
incident pulse as it propagates down the bar toward the notch and are
referred to as incident gages. Their location is such as to be sufficiently
far from the loading end to ensure that the transients induced by the load-
ing are not recorded, and far enough from the notch so that the reflections
returning from the notch faces do not interfere with the measurement
of the incident pulse.

The second set of gages, called the transmitter gages, is located 1 in.
beyond the notch. These gages measure that portion of the pulse trans-
mitted through the notched region. Kolsky [/0] has shown that the trans-
mitted pulse in his pressure bar experiments provides a direct measure of
the average stress in the specimen. Generalizing the specimen to a region
containing the notch, it becomes evident that the magnitude of the trans-
mitted pulse is directly proportional to the average net section stress at
the fracture site. Further analysis of the Kolsky pressure bar technique

FIG. 2—Fracture surface of prenotched steel bar showing annular fatigue crack.



COSTIN ET AL ON FRACTURE INITIATION IN METALS 305

indicates that when the pulse length is long compared to the notch width,
the loading at the notched section may be viewed as quasi-static for pur-
poses of analysis. Thus the results of stress analysis of circumferentially
notched round bars may be employed, whether this analysis be elastic
[11] or elastic-plastic [12]. The transmitter gages are located close enough
to the crack so that no significant amount of dispersion of the pulse has
occurred when the measurements are made, yet far enough away to en-
sure that measurements at the surface accurately reflect the character
of the transmitted pulse. The outputs of the gages are recorded on an
oscilloscope. An oscilloscope photograph of the incident, reflected, and
transmitted pulses from a typical test is shown in Fig. 3.

Measurement of Crack-Opening Displacement

Accurate measurement of the crack-opening displacement as a function
of time is achieved by using an optical device based on the phenomenon
of Moiré fringes. Moiré fringes are produced when light passes through
two transparent gratings mounted face to face with their rulings nearly,
but not quite, parallel. Our device employs matched sets of grids that are
produced photographically and fixed to the specimen so that any relative
displacement between the outer edges of the notch causes an identical
relative displacement between the two grids.

The first grid is produced by making a contact print of a master grid
of the desired pitch (distance between rulings) on one end of a 1 in. by 3
in. high-resolution, glass photographic slide. The slide then serves as a
master for the second grid which is produced directly on the specimen.
In preparing the specimen, two narrow flat areas are machined on op-
posite sides of the bar extending approximately 3 in. to either side of the
notch. Each of the flat areas accommodates a set of grids, one on the
glass slide and one on the specimen.

50 i seconds

INCIDENT

9800 Ibs.

TRANSMITTED

10 p seconds

FIG. 3—Oscilloscope traces showing incident and reflected pulses above, and transmitted
pulse below.
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The grids on the specimen are located on the flats just before the notch
on the incident side of the bar. They are produced using a photoresist
process [13], which employs a special emulsion that can be spread directly
upon the polished metal flat surfaces, allowing a contact print of the grid
on the glass slide to be produced directly on the specimen. A jig, as
shown in Fig. 4, is used to hold the glass slides in place on the specimen
during this process. Once the matching sets of grids are produced, the
glass grids, still held in the jig, are positioned over their counterparts on
the specimen and cemented to the flat portion of the bar on the transmitter
side of the notch. The jig is removed prior to testing, leaving the complete
assembly as shown in Fig. 5. After the grids are mounted in the experi-
mental configuration, light is supplied to the grids and returned to a
photodiode through bifurcated fiber-optic tubes. The output of the diode
is recorded on an oscilloscope.

In order to explain fully how the measurement technique works, it is
first necessary to provide a few details of the theory of Moiré fringes. As
mentioned earlier, Moiré fringes are produced by optical interference when
light passes through two grids of similar pitch whose lines are nearly, but
not quite, parallel. If the rulings are exactly parallel, the superimposed
grids will appear of uniform brightness. But if the rulings are not quite

FIG. 4—Jig used to position grid slides.
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FIG. 5—Optical extensometer mounted on specimen.

parallel, the grids appear to be spanned by a number of equally spaced
shadows or fringes which run perpendicular to the rulings. The width of
these fringes, W, depends on the rotation angle between the two grids and
is given by Guild {14, 15] as

=¥ 0))
w 9
where
w = pitch of the grids and
6 = rotation angle between the rulings of the two grids.

The fringe width is significant, since it governs directly the strength of the
output signal of the photodiode. The photodiode, with oscilloscope read-
out, responds only to changes in light intensity. To attain an output from
the photodiode sufficient to record on an oscilloscope, it is necessary to
maximize the variations in intensity caused by the fringes passing across
the field of view. The field of view in this case is the portion of the grid
covered by the end of the fiber-optic tube. This maximizing condition is
achieved when the ratio of optic tube diameter to fringe width is one half,
causing the intensity to change from complete shadow to complete light
as the fringes move across the end of the tube. In practice a suitable fringe
width is achieved by aligning the overlapping grids to the proper angle ¢
with the jig when cementing the glass slides in place.

When relative motion between the two grids takes place, the Moiré
fringes move across the field in a direction perpendicular to themselves
(parallel to the grid lines), at a speed independent of. the angle between
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the two sets of rulings. The photodiode and oscilloscope record the re-
sultant oscillations in the light intensity. The number of light-dark cycles
recorded for a given amount of relative displacement between the two
grids depends greatly on the circumstances of observation and must for
all practical purposes be determined experimentally for any particular
test arrangement. For our test arrangement, it was determined that two
light-dark cycles are recorded when the grids are displaced a distance of
one pitch relative to each other. In the dynamic tests we use grids of pitch
w = 1200 uin./line. Thus one cycle corresponds to 600 win. of relative
displacement. Figure 6 shows a typical oscillograph from a dynamic frac-
ture test, on which the corresponding crack-opening displacement is labeled.

This measurement technique has two advantages which make it ideally
suited to dynamic measurement. First, the reaction time of the device is
far less than the rise time of the loading pulse, resulting in accurate mea-
surement of displacements occurring during the 20 us of loading. Second,
once the grids are in place on the specimen, no calibration of the device
is required, since the relationship between fringe cycles and displacement,
once established for the type of grids used and the experimental configura-
tion, is fixed for all time. This is a definite advantage since the specimen
and more specifically the notch tip need not be disturbed for calibration
purposes prior to testing.

Explosive Loading Technique

‘The tensile pulse used to load the notched section of the bar is produced
by detonating an explosive charge on a loading head attached to the end
of the bar by a large bolt. The loading head (see Fig. 1) is shaped so that
the compressional wave produced by the explosion is directed at the head
of the bolt. Reflection of the compressional wave from the back face of

/ “""lroullh--- '
b LT Ty

10 p seconds

FIG. 6—Output of optical grid system with corresponding linear displacements.
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the loading head produces a tensile pulse in the bolt, which is transmitted
to the end of the bar.

The rise time achieved using this technique is approximately 20 to 25 us
as measured at the incident gage. However, due to dispersion of the pulse
as it propagates down the bar, the rise time of the pulse when it reaches
the fracture site is 35 to 40 us. Since fracture of the specimen occurs within
20 to 25 wus, it is clear that fracture initiation occurs well within the rising
portion of the pulse.

Analysis of Data

Construction of the Load-Displacement Curve

The data recorded from each dynamic test are in the form of photo-
graphs of oscilloscope traces. The transmitted load, as a function of time,
is calculated directly from the photograph of the transmitted pulse. Figure
3 shows a trace of the transmitted pulse from a typical test with the cor-
responding load and time scales given. Crack-opening displacement as
a function of time is calculated from the oscilloscope trace of the output
from the optical extensometer, a typical example of which is shown in
Fig. 6. As shown, one cycle equals 600 uin. in displacement. To construct
the complete load-displacement curve for each test the load-time curve
and the displacement-time curve are plotted using the same time scale as
shown in Fig. 7.

A common zero time point is established between the two curves by
considering the trigger times of the oscilloscopes and taking into account
the time delays between the arrival of the pulse at the various data re-
cording positions on the specimen. Once a common zero is established,
time is eliminated between the two plots, resulting in a load-displacement
curve for the dynamic fracture test. The load-displacement curve for speci-
men C-9 is shown in the upper portion of Fig. 10.

Calculation of Fracture Parameters

Having determined the load-displacement curve for a test, the various
fracture initiation parameters of interest can be calculated. For a nominally
brittle material the parameter of interest is K., the plane-strain fracture
toughness. K, is calculated according to Ref 1/ as

K = ;r%—z\/’wﬁ F <%R> @)

where
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FIG. 7—Load-time and displacement-time curves for typical test.

R = radius of the remaining circular ligament after fatiguing,
P = applied load,
D = outer diameter of the bar,
2R . .
F < 3) = size function,

2R
< “2) <1

for

0<

S

<1

F(Y) ~0.48.

The load P used in calculating K. from Eq 2 is determined from the
load-displacement curve in accordance with the American Society for
Testing and Materials’ standards by using the 5 percent slope offset pro-
cedure.

In order to apply linear elastic fracture mechanics, the size of the crack-
tip plastic zone must be small compared to the nominal dimensions of
the specimen. As a criterion for a valid K| test
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R22S5 ( &> 3

is used, where o, is the yield stress of the material determined at a strain
rate comparable to the strain rate achieved near the crack tip during the
fracture test. For our dynamic fracture tests, the corresponding dynamic
yield stress was determined using the method of Frantz and Duffy [16].

For the case of small-scale yielding where the plastic zone might be
slightly larger than the given limit, a plastic zone correction can be ap-
plied [17]. Using an effective ligament radius of

Ry=R - (&)2 @)

67\ oy,
instead of R in the calculation of K results in a better approximation of
the plane-strain fracture toughness.

When testing more ductile materials such as mild steels, the specimen
size used here may be insufficient to contain the plastic zone within the
limits just described. Analysis of such tests is beyond the scope of linear
elastic fracture mechanics, and thus one must use a fracture criterion
which is valid in the elastic-plastic realm. For this purpose Rice’s J-integral
is used [18]. Begley and Landes [19] have shown that the J-integral pro-
vides a fracture initiation criterion for cracks under plane-strain condi-
tions from essentially elastic to fully plastic behavior. Paris [20] has sug-
gested that a possible criterion for a valid J-integral test is

RZ250 e %)

%yp

This criterion was used in evaluating the validity of the results presented
here. ) .

Rice, Paris, and Merkle [21] have shown that the J-integral for a notched
round bar can be expressed as

B 1 P (6)
J = Mz[ajo Pds, pac]

where §, is the load-point displacement due to the presence of the crack.
For Eq 6 to be strictly valid, the displacement measure used must be the
work conjugate of P. Using crack opening displacement from our experi-
mental data is thus only an approximation of the load point displacement.
However, as will be shown, this approximation does not cause a signifi-
cant error. The key assumption made in deriving Eq 6 is that the radius
R is the only specimen dimension of significance. This assumption is valid
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as long as the plastic zones do not extend to the surface of the bar. It
should also be noted here that the J-integral is limited to problems where
no unloading takes place and the deformation theory of plasticity is a
realistic approximation of the elastic-plastic behavior. This, of course,
rules out materials which exhibit significant subcritical crack growth prior
to initiation of an unstable fracture, since crack growth implies unloading
near the crack tip.

Using Eq 6, J can be evaluated directly as a function of displacement
from the load-displacement record. A critical value of J, J,., can be de-
fined as that point on the J versus & curve where crack growth is initiated.

A direct comparison can be made between the J-integral and the plane-
strain fracture toughness by considering that for a specimen in the linear
elastic region

J=§ == M

where

E = elastic modulus,
Poisson’s ratio, and

Griffith energy release rate.

v
g

Once J,_ is determined, an equivalent K, can be calculated from

EJ, 7"
e [_EJi ®
K [( )]

1 — »2

where K¢ may be interpreted as the value of the plane-strain fracture
toughness one would measure had a large enough specimen been used to
achieve a valid test according to Eq 3.

The final parameter of interest in dynamic testing is K, which is defined
usually as

K, = ©)

where ¢ is some characteristic time of the test. Here ¢ is taken as the time
required to load the crack from the unstressed condition up to the critical
value of K;.. Thus for a dynamic test ¢ is approximately 25 us, whereas
for a static test ¢ is usually on the order of 60 to 90 s.

Results for Two Steels

Tests on two quite different steels have been conducted using the dy-
namic fracture technique described. The first is SAE 4340 steel which,
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in the heat-treated condition, has a static yield strength of 205 ksi and
fractures in a nominally brittle manner. The second is 1020 cold-rolled
steel, which is both ductile and rate sensitive with a static yield strength
of 66 ksi. The results presented demonstrate the full capability of the
technique to test both brittle and ductile materials at high rates of loading.
Also presented are results of static fracture tests conducted on the same
specimen shape and materials so that a direct comparison between dy-
namic and static fracture initiation properties can be made. The static
tests were performed using a 120 000-lb-capacity testing machine. The
crack opening displacement was measured using a double-cantilever exten-
someter. The notched region of the static specimen was modified slightly
from that of the dynamic specimens in order to accommodate the knife
edges required for the extensometer.

SAE 4340 Steel

Dynamic and static fracture specimens of 4340 steel were heat treated
in the following manner: normalized for 1 h at 1600°F, austenitized at
1550 °F for 1 h and oil quenched, then tempered for 1 h at 600°F, resulting
in a Rockwell C hardness of approximately 48. Typical load-displacement
curves for the static and dynamic tests are shown in Fig. 8. The J-integral
and K, were calculated for each test as described previously. All tests
satisfied the plane strain requirement given in Eq 3. In Fig. 9 the J-integral
for both a static and a dynamic test is plotted as a function of crack
opening displacement. Also shown in the figure is a plot of the energy
release rate, §, versus crack opening displacement. G is calculated from
the load displacement curve at a given displacement using Eq 2 and the
relation

g ="=(-» (10)

The good agreement between the curves of § and J for this material, as
shown in Fig. 9, is entirely expected since in the linear elastic region J =
G. Because § is calculated independently of J, their agreement in the linear
elastic region provides a basis for justification of the assumptions made
in calculating J. A summary of the results of the tests on 4340 steel is
presented in Table 1.

The results from the static tests agree with those of Kula and Anctil
[22] who have done extensive testing on 4340 steel using a variety of speci-
men shapes. While the loading rates for the static and dynamic tests differ
by six orders of magnitude, there is essentially no difference in the frac-
ture initiation properties of the material under static and dynamic con-
ditions. Cox and Low [23] suggest that fracture of 4340 steel occurs by
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F1G. 9—Static and dynamic J-integral for 4340 steel.

nucleation of voids from manganese sulfide inclusions. However long be-
fore the voids coalesce by impingement they are connected by the rapid
formation of void sheets composed of small voids nucleated by the ce-
mentite precipitates. This interruption of the void coalescence process at
an early stage, suggests that the fracture process is nearly rate independent
as confirmed by our results, since little plastic action is required to link
the voids.
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TABLE 1—Summary of results for 4340 steel.

K, psiyin/s K ksiy in. Jiepsi-in. K fksiv in.
Dynamic 2 x 10° 51 100 57
Static 1 x 103 57 95 56

TABLE 2—Summary of results for 1020 cold-rolled steel.

K, psiyin/s K\ ksiyin. Jipsi-in. K, fksiyin.
Dynamic 2 x 10° 64.2 124 63.9
Static 1x10? 400 115

SAE 1020 Cold-Rolled Steel

Typical load-displacement curves for dynamic and static tests are shown
in Fig. 10. In contrast to the results from 4340 steel, there is a considerable
difference between the dynamic and static curves for 1020 cold-rolled
steel (CRS). The two curves agree up to the point of fracture initiation
on the dynamic curve. However, the static curve shows nearly a twofold
increase in crack-opening displacement and appears to have nearly reached
limit load at the onset of rapid crack propagation. The curves of J-inte-
gral and energy release rate versus crack opening displacement are shown
in Fig. 11. For the static tests a valid K, value could not be determined.
However, for the dynamic tests, the plastic zone size is considerably
smaller due to the elevation of the flow stress near the crack tip caused
by the rapid loading, thus a K, value was calculated with the aid of the
plastic zone correction. All specimens satisfied the requirement for a valid
J-integral test given by Eq 5.

For any materials where the load-displacement curves show that signi-
ficant plastic deformation has taken place, one must raise the question
as to whether any subcritical crack growth has taken place. Identifying
the point during the test where crack growth initiates, whether subcriti-
cally or not, is important since the J-integral is not valid as a fracture
parameter beyond this point. In order to determine this point, further
static tests on 1020 CRS are currently being conducted and preliminary
results indicate that no subcritical crack growth takes place until very near
the point of rapid crack propagation. In Fig. 10 this would correspond
to no crack growth up to the point of 5.~ 4500 nin. Table 2 gives a sum-
mary of the results for 1020 CRS. For the static tests J,_ is estimated based
on the point where subcritical crack growth is believed to begin.

Under microscopic examination, the fracture surface of the dynamic
1020 CRS specimens appears quite similar to that of the static specimens,
both indicating that transgranular cleavage is the primary mechanism of
fracture. This implies that the large rate-sensitivity of fracture initiation
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in this material arises from an inherent strain rate sensitivity and that the
fracture initiation is governed by a critical stress criterion such as one
proposed by Ritchie, Knott, and Rice {24].
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Conclusions

The experimental technique described here is designed to determine
the parameters usually used to characterize fracture initiation in struc-
tural metals under extremely high loading rates. The technique has the
capability of accurately determining a load versus crack-opening displace-
ment record for a specimen which is loaded to fracture in approximately
25 us. This corresponds to a crack-tip loading rate in excess of 10° psi
Vin./s, over two orders of magnitude faster than the loading rate
achievable by a dynamic machine test. Data from this dynamic fracture
apparatus, when compared to static data from similar specimens, provide
a direct means of determining the sensitivity of fracture toughness to
loading rate. Such sensitivity could arise from inherent strain rate effects,
or from a conversion of fracture mechanism induced by the rapidly ap-
plied loads. It is also noteworthy that the loading rates achieved with this
technique approach those which are presumed to exist in the vicinity of
a rapidly propagating crack tip. Thus, the technique could also be em-
ployed to provide useful information on the effect of high local loading
rate during crack propagation.
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ABSTRACT: The strain energy released per unit of axisymmetric crack surface created
statically can be expressed in terms of a J-integral related quantity. However, as
soon as the crack starts to move only part of this energy will actually flow to the
dissipative regions close to the crack tip and the rest will be distributed as kinetic
and potential energy in the structure.

An energy balance at the crack tip requires that the flow of energy to the tip must
be equal to the fracture energy, which for a given material is supposed to be a
specific function of the crack-tip velocity. The energy flow is assumed to be expres-
sible as the static strain energy release rate, times a dynamic screening function,
which depends on the instantaneous crack-tip velocity only.

By using numerically calculated values for the strain energy release rate, an analytic
expression for the dynamic screening function, and experimentally found data for
the velocity dependence of the fracture energy, it has been possible to predict the
motion of a penny-shaped crack in a bar of polymethylmethacrylate under uniaxial
tension. The agreement with a small series of simple experiments is good.

KEY WORDS: axisymmetric, crack propagation, nonuniform velocity, penny shaped,
polymethylmethacrylate, J-integral, quasi-dynamics, dynamics, fracture properties

The rigorous treatment of dynamic crack problems started in the 1950s,
with the appearance of the classical paper by Yoffe [/].2 Later the subject
was treated by Craggs [2] and Broberg [3,4]. These works concentrated
on plane problems and Kostrov [5] was the first to attack the axisymmetric
problem of an expanding penny-shaped crack. Kostrov’s work was fol-
lowed by Craggs [6] and Atkinson [7]. What all these early contributions
have in common is the assumption of a constant velocity of propagation.
It is only recently that problems have been treated where the crack is ex-
panding at a nonuniform velocity, notably by Eshelby [8] and Freund [9].

1Senior staff scientist, Institut CERAC S.A., Centre Europeen de Recherches, Atlas
Copco, CH-1024 Ecublens, Switzerland.
2The italic numbers in brackets refer to the list of references appended to this paper.
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Lately the writer has proposed ways of circumventing the restrictions in
earlier papers when configurations of finite size are at hand, Bergkvist
[10,11].

Following the same main lines in the present work, it is possible to
make an approximate analysis of the propagation of an axisymmetric
crack at nonuniform velocity in a finite body.

Dynamic Crack Problems in General

A basic assumption in the present analysis is that the crack can be con-
sidered as dominant, which rules out, for example, configurations where
extensive crushing of the material takes place. Furthermore the material
is assumed to behave linearly elastic.

In formulating the energy balance at the crack tip the notation from
Bergkvist (/0] is followed. Thus, the flow of energy to the tip of the crack
is denoted by G, and the energy dissipation, which is assumed to take
place in localized processes in the immediate neighborhood of the crack
tip, per unit of crack extension, is denoted by 2v,. Introducing as a frac-
ture criterion the equivalence between these quantities, that is

G =2 (1)

a relation will be obtained from which the crack motion can be determined.
The quantity 2v, in Eq 1 should be thought of as a material property.
There seems to be both experimental and theoretical support for the idea
that 2v, should be a function of crack propagation velocity. This material
property and its variation with crack-tip velocity thus has to be determined
in a separate series of experiments, for example, along the guidelines de-
scribed in Ref 20.

The energy flow to the crack tip, G, on the other hand will depend on
the loading situation, the dimensions of the configuration, and particularly
so on crack size, crack-tip velocity, and, in a general case, possibly also
on higher time derivatives of crack size, that is, the entire elastodynamic
problem has to be investigated.

In cases where the crack is propagating at a constant velocity as well
as in some special cases of nonuniform crack propagation, G can be
shown to take the following general form

G(a,0) = G(a,0) w(c) 2)

where @ denotes a characteristic dimension of the crack and c the instanta-
neous crack-tip velocity, and where furthermore G(a,0) is the strain
energy release rate valid for the same crack size in the static case, G

stat*
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Thus, the strain energy released from the field G, will not flow en-
tirely to the crack tip in case of a moving crack, since a screening effect,
expressed by the function w comes into play due to the changes in the
near crack-tip stress and strain fields with crack-tip velocity [10,11]. The
rest of the strain energy released is distributed as kinetic and potential
energy in the structure.

For a given Poisson’s ratio, the function w depends only on the instan-
taneous crack-tip velocity c¢. For the so called Broberg problem, that is,
a crack of initial length zero, expanding at constant velocity in a large
body under plane-strain conditions, w can be extracted from Ref 4 as done
in Ref 10. Denoting w by w* the function is given in Fig. 1.

For the case of a semiinfinite crack extending at nonuniform velocity,
the function w is given for the general Mode III case in Ref 8 and for the
Mode I case in Ref 9.

In the following section and in Appendix I the function w will be calcu-
lated for a penny-shaped crack expanding at constant velocity.

Axisymmetric Case

Consider a large body subjected to a uniaxial stress p, at infinity. When
a penny-shaped crack of radius @ is opened up statically and perpendic-
ularly to the direction of the stress field, an amount W of strain energy
will be released.

This quantity will be

_ 81 - v)pya’ @3
W= 3E )

see for example, Sneddon and Lowengrub [15]. Here the elastic constants
are denoted by E and v for Young’s modulus and Poisson’s ratio, respec-
tively.

The strain energy release per unit of area created will thus be

AW _ 1 aW _ 41 - )
9A  2ma da nE

Poza = Gstat (4)

It could be noted that this expression differs by a factor of (2/7)? from
the one valid for the plane-strain case.

In the dynamic case when a penny-shaped crack is expanding at con-
stant velocity in a large body, the energy flow to the crack tip can be eval-
uated from the works by Kostrov [5], although numerous printing errors
seem to exist in this reference. For the details of this analysis, refer to
Appendix I.
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The principal result can be expressed in the same way as was done in
Eq 2. Here, G(a,0) = G, is given in Eq 4, and the complicated expres-
sion for w = wy is given in Appendix I, Eqs 17 and 18.

In Fig. 1 w = w, for the axisymmetric case and the corresponding func-
tion w = w* for the plane case are given versus propagation velocity for
different values of Poisson’s ratio. It should be noted that in contrast to
results by Tsai [/6], which presumably are in error, both functions have
the property of going to zero when the propagation velocity approaches
the Rayleigh wave velocity c,, thus indicating that c, is a theoretical upper
limit for the crack propagation velocity also in the axisymmetric case.

Quasi-Dynamic Approach

In Ref I4 is given a fully dynamic analysis of the acceleration phase
of a crack of finite length extending under plane-strain conditions in a
large body. In Ref 10 a quasi-dynamic analysis, that is, assuming G to
be dependent on crack size and crack-tip velocity but not on higher time
derivatives of crack length, has been carried out. A comparison indicates
that the vastly simpler quasi-dynamic method gives results that deviate
from those of the complete analysis only by 10 percent at the most.

Thus, in the quasi-dynamic approach it is assumed that in bodies of
finite dimensions the energy flow G to the crack tip can be expressed as
the static strain energy release rate G,, times an appropriate dynamic
function, depending on the instantaneous crack-tip velocity only. In a
plane case the static strain energy release rate, G,,, can be computed
by incorporating a J-integral calculation in a finite element procedure,
since G, = J.

J-Integral in the Axisymmetric Case

The preceding approach to the analysis of penny-shaped cracks is com-
plicated by the fact that the J-integral is not path independent in the gen-
eral axisymmetric case as pointed up by Broberg [/7]. Since, however,
plane-strain conditions are present in a small region close to the tip of
the crack, approximate path independence will hold for integration loops
sufficiently near the crack tip.

Consider Fig. 2. Using an ordinary cylindrical coordinate system the
J-integral counterpart takes the following form, where second order terms
have been neglected in the derivation of the expression

. du, u, .
Jg = JP ‘ Wdz — [v,—a—’;—cosdz + o,z<——5;sm|p
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z 4

ds

A /2

7 .

FIG. 2—The integration path (only upper half shown) around the crack tip.

du, ou, . }
+ 3, COS ¢> ——azwsm‘}z]ds +
-1 ou,
JA rs <%6¢ — 0, = %{5) dA ©)

Here standard notations, u, ¢, and ¢ have been used for displacement,
strain, and stress, respectively and W for the strain energy per unit volume.
Other quantities are defined in Fig. 2.

Since the first integral is the J-integral valid in the plane-strain case

! ou,

Je=J + JA - <U¢e¢ - 0., — U’Z—67> dA ©)

Denoting a small distance from the crack tip by 6, theno ~6-%, ¢ - §-%,
and dA - 6dé. Thus, the second integral will be proportional to 6/r which
tends to zero when 6 is small with respect to r, that is, for integration
loops close to the crack tip, and thus in the limit
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Jo = limJ )

=Ty

where I' is a path infinitesimally close to the crack tip.

Numerical and Experimental Results

In a numerical and experimental verification of the foregoing analysis,
a cylindrical specimen containing a penny-shaped crack having its plane
perpendicular to the axis has been studied. The material chosen has been
polymethylmethacrylate (PMMA) and two geometries, diameter 40 and
60 mm, have been investigated, each one at three different levels of axial
load.

Before the experiment a 2-mm-diameter steel rod was pushed down a
narrow hole drilled along the axis down to the prospective crack plane.
After having put the specimen under the desired axial lodd, the crack
propagation was triggered by letting a small gas gun driven projectile
impact on the steel rod. A small penny-shaped crack was then formed,
and the subsequent motion of the crack is determined by the applied ten-
sile stress field.

The interception of a laser beam by the tapping projectile also triggered
an image converter camera and a flash to give 10 frames, typically 5 us
apart, showing the crack growth, and thus giving a discrete crack size
versus time record for the event. An example of such a record is given in
Fig. 3, and in Fig. 4 a specimen in its fixtures is shown after a completed
test. By changing the delays in the trigger circuits, different parts of the
crack propagation event can be covered in subsequent experiments.

—Ee- - e O

FIG. 3—A set of 10 image converter camera pictures of an extending penny-shaped crack
taken 5 us apart. The camera axis is inclined with respect to the crack plane, which makes
the crack show like an ellipse.
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FIG. 4—A specimen after completed test. Surrounding the central part of the specimen is
a rectangular block of PMMA which is used to diminish the image distortion due to the
cyvlindrical geometry of the specimen.

One series of the experiments may serve as an illustration of the results
obtained. In Fig. 5 the velocity versus crack size records for one series
of experiments have been plotted. The velocity has simply been obtained
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as the crack size difference between each two frames divided by the time
difference. Although some scatter will be present in the individual results,
the overall picture seems to give also quantitative data.

The solid curve is the corresponding calculated relation between crack
velocity and size, obtained in the following way.

J; has been calculated using 4-node isoparametric elements from a
modified EUFEMI-code [2]], implemented on a Hewlett-Packard 3000
system. Typically 500 degrees of freedom have been used, and the calcu-
lations cover a ratio between crack radius ¢ and outer specimen radius
a., from 0.10 to 0.95. For an integral path of given size, the largest
relative contribution to J, from the second term in Eq 6 should be expec-
ted for the smallest cracks. For a/a.,, = 0.2 and a typical integration path
radius of 12.5 percent of a.,, the contribution is of the order of 20 per-
cent and can thus hardly be neglected.

By equating the expressions in Eqs 1 and 2 one obtains

G(a,c) = G(a,0) w(c) = 2v{c) 8)

By using the fact that, for a given load
G(@,0) = Gy = Jp(a) &)
and by using w = w,, the dynamic screening function for the infinite
axisymmetric case z:d the relation for the velocity dependence of 27,

from Ref /1 based on work by Paxson and Lucas [20], Fig. 6, a relation
between crack size and crack-tip velocity can be obtained when

274(c) (10)
w(c)

Jp(a@) =

is solved for a = a(c).
As seen from Fig. 5 the agreement between analysis and experiments
is good.

Discussion

A quasi-dynamic analysis, obtained by assuming the energy flow to
the crack tip to be the static strain energy release rate times a dynamic
function depending on the instantaneous crack-tip velocity only, seems
to be valid also in an axisymmetric configuration. Experimental results
tend to support the use of the dynamic function w = wy for an infinite
body also for configurations of finite size. The slight discrepancies for
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large ratios of crack size to specimen diameter might indicate that the
assumption of fixed load does not hold throughout the experiment.

To be able to take full advantage of this method of analyzing rapidly
moving penny-shaped cracks, knowledge of the relation v, = 7(c) for a
wide range of materials is necessary. The use of an extremely stiff tension
testing apparatus for strip experiments along the guidelines of Paxson
and Lucas [20], therefore, seems to be of vital importance.

APPENDIX I

Energy Flow to the Crack-Tip for a Penny-Shaped Crack Expanding at Constant
Velocity

Consider the situation of a penny-shaped crack of radius a, expanding at con-
stant velocity ¢ due to a uniaxial stress field ¢.° at infinity, acting perpendicularly
to the plane of the crack.

Then the energy flow G can be obtained from the work by Kostrov [5]. In fact

B 702 a{[l = (c/e) A" = (/)N = [1 = Yalc/e)?]?} an
¢= 84 ¢2[1 — (c/c) ] I7(0)

where
u = shear modulus,
¢ = crack propagation velocity,
¢, = velocity of equivoluminal waves, and
¢, = velocity of irrotational waves.
and
e + (1/¢)i? —x[x + (1/¢c)?] % x + (1/¢,)* %
I¢) = } 72 : v dx (12)
Jo x + 1/¢)?lx + (/1™
Introducing
k=c/cy (13)
A = 1/c}
and
Vv = C/cd

Eq 11 reads
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mwa 3 - 4k?
E 8(1-k)

[ -v)*Qa - wk)H” - (1 - Y% (v/k)?))
X

(14)
1 - v) " F2(k,v)
where
F(k,v) = ¢, I(c) = k I(c)
> r \/171
Furthermore the relations
1 -2
2
=y (13)
and
E
= 1
T (16)

have been used.
To evaluate I(c) the following procedure is made

Ko) = }\i{m {, - L}
where

I, = dx

J'N (x + A/2k?)?
L, e+ A/VHE(x + A)”

I J’” X(x + A/k?)"
2o (x + A/VY)?

[+]

After suitable variable substitutions and integration by parts one arrives at the
final result

k 1 1 T 1 h?

h? 1 [« 17k g g }
—m——\/—7<—2——arctan—\/7><2e+7> +7ﬁm (17)
where

d=1/n -1

e = 1/k? — 2/v?
f=1/v: = 1/k?
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i

1
72 (/v - 1/k?)
ho= 1/2k* - 1/v?

As a check of the result obtained, the limiting value for G when the velocity tends
to zero is sought.

fi

2
10 0% 3 — 4k?

Cua = MG = —p— s =%

« Tim { [ - v)" (1 - Wk - (1 ~ %BE/kHY
—0 (1 — v)"2 F¥k,v)
One finds
lim Fv) = & (= - 1) wk
o 5V I k2 vV
and
i | (L= ¥ (= 070D — (1 = YB/k) ; v (1
v=0 (1 - v~ T2 \k?
And so
o % 34
stat ‘II’—E—_ (1——,62)7
or using Eq 15
002a
G = === 41 — ¥}

which corresponds to the expression from Ref 15 for the static case.
Thus, in the dynamic case, Eq 11 could be written

G =Guw

(- k) [ - vH* A = (WY =~ (1 = Yk
8 (1 - v F¥k,v)

(18)

W= wg =

wy is plotted for different values of k, that is, different values of Poisson’s ratio
in Fig. 1.
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ABSTRACT: The use of a surface deposited resistance grid technique for crack veloc-
ity measurements and the extension of its general applicability to brittle solids by the
incorporation of a circular time base for single shot, open shutter oscilloscope record-
ing is described. For metal specimens a more direct crack velocity measurement pro-
cedure was used, and it was found that the dynamic potential drop across the faces
of the propagating crack obeyed an equation of the form Vgynamic = 4-v-c, where v
is the crack velocity, ¢ the crack length, and A an empirical constant. Crack velocity
profiles for three-point-bend tests on polymethylmethacrylate and a variously tempered
tool steel are presented.

KEY WORDS: crack velocity, crack propagation, metals, nonmetals, bend tests,
dynamics, fracture strength, fracture properties

Nomenclature
¢ Crack length
¢, Initial crack length
¢,, Crack length at velocity minimum in tension-impact tests
E Elastic modulus
K,, Dynamic fracture toughness
K,. Fracture toughness (static)
K, Equivalent stress intensity factor for blunt notched specimens
K, Stress concentration factor
V' Voltage
v, v Crack velocity
p Density
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o Net section stress at fracture

o, Prestress used in tension-impact tests

A surface deposited resistance grid has been used previously [/,2]2 to
measure crack velocities in electrically insulating solids that were in plate
form with smooth, impervious surfaces. The basic assumption in the mea-
surements was that the crack front spread through the plate normal to the
plate surface so that monitoring fracture at the surface gave an adequate
assessment of fracture propagation in the bulk material. The present
paper describes the development of some velocity measurement techniques
for ceramics and metals, and some velocity data are reported.

The details of the surface grid procedure have been published pre-
viously [/], and it was found that evaporated grid legs, either 0.25 mm
wide spaced 1 mm apart or 1 mm legs spaced at 3 mm intervals, were
satisfactory for a wide range of measurements. In making the resistance
grid, the legs nearer to the fracture origin were made shorter to produce
an almost equal change in potential across the grid as successive legs were
broken by the moving crack.

In previous experiments [/,3] it was shown that the acceleration of a
brittle crack, starting from an edge notch in a plate loaded monotonically
to fracture in uniaxial tension, agrees with the theoretical predictions of
Mott [4] and Berry [5]. In those experiments the measurements were per-
formed mainly on polymethylmethacrylate (PMMA) using the surface
deposited grid procedure. Such data could either be presented as the aver-
age crack velocities for the ligaments between adjacent grid legs or as the
accurately obtained time and crack length measurements interpreted by an
iterative procedure using the integrated form of the Berry equation [3,5].
The latter alternative allows an accurate assessment of terminal crack
velocity and an indication of the ratio of actual stress to Griffith’s frac-
ture stress for the specimen.

Crack Velocity Measurements in Ceramics

The monitoring of fast moving cracks in PMMA and a soda-lime-silica
glass was performed quite easily in both simple tension and combined
tension-impact tests using the surface deposited grid [1,2,3]. However,
attempts to extend the measurements to polycrystalline ceramics caused
increased experimental difficulty on three accounts. First, crack velocities
of the order of 3500 m/s were expected and were observed in the early
experiments. Second, it was found impossible to evaporate satisfactory
grids onto porous ceramic surfaces. Third, and most difficult to circum-
vent, it was observed that both in monotonically loaded and in tension-
impact tests the crack sometimes propagated very slowly at first then
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accelerated rapidly. For instance, a crack might run at 200 m/s initially
for an appreciable distance compared to the distance from the trigger leg
in the grid to the crack tip, then rapidly accelerate to the terminal velocity
for the material.

This wide range of velocities and the variability of the break out of
fracture from specimen to specimen made single shot oscilloscope work
virtually impossible. This was because the choice of a slow oscilloscope
sweep rate would record the initial relatively slow crack growth, but in
the range where the crack began to move very fast the horizontal time
legs were too short to measure accurately. A faster sweep rate in some
cases only recorded part of the time taken to break the first grid leg.

This variability of fracture behavior was experienced with reaction
bonded silicon nitride, polycrystalline alumina, and polycrystalline mag-
nesia, and it became evident that a modification in the experimental tech-
nique was required. The answer was to devise a means of obtaining an
extended sweep time at fast sweep rate.

Oscilloscope Recording Using a Circular Time Base

An extended sweep time at a fast sweep rate for single shot oscilloscope
work was achieved by manufacturing a circular time base and using the
output from the resistance grid to modulate the radius of gyration of the
oscilloscope beam. Single shot working was performed with the camera
on open shutter using the trigger leg of the grid to activate a circuit that
increased the beam intensity for an appropriate time. A block diagram of
the circuit is shown in Fig. 1. The output from a frequency generator was
fed into a pair of phase shift circuits to provide, respectively, an advance
and a retard of 45 deg to a sinusoidal source. The resulting signals were
then fed separately to integrated circuit networks capable of multiplica-
tion. That is, two inputs X and Y result in an output KXY, where K was
an adjustable multiplication factor. Thus, if X was the processed signal
from the signal generator and Y the output from the resistance grid, the
multiplied signals could be used to drive the x and y amplifiers of the
oscilloscope to yield a circular trace on the screen that would contract
in radius in a stepwise manner as the crack spread and progressively broke
the legs of the resistance grid.

For single shot work the trigger leg was used in a simple pulse generator
circuit so that with the trigger leg intact a suitable blanking voltage was
supplied to the Z (brightness) modulation of the oscilloscope. When frac-
ture of the specimen caused the breaking of the trigger leg, a bright-up
pulse was fed to the oscilloscope. The duration of the pulse could be
varied by altering the capacitance C in the circuit presented in Fig. 2, and
the magnitude of the blanking voltage could be varied by adjusting the
relative values of the resistors R1 and R2.
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FIG. 2—Circuit for triggering Z-modulation of cathode ray oscilloscope.

The system was used with a 50-kHz sinusoidal source so that the oscil-
loscope spot rotated once every 20 us. Photographs were interpreted with
the aid of a standard rotating microscope stage that could measure angu-
lar rotations to an accuracy of 0.1 deg if the quality of the photograph
allowed. The stage had translation controls independent of the center of
rotation so that it was extremely easy to set up the photograph to rotate
about the center of the circular trace. The recording arrangement allowed
times of as short as 0.05 us to be measured, but time intervals of up to 20
us (1 revolution) could also be measured with ease. Thus, for grid legs
spaced at 1 mm, crack velocities in the range 50 to 20 000 m/s could be
coped with accurately on a single recording. The system is capable of easy
modification to other speed ranges by altering the driving frequency and
making minor adjustments to the phase shift circuits to maintain the 45-
deg phase shifts. A typical photographic record for a tension-impact test
on PMMA is shown in Fig. 3. The trace commences at maximum radius
so that the greatest sensitivity of measurement is utilized in the initial
stages of fracture where the grid legs were spaced at only 1 mm separa-
tion.
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FIG. 3—Typical trace obtained during the fracture of PMMA.

Crack Velocity Measurement for Metal Specimens

The resistance grid procedure for crack velocity measurements is limited
in its applicability. It is used most easily with those electrically insulating
materials that can be prepared with smooth nonporous surfaces. For
metal specimens and porous ceramics an insulating varnish layer was
needed between the specimen and grid. However, even with an insulating
lacquer, the technique relies on the cracking in the varnish paralleling
that in the specimen; a somewhat unjustified assumption if the test mate-
rial shows some ductility and develops shear lips. Thus, an attempt has
been made to extend the well-established self-resistance technique for slow-
crack velocity measurements to monitor fast-moving cracks. The electrical
resistance of a cracked specimen depends upon crack length, and slow-
moving cracks can be monitored by recording the potential drop across
the crack faces. In many studies a constant 30-A current has been used
giving a potential drop of the order of 1 to 10 mV as the crack traversed
the specimen. We have monitored the changing potential drop across the
crack faces in relatively thick specimens during fast-crack propagation,
but two experimental difficulties were associated with the measurements.
First, electrical noise had to be eliminated from the signal. Second, the
interpretation of the signal was not straightforward. It was envisaged that
interpretation of the output would be complicated because a fast-moving
crack converts an applied direct current to the equivalent of an alternating
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current source because the cracking material experiences a step change in
potential. The rise time of the pulse depends upon the crack velocity.

To ease the experimental problems, it was decided to use bend tests for
the exploratory study. The specimens were insulated electrically from the
test machine by inserting mica between the specimen and the knife edges.

Calibration Procedures for Metal Specimens

The autoresistance technique for monitoring crack growth has been
quite widely used in stress corrosion and fatigue studies where crack growth
rates are only of the order of 1 mm/h. Under such circumstances, calibra-
tion for the technique is relatively simple as it is possible to interrupt the
crack growth at any stage and measure the length of the crack which
corresponds to the potential drop across the crack faces at that time.
However, in the present work it was generally not possible to stop the
crack within the width of specimen used. Consequently, it was necessary
to calibrate the specimens using thin notches to represent equivalent length
cracks. Sometimes it was possible to obtain crack arrest in three-point-
bend tests by using a hard loading system but usually only after the crack
had traversed a major proportion of the specimen’s width. In addition to
the static calibration, a dynamic calibration was performed on specimens
containing notches of various depth using a pulse generator to electrically
simulate fast moving cracks.

Static Calibrations

. If a constant direct current is passed through a specimen that contains
? crack, the electric field within the specimen is perturbed by the discon-
tinuity. As the crack lengthens, the resistive path between the current
electrodes is increased, and the electrical potential measured across the
crack faces is increased. For calibration purposes, the potential drop for
various crack lengths was plotted by simulating a crack with a hacksawn
notch.

The data obtained for a number of materials for three-point-bend and
tension specimens are shown in Fig. 4. The compositions of the steels
used are shown in Table 1. The as-quenched data were obtained from
three separate specimens with different notch depths cut prior to heat
treatment, and the electrical measurements were performed after harden-
ing, The EN24 oil-quenched results were from a series of specimens heat
treated and then fatigued to provide a range of crack lengths for mea-
surement. The only factor affecting the calibration is specimen configura-
tion and dimensions, and the minor differences in the full lines in Fig. 4
are due to this, as is the difference between those lines and the three-
point-bend specimen curve shown dashed.
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Dynamic Calibrations

During fast fracture the static voltage distribution is no longer strictly
applicable as the current path is altered under dynamic conditions. An
indication of the effect of dynamic crack propagation on the output was
obtained by using a high-power pulse generator in place of the constant-
current power source. The resulting outputs from specimens of various
configurations and chemical and metallurgical compositions were mea-
sured. An Advance Electronics high-power pulse generator, Type PGSSA,
capable of delivering 1-A square wave pulses of varying width, frequency,
and rise times (approximately 6.5 to 80 ns) was connected across hack-
sawn notches of various lengths in tensile and three-point-bend specimens
of Pitho, EN24, and HS50 steels in the annealed and oil-quenched condi-
tions. The voltage difference across the notch was monitored continuously
with an oscilloscope during the pulsing, and measurements were taken of
the magnitude of the output on the leading edge of the square wave
pulses. These were set at 100 us duration recurring with a frequency of
1 kHz. The rise times of the leading edges were also measured. Typical
results are shown in Fig. 5 for Pitho three-point-bend specimens. These
show clearly that the output under dynamic conditions increased with in-
creasing crack length and decreasing rise time. This suggested that any
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FIG. 5—Output pulse height versus crack length for Pitho three-point-bend specimens.

dynamic component would increase in magnitude as the crack length in-
creased and as the crack velocity increased; two factors concomitant with
a ‘‘skin’’ effect. That is, as the crack velocity increases the current path
within the specimen follows successively narrower paths around the crack
front. Thus, as the crack elongates the output increases due to the in-
creased length of the current path, and as the velocity increases the output
also increases due to the decreased thickness of material through which
the current flows around the crack.

The output obtained during these dynamic calibrations may be expressed
simply as

V aynamic = S (rise time, ¢)
Figure 5 shows that for a given rise time
denamic aC

It was impossible to equate rise time to an equivalent crack velocity so
an empirical relationship of the form
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V ggnamic = A V¢ was assumed

where
A = empirical constant,
v = crack velocity, and
¢ = crack length.

Thus, if the static and dynamic components were additive the output
would be of the form

Vtotal = Vstalic + A-ve

where V., refers to the voltage obtained in the static calibrations described
previously. Alternatively it was thought that for high-crack velocities the
output would consist entirely of the dynamic component, so that the
static calibration may only need consideration for slow moving cracks
since the dynamic and static outputs relate to two different current paths
which are essentially mutually exclusive. However, there was no way of
determining the relative contributions from the two parts, and it was not
possible to determine how velocity affected the relative contributions.

The simple empirical approach just described was adopted, but lengthy
iterative calculations were required. Calculation of crack velocity from
the recorded output was performed by first subtracting the calculated
static contribution from the total output and then calculating the average
crack velocity v for a small time interval (usually 0.2 or 1 us)

from v = (V,

output Vstatic)/A 'C

The calculated v was then used to update the crack length to allow cal-
culation of the static contribution relevant to the next data point, and the
iterative procedure continued. The constant A was varied so that the data
fitted the known boundary conditions of crack length. This was possible
because ¢, was known in all cases, and the recorded data allowed easy
calculation of either the time and length at which the crack arrested or
when complete fracture of the specimen occurred.

Crack Velocity Measurements in Steels Under Three-Point Bending

Bend tests were performed on a conventional screw driven testing
machine. In most cases a 30-A constant current power pack was used for
the tests, and the output was stored using a Datalab DL905 transient
recorder. The pretrigger storage mode on the instrument allowed the use
of the rising output signal as the trigger signal. The output from the
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DL905 was displayed after the test on an oscilloscope, and both direct
measurements and a polaroid photograph were taken.

The bend specimens were of dimensions 12.5 by 6.5 by 70 mm with
notches of 0.8 mm width and 0.4 mm root radius, machined to a depth
of 4 mm. The span of the test rig was 50 mm. The current input leads
were of heavy gage copper, silver soldered into position 8 mm apart on
either side of the notch. The silver soldering was accomplished using a
spot welding gun as the heat source. Although the current passed through
the copper leads and the specimen, the heating effect was localized suf-
ficiently at the interface to leave the heat treatment of the specimen unaf-
fected in the anticipated crack path. It was found that the use of brazing
flux was only occasionally necessary. Short iron leads were spot welded
to the specimen between the notch and the current input leads. These, in
turn, were soldered to signal leads.

Initially, some problems were encountered with excessive amounts of
electrical noise on the recorded signal. This was reduced sufficiently by
using standard 50 € coaxial cable for the two potential leads. Ideally,
these should have been connected via 50 @ connectors to a differential
amplifier to provide a measure of the potential difference across the crack,
but it was found that a simple terminal box, wired to give a differential
output, was adequate.

Figure 6 shows the result of a test in which arrest occurred. Such traces
were reproduced consistently for similar specimens. The time scale for the

FIG. 6—Oscilloscope trace, annealed Pitho, fracture load 4.9 kN, trace length 2.0 ms,
final crack length 9.14 mm.
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fracture event was quite long, 200 to 500 us, and the final electromotive
force (EMF) was consistent with the final crack length. It was assumed
that the slow drop in voltage after the point marked (*) in Fig. 6 was due
to shorting across the crack faces as the crack closed up when the fracture
effectively relaxed the stresses on the specimen. Two calculated velocity
traces for annealed Pitho are shown in Fig. 7 that indicate that the output
was consistent whether the power source was an electronically stabilized
constant current device or a simple high-capacity storage battery.

The results obtained suggested that the static calibration was important
in the bend tests where crack arrest had occurred and indicated that the
crack velocities were relatively low. The static calibration was incorporated
in the iterative procedure that has been described previously, and the
value of the empirical constant A was chosen so that crack arrest occurred
at a distance corresponding to the measured final crack length.

Bend tests have been performed on Pitho tool steel in the as-quenched
condition, after tempering at 400 and 500°C and in the fully annealed
condition. Typical crack velocity versus distance plots are shown in Fig. 8.
In order that the calculated crack lengths fitted the boundary conditions
of final crack length (either arrest at a known length and time or com-
plete fracture in a known time) the constant A had to be determined
iteratively for each specimen. This apparently unsatisfactory aspect of the
calculations was rationalized when it was realized that the empirical fac-
tor A was linearly dependent upon the initial potential drop across the
starting notch, as demonstrated in Fig. 9. The variations in initial poten-
tial drop from specimen to specimen resulted from minor differences in
the positioning of the current and potential leads and the electrical re-
sistivity of the specimens.
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FIG. 7—Crack velocity versus crack length, annealed Pitho three-point-bend tests.
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Bend Tests on PMMA

For comparative purposes, crack-velocity versus crack-length data for
PMMA bend specimens was obtained using the surface deposited resis-
tance grid procedure. PMMA specimens containing edge notches of
various depths were tested in three-point bending at ‘a series of loading
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rates. The span to width ratio was 4:1. Velocities measured by the grid
technique are shown in Figs. 10 to 12. In those diagrams the open symbols
refer to the fastest loading rate, the closed symbols to an intermediate
loading rate, and the crosses to a very slow crosshead speed of 0.1 pm/s.
The crack-tip stress at fracture was calculated as the product of the net
section stress at fracture, o, and the stress concentration factor X, as
calculated from Peterson [6]. This approach was used because the tests
were performed on bend specimens with rather blunt edge notches. For
the particular specimens referred to in Figs. 10, 11, and 12, the notch
stress o,:K, can be converted to an effective stress intensity factor for an
equal length sharp crack by dividing by 73. The error in the conversion
would be less than 2 percent, and the units for the converted value would
be MN m~*,

The fracture velocities were in general independent of the loading rate
but very dependent upon the fracture stress. The trend is best shown in
Figs. 10 to 12 but existed for all of the data. Also, the crack velocity was
initially quite large and decreased as the crack traversed the bend speci-
men. It was not possible to obtain velocity measurements very near to
the crack tip because the grid legs were of appreciable thickness, so the
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details of the crack velocity during the very first stages of fracture are un-
certain. Crack velocities were greater the larger the fracture stress, and in
all specimens, particularly for those in which the fracture stress was small,



CONGLETON AND DENTON ON FAST CRACK GROWTH 351

there was a tendency for the cracks to slow down then accelerate again as
they traversed the specimen.

The variability in fracture stress from specimen to specimen for any
single notch depth was found to correlate with the size and shape of the
slow growth thumbnail crack that was apparent on all the fracture sur-
faces. Slow-crack growth at the root of a blunt notch will increase the
local stress intensity factor significantly and therefore lower the applied
load necessary for fracture, and a semicircular thumbnail will be less ef-
fective than an elliptical crack of the same depth {7]. However, although
the low-fracture loads correlated with deep or wide thumbnails of slow
growth or both, it was not possible to correlate the fracture loads quan-
titatively with the thumbnail sizes, and it seems more reasonable to refer
to the notch stress at fracture for those tests than to refer to an equiva-
lent stress intensity factor inadequately corrected for the thumbnail of
slow-crack growth.

The fracture surfaces of the PMMA bend specimens showed a variety
of features, but the presence of arrest marks was of particular interest
to the velocity measurements. The grid technique allows only an average
velocity between the grid legs to be evaluated, so if momentary crack
arrest occurred it was recorded as an apparently very low velocity. It was
observed consistently that very low apparent velocities correlated with
arrest marks between the appropriate grid legs. The surface morphology
in the arrest bands was extremely complicated as indicated by the inter-
ferogram in Fig. 13 where the lines in the photograph contour height
differences of 0.533 um. Presumably extensive crazing had occurred in
these arrest bands.

Thus, the expected crack velocity profile for a brittle material tested
in bending is an initial high-crack velocity that decreases as the crack
traverses the specimen, but momentary crack arrest and renewed accelera-
tion may occur. The detailed velocity profile will depend upon the load-
ing arrangements, the specimen size, and the toughness of the material.

Dynamic Fracture Toughness Measurements

A single-edge-notched plate tested in uniaxial tension represents a very
simple experimental system, and it has been postulated that dynamic
fracture toughness data might be obtained by inducing fracture in a pre-
loaded plate with an impactive blow at the root of the edge notch and
monitoring the crack velocity during fracture [2,8]. In practice, it was
found that loading conditions could be arranged that caused the crack to
decelerate in the early part of its growth then accelerate after passing
through a well-defined minimum velocity. By assuming that the stress
pulse that initiated fracture was attenuated by the time that the crack
reached the minimum velocity position and that the loading system was
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FIG. 13—Interferogram of crack arrest mark in PMMA. Height difference/contour =
0.553 pm.

soft enough to maintain the preload for a significant fraction of the frac-
ture event, it was possible to calculate the dynamic crack-tip stress inten-
sity factor from the preload stress and the crack length at minimum veloc-
ity. Briefly, it was assumed that the impulse load merely acted as a stress
transient large enough to induce fracture initiation and that the main
driving force for crack propagation was the preload. If the testing con-
ditions produced rapid crack extension initially, the crack decelerated be-
cause the stress transient decayed and the preload was insufficient to
maintain the initial high-crack velocity. However, the crack-tip stress
intensity factor at constant load increases with crack length, and condi-
tions could be arranged for the increase in crack-tip stress intensity factor
to be sufficient to counteract the deceleration. Thus, at the minimum
velocity position, the crack-tip stress intensity factor was just sufficiently
large to accelerate the crack and is, by definition, a measure of the dy-
namic fracture toughness at that velocity.

The combined tension-impact procedure was used on ceramics by ap-
plying uniaxial tension to thin plates with a strap and roller loading sys-
tem [9]. The specimens were generally edge notched by ultrasonic drilling,
and fracture was initiated in preloaded specimens by driving a steel wedge
into the root of the edge notch. In some cases it was appropriate to
use unnotched specimens, and in those tests fracture was initiated by
striking the edge of the plate with the wedge.
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For each specimen, a crack-velocity versus crack-length profile was
obtained and the minimum velocity position noted. Then, by assuming
the original preload stress was operative at the minimum velocity position,
a dynamic fracture toughness for the material was calculated from the
product =" ,c,* which implies that the equivalent static stress intensity
factor is an adequate estimate of the dynamic fracture toughness. Such
data for reaction bonded silicon nitride are shown as the full circles in
Fig. 14. In general, it will be necessary to correct both for finite specimen
size and for inertia effects. In our experiments, the loading arrangements
approximate most closely to tensile loading without end rotation, and the
finite specimen size correction used was that due to Harris [/0]. Also, in
ceramics, very short starting cracks can be used because of the extreme
brittleness of the material. Thus, the corrections were generally small.
Additionally, we are of the opinion that as the finite specimen size cor-
rection applies to the fully relaxed elastic analysis, the equivalent static
stress intensity factor at the minimum velocity position should be obtained
by multiplying the equivalent static stress intensity factor for the starting
notch, K, by a factor [c,,/c ]*.
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FIG. 14—K p versus crack velocity for reaction bonded silicon nitride.

A correction for inertia effects should also be made, and we have used
the relationship

2]
K,D=K[1 - —:'l

as used by Hahn et al [/]] to approximate to the Freund [12] and Broberg
[13] analyses. Here, K is the equivalent static stress intensity factor and
Cp the Rayleigh velocity.
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The silicon nitride results corrected both for finite specimen size and
crack velocity are shown as crosses in Fig. 14 and, as can be clearly seen,
they lie quite close to the trend line drawn through the uncorrected data.
However, the adequacy of the product r%e,c,," for describing the dynamic
fracture toughness for the tests reported in the present paper arises be-
cause of the particular experimental conditions, and in general both static
K and dynamic corrections will be necessary.

As can be seen in Fig. 14, K, for reaction bonded silicon nitride was
less than the static K. at low velocities of the order of 500 m/s but rose
to slightly above the K. value at higher velocities. The terminal velocity
for the reaction bonded silicon nitride used should be of the order of 3500
m/s if calculated using the Roberts and Wells relationship [/4] of 0.38
(E/p)*. The expected terminal crack velocities for all of the materials
tested are given in Table 2 along with the maximum velocities measured
during the present series of experiments.

TABLE 2—Comparison of theoretical terminal velocities with measured
maximum velocities.

Theoretical Measured Maximum

Maximum Velocity, Velocity,
Material m/s m/s
PMMA 764 770
Glass 1550 1600
Reaction bonded Si N, 3000 2950
Hot pressed SiyN, 3550 3500
Al 0, 3750 2000
MgO 2650 1800
Pitho tool steel 1900 1700

The velocity dependence of K, values for silicon nitride shown in Fig.
14 is very similar to those for PMMA and a soda-lime-silica glass (Figs.
15 and 16) that were obtained using the tension-impact test procedure
with resistance grid velocity measurement. The PMMA data agree well
with that obtained by other workers using alternative procedures [15-18].
Again, in Figs. 15 and 16, the full circles refer to data calculated from
the product =" ¢, " and the crosses to data corrected for finite specimen
size and crack velocity. The full lines are the trend lines through the un-
corrected data.

It might be argued that the crack-velocity versus crack-length results
for the bend specimens should also be amenable to an interpretation that
would yield dynamic fracture toughness data. This may be possible, but
either a dynamic record of the load would be required in addition to the
crack velocity data, or the experimental arrangement would need to
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FIG. 16—K |p versus crack velocity for soda-lime-silica glass.

comply with a constant displacement fracture event as used by Hahn et
al [19} in their double-cantilever-beam (DCB) work.

The aim of the present work was to explore techniques for velocity
measurement, and the necessary additional load-resistance data were not
obtained. In principle, with additional instrumentation, it is conceivable
that K, versus crack velocity data could be obtained from three-point-
bend tests by monitoring both crack velocity versus crack length and load
versus time.
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Discussion

The surface deposited grid procedure, especially when augmented with
a circular time base to drive an oscilloscope, is extremely useful for mon-
itoring crack velocities in materials that approximate to ideally brittle
solids. In many cases, flat fronted cracks result, and the measurements
at the surface are a reliable guide to crack propagation in the bulk of
the material.

For metals, however, it is more satisfactory to use an alternative velocity
measurement technique that should be both reliable and inexpensive to
operate. The present work has indicated that simple dynamic potential
drop measurements can be used to evaluate meaningful crack velocity
data. An empirical relationship of the form V... = A-v-c appears
valid, and the calculated velocities are not too sensitive to the value of the
empirical constant 4. For instance, the curves in Fig. 17 illustrate the
small effect on calculated velocities caused by a 10 percent change in the
value chosen for A for a typical set of data.
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FIG. 17—Effect of varying Parameter A on a bend test velocity profile.

Although it would be desirable to confirm the velocity data obtained
using the dynamic potential drop measurements by an alternative pro-
cedure, the values obtained are close to what would be expected intuitively
and are reasonably convincing on that account. Also, alternative experi-
mental techniques such as double exposure time lapse photography or
high-speed photography are difficult to set up. The velocity profiles for
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bend tests on variously heat treated Pitho tool steel shown in Fig. 8 and
the related fracture load data presented in Table 3 form a consistent set
in that the larger fracture stresses are associated with faster moving cracks.
In the case of the annealed tool steel with low fracture load, the high
toughness of the material caused crack arrest within the width of the
specimen, whereas the brittle as-quenched material with a lower fracture
load exhibited a similar crack velocity but the crack propagated completely
through the specimen.

TABLE 3—Fracture load data for velocity profiles in Fig. 8 (three-point-

bend test).
Material Fracture Load K,
As quenched 3.0kN 16.5 MN/ mj/’
Pitho, tempered 400°C 9.4 kN 26 MN/m f
Pitho, tempered 500°C 11.8 kN 34 MN/m*
Annealed Pitho 6.7 kN e

Also, although not fully documented in the text, many tests were per-
formed that have indicated that the potential drop output for dynamic
cracks was reproducible for similar specimens fractured under comparable
conditions. Additionally, tension tests gave higher crack velocities as
might be expected from the nature of the loading. Thus, the suggested
empirical equation seems reasonable and may require no more than minor
modifications in the light of further experimental data that will become
available. Therefore, it is suggested that simple dynamic potential drop
measurements may make a useful addition to the range of crack velocity
measurement techniques currently available.
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ABSTRACT: The control of propagating cracks in structures first requires an un-
derstanding of the interrelationships of microstructure, fractographic features, dy-
namic stress intensity factor, and crack velocity in materials. Conventional techniques
for measuring crack velocity suffer in varying degrees from imprecision, excessively
stringent synchronization requirements or poor resolution due to data compression
on a single oscilloscope sweep. A new instrumentation concept has evolved from con-
sideration of the advantages and limitations of earlier techniques. High-speed digital
data processing techniques are used to measure time of sequential events 300 ns apart
to an accuracy of *50 ns. Temporary storage, high-speed sampling, and a 3:1 multi-
plexing scheme have been combined with a random access memory structure to enable
recording times of as many as three simultaneous events per microsecond. Special
templates have been designed to vapor deposit on sample metallic propagation grid
configurations that take full advantage of the electronic capabilities of the system.
These have 250-um slits precisely spaced 5 deg apart in radial arrays and 1 mm apart
in parallel arrays. Applications to fast fracture, crack branching, fatigue cracking,
and stress-corrosion cracking are discussed.

KEY WORDS: crack propagation, dynamic fracture, crack velocity, time measure-
ment, digital instrumentation, fatigue (materials), stress corrosion, fracture properties

At present the micromechanical sources of dynamic toughness are
not well understood; eventually they should be characterized in terms of
interrelationships between microstructural properties, fractographic fea-
tures, dynamic stress intensity factor, and crack velocity. From this view-
point, quantitative studies demand, above all, a reliable technique for
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precisely determining crack velocity as a function of position on the frac-
ture surface. The numerous methods developed to accomplish this may
be divided into two general classes: (a) surface measurement of the trace
velocity of a fracture, and (b) bulk measurement of the actual crack-tip
velocity. Some of the more common techniques are reviewed briefly both
to compile a list of the various useful approaches and to analyze the ad-
vantages and disadvantages of each. This will aid in establishing design
goals for an improved system.

Surface Velocity Measurements

Surface measurement of the trace velocity of a running crack is by far
the most common method of determining crack speed. In general, this
approach is reasonably accurate for constant speed cracks, but the results
are suspect for accelerating cracks [/].?

Ultrahigh-Speed Photography

Photoinstrumentation is ideally suited to explosive-loading experiments,
particularly in ductile materials which tend to form shear lips {2,3]. There
are many commercially available systems, which are reviewed elsewhere
[4]. Unfortunately, the synchronization requirements are quite critical
for the high-speed fractures encountered in brittle metals. The difficulties
may be overcome by explosive initiation of fracture and by simply de-
signing appropriate time delays into the initiation, exposure, and illumina-
tion functions. However, the problems appear insurmountable for high-
velocity fracture from a blunt notch under quasistatic loading, and this
type of failure is of the highest engineering interest. It must be also noted
that this is the only currently available technique for observing multiple
fractures (branch cracks) and for experimentally determining dynamic
stress intensities (photoelasticity) with any precision [5-7].

Resistive Propagation Grids

In this widely used technique, a parallel array of resistive strips is vacuum
deposited-in the anticipated fracture path. The resistance of this network
increases incrementally as an advancing crack ruptures successive legs,
so that connection into a voltage divider produces a voltage that changes
incrementally with crack advance. Some investigators adjust the lengths
of successive legs to produce approximately equal voltage increments as
the crack advances [8]. Oscilloscopic photographs are used to measure
the time between successive grid breaks and can record behavior of the

3The italic numbers in brackets refer to the list of references appended to this paper.
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fastest cracks. However, the oscilloscope sweeps only at a fixed rate;
therefore, the choice must be made between either detailed information
during initial crack growth or good velocity data throughout the fracture
process, or else the grid spacings must be inconveniently altered. One
resolution of this dilemma is to record the grid ruptures on a high-speed,
wideband, multichannel tape recorder [9]. An instant replay feature is
used to play back selected portions of the recording, and oscilloscope
records can be made at any desired sweep speed. The long playing time
of the tape recorder averts any problems with synchronization.

Capacitive Propagation Grid

A series of small parallel-plate capacitors is constructed in the fracture
path by metal vapor deposition [/0]. Driven by a high-frequency current,
each capacitor in the array retains its charge when its source is opened by
grid rupture. A relationship is established between drive frequency and
crack velocity. Although this method utilizes simple inexpensive equip-
ment, it requires advance knowledge of crack velocity and suffers from
poor resolution.

Radio-Frequency Skin Effect

The tendency of high-frequency currents to travel within a few microm-
etres of the surface of a conductor is used to produce a fracture specimen
with impedance that varies almost linearly with crack length [//]. Good
records of instantaneous crack velocity may be obtained this way, but the
technique requires a moderate degree of electronic expertise on the part
of the user.

Bulk Velocity Measurements

In practice, bulk measurements of crack velocity are limited to ultra-
sonic fractography and autoresistance (electric potential) methods for
which precision and resolution are quite good. Flash radiography and
acoustic holography, however, seem to be good candidates for further
development in this area.

Ultrasonic Fractography

By introducing ultrasonic waves into a tension fracture specimen, the
maximum principal stresses that govern the direction of crack propaga-
tion are made to vary periodically in space and time [/2-14]. As a con-
sequence, the fracture surface topography exhibits waviness. The wave-
length is related precisely to crack speed and the frequency of the ultra-
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sonic modulator. Very precise local determinations of crack speed are
possible using simple optical microscopy. However, the method seems to
work well only for smooth noncrystallographic fractures. This seriously
limits its usefulness for study of typical structural materials.

Autoresistance

This technique makes use of the fact that the electric potential between
two field points in the fracture specimen varies predictably as a function
of crack length. Very accurate specimen calibrations are possible using
one-dimensional current paths [/5]. Symmetric two-dimensional geometries
can also be calibrated analytically using conformal mapping and conjugate
function techniques [/6]. Quite complicated two-dimensional configura-
tions can be calibrated empirically using resistance paper for simulation
of cracked specimens.

Digital Approach

The vast array of mutually compatible integrated circuits now available
off-the-shelf makes it possible to conceive many specialized, low-cost
measurement and control instruments. Precision measurement of crack
velocity is particularly challenging because of the dynamic range required
by the instrument. After reviewing the previously used methods, the fol-
lowing design criteria were established:

1. The operating range must cover the spectrum of crack behavior from
the threshold fatigue or stress-corrosion crack to the fastest terminal ve-
locity crack.

2. The instrument must not require synchronization.

3. The system must be user-oriented, that is, simple to operate and
capable of self-testing.

Functional Description

The instrumentation system finally developed is illustrated in Fig. 1.
The basic device is a 64-channel time interval meter that precisely records
the time at which the crack passes 64 selected positions on the fracture
specimen. Event signals are simply voltage level changes and may be tran-
sients due to rupture of fine grid wires or changes in specimen resistance
as desired. A simplified functional diagram is presented in Fig. 2 to clarify
data flow in the system.

Because some of the expected crack speeds approach 2 mm/us and be-
cause it was desired to determine velocity at positions 2 mm or less apart,
the clock for the timer was designed to operate at 10 mHz. This yields a
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FIG. 1—Sixty-four channel time interval meter.
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FIG. 2—Simpilified functional diagram of time interval measurement system.

time uncertainty of +50 ns. In addition, the condition that no synchro-
nization be required demands that the time counter be started prior to
the test and not overflow before the test is complete. This was satisfied
by providing ten stages of binary-coded-decimal counting, which will not
overflow for almost 17 min at 10 mHz. In addition, the clock frequency
is counted down by tens to as low as 1 kHz before driving the time counter
for long duration tests such as stress corrosion. At its lowest rate, the time
counter will not overflow for nearly four months and records time to a
precision of + 500 us.

The 64 event signals are completely independent, but they are internally
segregated for data flow into subgroups of 32 A-channels, 16 B-channels,
and 16 C-channels. These events may occur at random within a subgroup
but not closer than about 250 ns. Simultaneity is acceptable between sub-
groups. Each event signal is conditioned for logic compatibility and as-
signed a unique memory address that is stored temporarily in data latches
in addition to the precise time of its occurrence. A readout heirarchy
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established in system control directs the multiplexer to transfer time and
address data from the A, B, or C latches to the permanent random access
memory. This feature enables three simultaneous events to be recorded.
Memory is organized to store 64 words of 40 bits with a 45 ns access time.
Readout is provided by a light-emitting-diode (LED) display of channel
(event) number and ten digits of time data. The entire memory is inter-
rogated simply by advancing the channel number with a front panel switch.

Another property of the system is the ability to provide voltage/time
records of events characterized by monotonically changing voltages. That
is the purpose of the bank of comparators. As the event signal passes a
preset voltage threshold, the appropriate comparator generates an event
signal which precipitates a time record in the normal fashion. The type
of signal used to characterize events depends entirely on the nature of the
test to be performed; some of these are discussed in the applications sec-
tion.

Applications

In general the electronic capabilities of this instrument can best be ex-
ploited using precision propagation grids to generate crack position data.
Many of the structural materials of interest are metal and, therefore, re-
quire electrical isolation from the grid networks. After experimenting
with a variety of coatings, a phenolic varnish (MIL-V-12276) was selected
because of its good adherency, craze-resistance, and fidelity to the frac-
ture path in the base metal. It can be easily thinned with xylene or toluene
to provide uniform, nonporous, dielectric substrates less than 5 um thick.

The design philosophy of this system relies upon conductive grids rather
than the more usual highly resistive grids. Vapor-deposited aluminum is
suitable for this purpose; a grid 5 cm long by 250 um wide by 500 A thick
has a resistance of approximately 90 €2, in contrast with 30 to 50 k&2 for
carbon-platinum grids. Special grid configurations have been developed
for each application.

High-Velocity Cracks and Branch Cracks

A blunt-notched single-edge-notched (SEN) specimen used for investi-
gating crack branching behavior is illustrated in Fig. 3. The parallel grid
array is used to analyze main crack speed at 32 positions spaced 1 mm
apart. The radial array is divided symmetrically into two groups of 16
grids to analyze upper and lower half-plane branch cracks separately. It
must be emphasized that these grids do not act in concert as variable
resistors, but they are completely independent position markers. There-
fore, only those grid positions useful to the experiment are selected. Con-
nection to the time interval meter is accomplished by attaching very fine
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FIG. 3—Fracture specimen showing radial and parallel grid configurations for crack velo-
city measurements.

(30 AWG) kynar-insulated wire to the grids with a highly conductive silver
epoxy resin, for example, Epo-Tek Type H-31. This test configuration
generates an accurate profile of crack velocity over the entire velocity
spectrum. In addition, the radial grid array makes it possible to analyze
the dynamics of both branches of a bifurcated crack, not just the fastest.
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Autoresistance

This technique takes advantage of the fact that resistance of a fracture
specimen increases as the crack extends, depending entirely upon an ac-
curate calibration of voltage as a function of crack length. Conventionally,
voltage changes are recorded on an oscilloscope with time as the linear
factor. Interpretation of a small photographic trace is subject to consider-
able error, particularly in view of the severe data compression. Consider-
ably more precision is possible by linearizing the voltage scale of the
specimen response and recording the exact time at which selected levels
are reached. These thresholds can be set very accurately to correspond to
particular crack lengths. With the present instrumentation, up to 32
comparators are driven in parallel by the specimen output voltage. Figure
4 illustrates two typical fracture specimen configurations and the method

AUTORESISTANCE
v
VOLTAGE
COMPARATOR [
NO. 1
1
v o H
T ! EVENT
H E i SIGNALS
R > of - ]
TEST VOLTAGE
SPECIMEN COMPARATOR —t
R NQ. 32

|
o
FIG. 4—Comparator array and typical specimen configurations using autoresistance tech-
nique.
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of connection to the comparator array. As the crack advances and the
voltage increases, the comparators sequentially generate event signals
at present crack lengths. The time interval meter then records the elapsed
time exactly as in the case of grid rupture. For conducting specimens,
the autoresistance of the specimen itself may be used. For nonconducting
specimens, it is necessary to vapor deposit a conducting metal film having
a convenient resistivity. Even for conducting specimens, this approach is
somewhat better because a uniform calibration can be developed for all
specimens by depositing a sheet of the same geometry.

Fatigue Cracking Rates

The growth of a fatigue crack is monitored by vapor-depositing a
parallel grid array in the anticipated fracture path as shown in Fig. 5.

FATIGUE

EVENT
SIGNALS

@ los(do)

o
Z

N, LOG(AK)

FIG. S—Typical grid array for a fatigue specimen; schematic relationship between crack
length, a, and total number of cycles, N, and crack growth rate, da/dN, and stress intensity
range, AK.
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For random loading tests, a separate load-time record must be cross-cor-
related with the instrument’s time record of crack position. For the more
common constant-load type test, it is far more practical to use the cyclic
load frequency as the clock for the instrument. The memory then records
the number of load cycles at grid rupture points rather than time of rup-
ture. These data are differentiated easily to provide conventional crack
growth rates as a function of stress intensity factor. The usual techniques
for monitoring fatigue crack length are optical microscopy, change in
specimen compliance, or automated ultrasonics [17]. The present approach
has two advantages over these methods: a propagation grid can be placed
on a specimen of any geometry, and the instrument will record crack
progress through the entire low-cycle fatigue regime with no danger of
the unstable crack outrunning the ability to record its position.

Stress Corrosion Cracking

Crack velocity data for materials in corrosive environments are obtained
easily using parallel array propagation grids and the slow clock of the
instrument. The multiplexing feature presently allows three simultaneous
tests but is expandable if desired. In this method, specimens are prepared
by applying a thin dielectric substrate to the surface being monitored. A
conductive metal sheet is vapor-deposited over this, and an electrode is
connected to the sheet. Another thin dielectric layer is applied over this,
and the propagation grid is applied. After connecting wires to the grid
lines, the entire array is coated with dielectric to insulate the grid from
the environmental solution. As the corrosion crack advances, the solution
itself makes electrical contact between the grid line and the vapor-deposited
metal sheet, thereby generating event signals for the time interval meter.
An expanded schematic view of the fracture process zone is presented in
Fig. 6. Total displacement of the grid plane from the specimen surface
is about 10 um.

Simulation Testing

The applications cited subject the timer to extreme conditions in mon-
itoring dynamic fracture behavior. Internal test circuits have been designed
and utilized to assess the performance of the timer under a variety of test
conditions simulating these extremes. One test circuit simulates grid rup-
ture by a fast crack by sequentially activating the 64 event inputs pre-
cisely at 1-us intervals with 50-ns pulses. In mutiplex testing, the first 16
A-channels are tested sequentially as before, but the last 16 A-channels
are activated simultaneously with corresponding B- and C-channels. This
simulates the recording of three simultaneous events per microsecond.
In both test modes the entire system performed exactly as designed.
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STRESS CORROSION

FIG. 6—Fracture process zone showing schematically relative positions of grid compo-
nents and stress corrosion crack.

The signal generated when the autoresistance technique is employed was
simulated by using an external saw-tooth generator with excellent results.
If, as has been suggested, electrical noise in the actual fracture specimen
may become a problem, preamplification and filtering of the input signal
will be required..

This multichannel timing system was developed for utilization in a
broad program on dynamic fracture and crack arrest phenomena in a
variety of engineering structures. Several of the measurement techniques
discussed may be required. The excellent response of the timer in the
simulation tests, then, generates considerable confidence about its expected
performance in the applications described, especially since the range of
conditions is normally not as wide as those created by the test circuitry.

Summary

The versatility of high-speed digital techniques has been exploited to
improve the precision of a number of experimental techniques for moni-
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toring crack velocity. The ease with which complicated logical functions
may be devised using standard commercial integrated circuits makes this
an extremely powerful approach whenever custom instrumentation is re-
quired at modest cost. The present system costs approximately $1200 for
parts and took less than 150 h to assemble. Parts lists and wiring diagrams
will be available from the authors.
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ABSTRACT: Measurement of K, requires the production of a run-arrest segment of
crack extension in a laboratory specimen and evaluation of the stress intensity factor
a short time after the crack has arrested. The crack should propagate under condi-
tions which simulate propagation in a thick section. Progress towards meeting these
requirements with tests on tapered-double-cantilever-beam specimens is described.
Aspects which require further clarification are discussed.
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a Crack length, measured from common centerline of loading holes in
a double-cantilever-beam (DCB) specimen

. Initial crack length

B Specimen thickness

~ Net thickness, distance between roots of face grooves

Specimen compliance, loading point displacement per unit load, A/P

Specimen compliance when ¢ = q,

Test frame or test machine compliance

= dC/da, rate of change of specimen compliance with crack length

C'ata = a,

Displacement of loading points of specimen

Young’s modulus
Strain energy release rate
Beam height of DCB specimen

Cy
C !
A
4,, Crosshead displacement of test machine
E
g
H
K

Stress intensity factor
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e

e

Plane-strain crack toughness

Crack initiation toughness, not necessarily K
Crack arrest toughness

Calibration constant of tapered DCB specimen
= q/H

Applied load

Load at onset of fracture

Crack arrest load

Yield stress

Distance from the common centerline of loading holes to the back
end of a compact specimen

=

3 x

=8

-:uhom

IS

A complete methodology of crack arrest characterization would involve
knowledge of the fracture resistance of a material as a function of crack
velocity, and a dynamic analysis capability to permit application of this
knowledge to structures of interest. A realistic consideration of the dif-
ficulties of this approach suggests the desirability of a simpler characteri-
zation of crack arrest. While a simpler approach may be less rigorous,
it may well have practical engineering usefulness. The meaningfulness of
crack arrest toughness, K,,, has been challenged on the basis that it does
not explicitly incorporate dynamic effects—inertial loads, kinetic energy,
reflected stress waves. And yet measurements of K, have resulted in
remarkably consistent values under conditions where different dynamic
effects could be anticipated. These data have been reviewed elsewhere
[7]1.2 The viewpoint taken here is that K,, has sufficient promise as a
meaningful and useful engineering parameter to justify further efforts to
define and measure it.

Crack arrest toughness, K, has been tentatively defined as the value of
the stress intensity factor determined a short time after a run-arrest seg-
ment of crack extension. The short time, of the order of a millisecond, is
the time required for the setting up of a static condition which allows a
calculation of K. To proceed from this definition to a method of K, mea-
surement requires consideration of a number of questions. What type of
specimen should be used and how should it be loaded? What measured
quantities should be used to calculate K,;? What size specimen is required
to simulate a run-arrest event in a thick section? What restrictions should
be imposed on crack jump length, crack front straightness, and other
fracture surface features? Answers to these questions may be influenced
by the type of materials to be tested. In pressure vessel steels the greatest
interest in K, is at temperatures extending upwards from the nil-ductility-
transition (NDT) temperature where K,, appears to become progressively

2The italic numbers in brackets refer to the list of references appended to this paper.
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lower relative to K. and to initiation toughness values obtained with rapid
loading rates [2]. The ability to measure K, at higher temperatures ap-
pears to be limited, not by the greater K, values, but by the difficulty of
initiating a crack at a small enough value of X so that it can be arrested in
a specimen of reasonable size.

Development of a standard method for K, will undoubtedly involve
compromises between what is most desirable and what is practical. This
paper cannot give final answers to the questions just posed; hopefully, it
can call attention to some of the choices which must be made and offer
some guidance based on testing experience at Materials Research Labora-
tory, Inc. (MRL).

Current Practice

Tapered DCB Specimen

Crack arrest studies at MRL have employed contoured or tapered
double cantilever beam (DCB) specimens, specimens designed so that the
proportionality between applied load, P, and the stress intensity factor,
K, is independent of crack length over a significant crack length range.
Different individual specimen designs have been used; the most recent is
shown in Fig. 1.

Compliance calibrations were carried out on specimens of 2024-T351
aluminum alloy machined in accordance with Fig. 1. It was found that the
compliance, C, increased linearly with crack length for 40 mm < a < 120
mm where g is the crack length measured from the common centerline of
the loading holes. The experimentally derived value of dC/da gave

E. C
"= —B— _ai_ = 0.728 mm-! = 1.85in. ! (1)
8 da
where
E = Young’s modulus and

B = specimen thickness.

If the strain energy release rate, §, is computed using the equation

P2 dC
C = ntadl 2
Y~ 2B, da @

application of the plane-stress relation between § and K,

K =\GE A3)
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FIG. 1—Tapered DBC specimen used for measuring K ,.

results in the following expression for K
K= ——+Vdm’ 4)

where B, is the net specimen thickness, that is, the thickness at the crack

plane between the roots of the face grooves. From the experimentally de-
termined value of dC/da
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KB / B, \* .

- <—§”i> = 17.07m-% = 2.72in.- % (5)
An analysis by Kanninen [3] on the same specimen also showed a crack

length independent relation between K and P, but gave a somewhat dif-

ferent value, namely

KB ; ByY' e o
= <—é—> = 1871 m-% = 2.98 in. ©)
The experimental calibration leading to Eq 5 was conducted on the
specimen shown in Fig. 1; it can be applied to a specimen of the same
shape but of different size by appropriately scaling the constant in Eq 5.
For a specimen with in-plane dimensions increased by a factor of 1.5, for
example, the constant would be 17.07 (1.5)-*% = 13.94 m~*. Strictly
speaking, the specimen should be scaled in thickness the same as in the
in-plane dimensions and the ratio B,/B = 0.75 should be maintained;
however, from previous testing experience {4], Eq 5 will apply with rea-
sonable accuracy across a substantial range of B,/B and plate thicknesses.

Test Procedure

Before the K, test is run, a starting crack is extended a short distance
into the tapered region of the specimen. This is done normally by fatigue
cracking at K levels consistent with ASTM Test for Plane-Strain Fracture
Toughness of Metallic Materials (E 399-74); however, different procedures
could be used as required. To control the crack jump length in the K,
test, it is desirable that the initiation toughness, K, be distinctly higher
than K, but not so high as to preclude the crack’s arresting in the tapered
region of the specimen. The method of precracking may be altered to
influence K ,.

The test can be run by loading the precracked specimen in a conven-
tional tension test machine until the first segment of unstable crack exten-
sion occurs. When possible, the test is interrupted before further crack
extension occurs so that the arrested crack front can be marked by heat
tinting or by some additional fatigue cracking before the specimen is
broken completely in two. Because of the crack length independence fea-
ture, the crack front position (provided that the crack arrests in the tapered
portion of the specimen) need not be known to calculate a value of K
from a load value; however, inspection of the arrested crack front may
provide information on which to base acceptance of a particular test in
the same way that inspection of the fatigue crack is required to establish
validity of a K_ test.
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One test variable to be considered is the loading rate, which again has
bearing on the K, value. At MRL, loading rates varying from conven-
tional slow testing speeds to rates at which a specimen is loaded to frac-
ture in about 10 ms have been used. The general experience with pressure
vessel steels has been that slower rates give values which are generally
higher and more variable than are the initiation values of K, for high
loading rates [2]. Over some temperature range above NDT, static tough-
ness increases more rapidly with temperature than does dynamic tough-
ness, and here the use of high loading rates may be necessary to measure
K,,. A major disadvantage of high testing rates is loss of the ability to
interrupt the test to mark the arrested crack. Otherwise, testing at high
and low rates is generally the same; similar test records interpreted in the
same way are obtained.

Test Record Interpretation

In the course of the test two records are obtained: load versus dis-
placement and load versus time. The load signal is obtained from a load
cell in series with the specimen. The displacement signal is obtained from
a clip gage located between knife edges mounted on the front end of the
specimen. Schematic load-displacement and load-time records which
might be obtained on an oscilloscope are shown in Fig. 2. They exhibit
the same basic features: a linear increase in load up to the onset of
unstable cracking; an abrupt decrease in load (and increase in displace-
ment) as the crack runs; and a reloading of the specimen after the crack
has arrested. The record represents a test which is stopped during this
reloading. The portion of the test records corresponding with the crack
propagation interval is shown as a dashed line in Fig. 2; even if a trace is
obtained in this interval, it is not readily interpretable. What the test
records can define is the equilibrium situation preceding rapid crack
propagation and the equilibrium situation following the run-arrest seg-

Test
Stopped
P
T 9
\
E e 3
9|
A . H
4
L’
s
4
(a) (b)
Displacement Time

FIG. 2—Schematic load-displacement and load-time records for a K, test.
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ment of crack extension. The load P, identified with crack initiation can
be used to calculate K ,. The load P, is used to calculate the crack arrest
toughness, K.

The test records shown in Fig. 2 are somewhat idealized. As the crack
propagates, vibrations are set up in the load cell and in the clip gage
measuring specimen displacement. The clip gage vibrations are commonly
of high enough amplitude to prevent close definition of point A in Fig.
2a; consequently, the load-time rather than the load-deflection curve is
used to determine a value of P, from which to calculate X,,. Load-time
records from slow and fast tests are shown in Fig. 3. The load-time record
from the slower test, Fig. 3a, is much like the idealized record, Fig. 2b.
Some vibration in the load cell is evident, but it does not interfere with
reading the crack arrest load. The test was stopped during the reloading
following the single run-arrest segment. The oscilloscope record of the
faster test, Fig. 3b, has two traces; a load-deflection trace starting from

Load (10K#/div)

Time 0.5 sec/div

(b

Load (10K#/div)

Deflection Time
0.010"/div 10 msec/div

FIG. 3—Test records from K, tests of A533B. Tests conducted at two different loading
rates.
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the lower left, and a load-time trace starting from the lower right. Two
run-arrest segments occurred in this test, and two reloading load-dis-
placement traces can be seen in the upper right hand quarter of the photo-
graph. In the load-time record, which proceeds from right to left, the
crack arrest load following the first run-arrest segment is not defined as
clearly as in the slower test because of load cell vibrations; however, a
crack arrest load can be obtained by extrapolating the reloading trace
back to a point on the time axis corresponding with the run-arrest event.
It might be noted that this method of extrapolation which ignores the
load cell vibrations leads to a test record interpretation of the fast test
which is consistent with that of the slower test. The vibrations are not
necessarily less in the slower test; they are simply less apparent because
of the compressed time scale.

Some justification for ignoring the load cell vibrations in reading an
arrest load is furnished by an auxiliary experiment in which a strain gage
was mounted on the specimen arm in a position where the output was
insensitive to the crack length. This is equivalent to using the specimen
itself as a load cell. Figure 4 shows a record from such a strain gage,
along with a record from the in-line load cell, obtained in the course of a
crack arrest test. It is evident that the vibrations from the load cell are
much more pronounced than those from the strain gage mounted on the
specimen. It is considered that a mean value of load cell output provides
an appropriate estimate of crack arrest load.

The test record in Fig. 3b illustrates a phenomenon which we have
observed regularly in tests on pressure vessel steels but not on some other
materials, for example, not with adhesively bonded specimens. When the
crack advances in successive run-arrest segments, initiation loads and
arrest loads have been observed to increase progressively. Because of the
crack length independence feature of the test specimen, this indicates
that K, and K, are increasing likewise. While it is not surprising that
K, measured on a rough arrested crack would be greater than the value
measured with a smooth fatigue crack, the continued increase in K, on
successive initiations and the progressive increase in arrest toughness is
not well understood. There is a tendency with increasing crack length for
the crack surfaces to become rougher and for the crack plane to deviate
from the minimum section defined by the side grooves. Whether this is a
sufficient explanation is not clear. As a practical expedient and in order to
define K, in a conservative fashion, evaluations have been limited to the
first run-arrest segment in a test, that is, to the arrest of a crack initiated
from a fatigue crack.

Controlling Crack Direction

A serious problem with DCB specimens, whether uniform or tapered, is
a tendency for the crack to veer out of the plane of symmetry and break
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Onset of Crack Propagation

load cell
A N L AAA
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strain gage (23, 000 N /div)

time (100 r&suca’div]
based on static calibration strain

gage against load cell.

FIG. 4—Output of load cell and strain gage mounted on specimen arm over a run-arrest
segment of crack extension. The levels q and q’ define arrest levels. Bottom photograph is
the same as top one with expanded scales.

off an arm of the specimen. Face grooves may be used with either speci-
men to help direct the crack, but there are objections to using deep
grooves. The first of these is that face grooves may produce a crack tip
stress state which varies through the thickness; and the greater the face
groove depth, the greater is the uncertainty arising from this cause. The
second concern, which must be ultimately answered by experiment, is the
criterion for adequate plane-strain constraint in a face grooved specimen;
that is, whether the gross thickness, the net thickness, or a combination of
the two, should be used in establishing the thickness required for mea-
suring plane-strain toughness values. Since net thickness is expected to be
important to this criterion, deep face grooves are expected to require
larger specimens.

In light of the complexities associated with the use of deep face grooves,
it is preferable to control crack direction by modifying the in-plane
dimensions of the specimen. A feature of crack line loaded specimens not
present in tension loaded specimens is a large bending stress parallel to
the crack plane. It is reasonable to attribute the tendency of the crack not
to extend straight in the former specimen type to the presence of this
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bending stress, and, hence, to seek better crack direction control through
a design which reduces the bending stress. This consideration led to the
specimen design shown in Fig. 1, a specimen more steeply tapered than
the ones used previously. The specimen worked well; that is, cracks propa-
gated straight, with A533B steel from one source; however, with material
from another source crack branching occurred in a majority of specimens.
Whether the crack branching was peculiar to the material or traceable to
the specimen design has not yet been ascertained. Also, whether or not
the material which exhibited crack branching will be typical of pressure
vessel steels to which the method is to be applied is not yet known. There
is evidence that the crack branching can be avoided by the use of deeper
face grooves [5], but, for reasons discussed previously, it would be desir-
able to find another solution, if possible.

Specimen Measurement Capacity

Investigation of specimen measurement capacity involves consideration
of the quantities: K,,, K, and the ratio K /K,,. In order that K, be ac-
ceptable as a thick section (plane-strain) toughness parameter a require-
ment of the type

2
2. (5
Y

ag

Q)

must ultimately be established. If different face groove depths are used,
the value of o may also depend on B, or B,/B. The equation assumes
that the in-plane dimensions of the specimen are large enough that the
thickness, B, is the limiting critical dimension. The yield stress, ¢,, may
be a static value or a corrected value reflecting the strain rate at the plastic
zone boundary of a running crack. Following ASTM Method E 399 the
value of « would be 2.5; some evidence has been presented that a value «
= 1.0 may be adequate. For a 50.8-mm-thick specimen, with o, = 550
MN/m? the two criteria give maximum values of about 80 and 125
MN/m*, respectively. The comprehensive testing required to establish a
value of « experimentally has not been carried out.

In order to measure K, it is necessary to initiate cracking at some level
of toughness, K. For the specimen shown in Fig. 1, a limitation on the
value of K is imposed by plastic bending of the specimen arms which
occurs first at the start of the taper. The criterion for plastic bending
based on Eq 5 and a strength-of-materials calculation of bending stress is

(%&) >53.6 mm ®

Y,
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As long as an appropriate criterion for K,,, Eq 7, is met, there may not
be a fundamental objection to some plastic bending prior to initiation;
however, there is some physical limit to the amount by which K, can ex-
ceed the condition of Eq 8. Moreover, if a fast loading rate is employed
for the purpose of lowering K, the intervention of plastic bending will
diminish K and, thus, nullify the fast loading rate. Lastly, the material
which showed crack branching also had high initiation toughness values,
so there is at least a possibility that high K, values may promote the
tendency for cracks to branch.

For a given specimen design, the ratio K, /K,, along with the testing
machine stiffness determines how far the crack will jump before arresting.
With a pin loaded specimen there is a practical limit below which the test
machine compliance cannot be reduced. For the test set up at MRL, it
was found that with K /K, greater than about 1% the crack would not
arrest in the tapered section of the specimen.

These considerations illustrate the desirability, if not the necessity, of
lowering the K, value in order to measure K, above the NDT temperature.
One method, already alluded to, is to employ fast loading rates where
the specimen is loaded to fracture in 1 to 10 ms. A second device, which
was employed by MRL [2], is to impose a temperature gradient along the
length of the specimen so that a crack is initiated in a colder region and
propagates into a warmer one. Perhaps the most promising method is to
use a brittle crack starter, either initiate the crack from a brittle weld or
from a welded-on starter section of a material of lower toughness than
the test section. Experiments along these lines are being carried out at
MRL.

General Considerations

Experimental study of crack arrest, either through measurement of K,
or by means of some other analysis scheme, requires that a run-arrest
segment of crack extension be produced in a laboratory specimen. Service
conditions may involve crack initiation in a region of low toughness fol-
lowed by propagation under increasing K until the crack arrests in a
region of increasing toughness. This sequence of events could be set up
in a laboratory test, and, in fact, a limited number of crack arrest tests
have been run on single-edge-notched (SEN) specimens in which electron
beam welds were used to produce a low-toughness crack starter material
[6]. A more suitable laboratory test, however, is one in which crack arrest
occurs as a result of decreasing K with crack length as the crack propa-
gates. The tapered DCB specimen discussed previously works in this way,
but other specimens could also be used. For some specimen types a very
stiff loading system, for example, wedge loading, may be needed to pro-
duce a sufficiently rapid decrease in K. For evaluating K,, the loading
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system must be such as to accomodate instrumentation which allows de-
termination of K a short time after the run arrest segment of crack ex-
tension. Before discussing alternative specimens for measuring K, it is
appropriate to call attention to some features required of any specimen
which is to be used. In order that crack arrest occur under conditions
which simulate thick section behavior, edge effects must be minimized.
This requirement is met by the use of face grooves.

Face Grooves

In considering face grooves it is convenient to think of the stress factor
intensity factor, K, as a quantity which may vary along the crack front
and the material’s resistance to crack propagation as also varying along
the crack front. Even if X is constant across the crack front in a smooth
sided specimen, fracture resistance is not. Material near the specimen
edges where plane-stress conditions govern plastic zone formation is more
resistant to fracture than the central region where, if the specimen is thick
enough, plane strain prevails. Thus, there is an inherent three dimensional
problem even in the absence of face grooves. In measuring K. this three-
dimensional aspect is circumvented by making the specimen thick enough
so that crack motion in the central plane strain position of the crack front
can be detected in the absence of significant crack extension near the edges
of the specimen. This situation is not acceptable for K, evaluation. Were
the arrested crack front to reveal that crack motion occurred only in the
center region of the specimen while the crack remained pinned at the
edges, it would be natural to conclude that the more resistant plane-stress
portion of the crack front, not the plane-strain portion, dominated the
crack arrest.

The principal purpose of face grooves is to eliminate undue edge in-
fluence. A simple way of viewing their effect is as follows: stress intensifi-
cation at the root of the face grooves enhances K in this region, and stress
triaxiality induced by the side grooves may locally reduce the fracture
resistance. With an appropriate face groove configuration, therefore,
edge material could be made to fracture with about the same ease as
material in the central portion of the specimen. The term ‘‘ease’’ here
does not have a precise definition; nonetheless, it should be possible to
assess the efficacy of the face grooves by examination of the arrested
crack front. The face grooves would be judged too severe if the arrested
crack front showed that the crack at the surface (that is, at the root of
the face grooves) extended ahead of the center portion, and inadequate
if the crack lagged at the surface. Experience at MRL has shown that
relatively shallow (B,/B = %) but fairly sharp (0.25 mm root radius)
face grooves produce a reasonably straight crack front in pressure vessel
steels. Figure S shows the configuration of some arrested cracks as re-
vealed by heat tinting or fatigue cracking.
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(b)

— crack propagation

FIG. 5—Fracture surface of two specimens of A533B steel tested at 10°F (NDT). In (a)
the-arrested erack -was marked. by -heat-tinting,—in(b) by fatigue cracking.

The use of face grooves introduces some analysis uncertainty, but, if
the grooves are shallow, the uncertainty is not objectionably large. Two
extremes may be considered. First, the effect of the face grooves in in-
creasing K may be confined to a small region near the root of the grooves,
so that X in the central portion is the same as it would be in an ungrooved
specimen. The other extreme is that K is elevated uniformly across the
crack front in which case the K for the face grooved specimen would be
(B/B,)” times the value for an ungrooved specimen. The practice of
MRL (which is reflected by using By rather than B in Eq 2) has been to
use the average K across the net section, which, for B,/B = % can result
in over estimate of no more than 15 percent. The potential error with
deeper grooves is, of course, greater.
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The function of face grooves is to eliminate plane-stress fracture in-
fluence of material near the edges of the specimen. This by no means
implies that face grooves reduce the specimen thickness required to obtain
plane-strain fracture conditions. A net thickness which is large relative
to a calculated plastic zone should be a formal requirement, exactly how
large must be ascertained experimentally.

Controlling Crack Jump Length

One concern in selecting a specimen for measuring K|, is the ratio
K, /K, as a function of crack jump length. If K,/K, does not drop suf-
ficiently rapidly as the crack extends, the possibility of a crack’s arresting
is diminished. The ratio, K,/K,, is evaluated readily. For any specimen

KaP\C’ ®

where C' = dC/da, the rate of change of specimen compliance with crack
length. The load may be considered to be applied by a crosshead displace-
ment A,, operating across a load train with compliance C,, and the speci-
men with compliance C. Then, P = A, /(C + C,,) and

Assuming that the value of A,, after crack arrest is equal to the value
at the onset of crack propagation

Ky _ € (Cot Cu (11)
K c,\c+cC,

where C, and Cj, are evaluated for the initial crack position, a,, and C
and C’ are calculated for a hypothetical arrest crack position, a. Fixed-
grip loading conditions are associated with C,, = 0, fixed-load with C,,
— oo, Actual test conditions would fall somewhere in between. Testing
experience at MRL suggests that a value of C,, = 1.5 X 10-8 m/N is
a reasonable test machine compliance with a pin-loaded specimen.

Figure 6 shows three specimens with comparable dimensions, the tapered
DCB specimen, a uniform DCB specimen, and a compact specimen. The
specimens are taken to be 50.4 mm thick and assumed to be made of
steel, E = 2.07 X 105 MN/m?2 For the tapered DCB specimen with a,
= 40 mm, the initial compliance is C, = 1.81 x 10-? m/N; and the rate
of compliance change, which is independent of crack length, is C' =
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F1G. 6—Candidate specimens for K |, measurement evaluated for crack arresting ability.

5.55 X 10-8 N-L The values lead to the curves for X,/K, shown in Fig.
7. For fixed-load loading conditions K,/K, is, of course, constant. For
any finite machine compliance, the curve lies between constant K /K,
and the fixed-grip curve. For C), = 1.5 x 10-3 m/N, KX ,/K, drops to
about 0.73 over the tapered region of the specimen, in reasonable agree-
ment with the observed measurement ability of the specimen in MRL’s
test setup.

For the uniform DCB specimen compliance calibration results of
Mostovoy et al [4] were used. These can be written

C= % [ + 0.6)° + £] (12)

and
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FIG. 7—Decrease in K with crack length in tapered DCB specimen of Fig. 6.

C' =z B + 0.6) + 1] (13)

where ¢ = a/H, the crack length divided by the specimen height. Taking
a, = 40 mm in a specimen with H = 80 mm, the curves plotted in Fig. 8
were obtained. Under fixed-grip conditions the drop in K,,/K is compa-
rable to that in the tapered DCB specimen. Under fixed-load conditions,
K,,/K, (which is not shown) increases continuously. For C,, = 1.5 X
10-2m/N, it increases somewhat over the first 120 mm of crack extension.
This indicates that particular attention to test machine stiffness, and pos-
sibly the use of wedge loading, may be required to measure K,, with this
specimen.
For the compact specimen, the calibration

P
K = / (14)
B\/_f(a w)

where
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FIG. 8—Change in K with crack length in uniform DCB specimen of Fig. 6.

3 5

f<—;—,> = 29.6 <ViV>%— 185.5 <%V>A+ 655.7 <viV>/

% %
a a
- 1017.0 <P_V> + 638.9 <P_V>
was used. Based on this equation
2 %3
_ (15)
VC = (gipp) farm.
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2 a/W (16)
—_ = —— 2
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The dimensions chosen were W = 150 mm, H = 90 mm, and @, = 45 mm
corresponding to a,/W = 0.3. The initial compliance C, was estimated
from Eq 12. Curves of K, /K, are shown in Fig. 9. Under fixed-grip
conditions K,,/K, drops fairly rapidly with crack length; but for an as-
sumed machine compliance, C,, = 1.5 x 10~ m/N, K,/K, increases
faster with crack length than for the uniform DCB specimen.

2.4
2.2}
2.0}
-5
1.8} CM=I.0x10 mm/
1.6}
o 14}
X
©

oz}
1.0
0.8}
0.6 Fixed Grip

CM =0
0.4
a = 45 mm
o
0,.2%
o — . . . . N o
0 10 20 30 40 50 60 70 80 90 100 110 120
Crack Length, a (mm)
FIG. 9—Change in K with crack length for compact specimen of Fig. 6.
Summary

The study of the fracture behavior of pressure vessel steels at MRL has
led, over the years, to the development of procedures for measuring crack
arrest toughness, K,,. The measurements are normally made with con-
toured or tapered DCB specimens, having sharp but shallow face grooves.
The face grooves are required to produce a reasonably straight arrested
crack front. The latest tapered DCB design is an improvement over
earlier ones, in controlling crack direction; however, it cannot be guar-
anteed that the arrested crack will always be flat and confined to the
minimum section defined by the face grooves. The K, calculation is based
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on the static condition a short time after a run-arrest segment of crack
extension; and the load corresponding to this time is inferred readily from
a load-time record obtained during the course of the test. Other specimen
types should be usable for measuring K,. Two types considered—the uni-
form DCB specimen and the compact specimen—appear to have the dis-
advantage of a lower capability for crack arrest under pin loading. In-
creased stiffness in the loading train achieved by wedge loading could
avoid this disadvantage, but whether or not wedge loading lends itself
to instrumentation for defining the crack arrest load remains an open
question. In order to make K, measurements above the NDT temperature,
the temperature range of greatest interest, the major problem is to initiate
cracking. Some means for reducing the crack initiation toughness have
been described in early reports [/-3,7]. These include the use of fast load-
ing rates, or thermal and metallurgical gradients or both. The latter might
be done by welding on a brittle front end, by electron beam melting and
quenching of the metal where crack initiation is to occur, or by depositing
an embrittled bead as is done by NDT testing. The latter two require
the use of sharply machined notches.

In spite of the fact that some problems still remain in K,, testing, a
variety of materials can be tested satisfactorily using the specimen whose
dimensions are shown in Fig. 1. The simpliest method for suppressing the
initiation toughness for low- or intermediate-strength steels is by the use
of high loading rates. This method has the disadvantage that it may not
be possible to permanently stop the crack after the run-arrest segment.
A permanent arrest is not necessary for evaluating K,, on tapered speci-
mens, but it is helpful to mark the position of arrest by heat tinting or
fatigue so that the fracture appearance at arrest can be examined after
testing. The arrest position can be approximated for a fast test, however,
by use of compliance if the clipgage is prevented from flying out during
the test.
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ABSTRACT: The dynamic fracture toughness of the high-strength steel VCN-100
(UNI 38 NiCrMo4) is derived from tests on TPB 9 (three-point-bend) specimens. A
wide range of crack velocities was obtained by changing the ER (energy ratio) of the
specimen at crack instability; the crack velocity was evaluated from load versus time
records during crack propagation. The results show a dependence of K, on crack
velocity in good agreement with literature data.

KEY WORDS: crack propagation, dynamic properties, fracture strength, fractures
(materials), fast fracture, energy ratio (geometry), velocity, bending, high strength
steels, fracture properties

The length L of a notched specimen can be changed to vary the specimen
energy ratio (ER) at load instability. Changes in ER, associated with the
elastic energy (w,) available to produce fracture work with respect to the
fracture work (w/,) to be done, can be used, as shown in détail in Appendix
I, to induce small or large crack propagations in a specimen. The effec-
tiveness of the method was tested on aluminum alloy (AA6351-T6), both
via the experimental determination of the specimen length L., at which
corresponds the just complete fracture of the specimen, and via the ex-
perimental determination of the materials dynamic toughness [/,2];2 the
test technique proved also to be an interesting alternative to Battelle

'Head, Materials Engineering Section, Mechanics Division, Centro Informazioni Studi
Esperienze, Segrate Milano, Italy
2The italic numbers in brackets refer to the list of references appended to this paper.
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double-cantilever-beam (DCB) testing [3,5] for the dynamic characteriza-
tion of a material.

This paper describes the testing procedure and the dynamic toughness
results for the high-strength steel VCN-100 (UNI 38 NiCrMo4), very sim-
ilar, in chemical composition and mechanical properties, to the more well-
known SAE 4340 (Table 1 and Fig. 1). The results of the work suggests
the idea of an intimate relationship between the ER of the specimen and
the crack velocity and confirm the usefulness of the method for the dy-
namic characterization of a material.

Experimental Procedure

Material

Measurements of dynamic fracture toughness, K,,, are performed on
VCN-100 in two heat-treatment conditions: (1) annealed (as received,
o, = 390 MN m-?) and (2) quenched and tempered (Q&T): oil quenched
at 860°C and tempered at 380°C for 1 h (¢, = 1360 MN m~-2).

Specimens

Specimens are machined to a thickness B = 5 mm, width W = 10 mm
and lengths L between 50 and 150 mm; longer specimens are obtained by
welding two extensions of the same material. The crack length a is varied
between 1 and 5.5 mm; all the cracks are fatigued according to the rules
of the American Society for Testing and Materials (ASTM).

Loading Procedure and Test Equipment

The specimens are tested in three-point-bend (TPB) on a 0.1 MN test
machine; the compliance of the test system, with respect to the specimen
one, allows to neglect the energy released by the loading system during
the crack propagation. The specimens are slowly loaded, at different ve-
locities, to keep constant, irrespective of their length, thé derivative of
bending moment versus time (M = 1.2 Nm/s), the load-midspan dis-
placement is recorded through the main load cell and through a flexometer
on a X-Y recorder. The load versus time evolution during crack propa-
gation is measured by an high-frequency load cell (cutoff frequency =
0.5 MHz) and a transient recorder (Fig. 2). After the crack propagation
the specimen is unloaded to record its final compliance.

Post-Fracture Examinations

The specimens are heat tinted and completely fractured, the crack prop-
agation area is measured on a toolmakers optical microscope with X-Y
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FIG. 1—Fracture toughness of high-strength steels VCN-100 and SAE 4340, ASTM valid

measurements from literature.

displacements (0.01 mm accuracy). The fracture surface characteristics
of some specimens are also examined at the scanning electron microscope
(SEM).

Analysis of Measurements

Dynamic Toughness

The dynamic toughness K, is derived through

Ko=VE G, (1)

where

E' = E/(1 - v?) = Young’s modulus corrected for plane strain,
v = Poisson’s ratio of the material, and
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main load-cell \

high frequency
load-cell

FIG. 2—Arrangement for TPB tests showing the high-frequency load-cell for load versus
time records during fast crack propagation.

G, = energy per unit area released during the crack

propagation
Aw
G, =% @
where
Aw = total energy released from the specimen during crack propaga-
tion and
As = associated crack area.

Aw is calculated from the load-midspan displacement record as the dif-
ference between the potential elastic energy before crack instability (ABC
triangle area, Fig. 3) and the residual elastic energy at crack arrest (ACD
area). The use of Eq 2 is based on the assumption, suggested by the dy-
namic load versus time records, that the energy spent as damping energy
in the specimen after the crack arrest, is small in comparison with the
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FIG. 3—Example of load-midspan inflection record, shaded area represents the elastic
energy released during crack propagation.

energy involved in the fracture process; moreover, Aw is evaluated as a
difference between two static energy levels: all the problems connected
with the kinetic energy recovery, as fracture energy during crack propaga-
tion or elastic energy after the crack arrest, therefore are circumvented.
AS in Eq 2 is evaluated from the graphic presentation of fracture results;
only the area which actually corresponds to the fast crack propagation
is taken into account.

Crack Velocity

The average crack velocity is evaluated from the crack propagation
length divided by the crack propagation time; the first determined from
post-fracture examinations, the second from load versus time records.

The propagation time is assumed to correspond to the linear unloading
of the specimen, as indicated by ¢ in Fig. 4; after the crack propagation
time the records show the onset of superimposed transverse and longitu-
dinal oscillations into the specimen.
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FIG. 4—Examples of dynamic load versus time records.

Static Toughness

The static toughness K at fracture initiation is calculated, for the speci-
mens which satisfy the rule B > 2.5 (K| ./ )% from the equation

6M\/ a
K= Y=o )

where

M = bending moment at load instability and
Y = dimensionless function of (a¢/w) and (L /W) [8].

Since the test procedure slightly deviates from ASTM rules and Y values
are interpolated for (L/W) ratios corresponding to pure bending, 8 and
4, the measurements cannot be considered, strictly speaking, true K,
values. The toughness K, at crack arrest is determined, on specimens
which develop a sufficiently straight crack line, with the use of the same
procedure.

Results and Discussion

Toughness Measurements

A summary of data is listed in Table 2 for the annealed material; the
crack velocity v, calculated from crack propagation time, Fig. 4, is plotted
in Fig. 5 versus the specimen ER. In the same diagram are also reported
the velocities v’ calculated on the basis of a supposedly constant propaga-
tion time (average value on all tests ¢ =7 us); in fact the best fit of v’ with
respect to v supports the idea of a constant propagation time in the tested
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TABLE 2—VCN-100 annealed (o, = 390 MN m =2), 5 x 10 mm TPB specimens,

L = 150 to 300 mm, (a/w) = 0.55.

Specimen Aw, Kip
No. ER Jx 1073 a5, mm2 MN m~% t,us v, m/s v, m/s v* m/s
M 1 0.02 11.6 0.46 76.4 . ... 22 21
o1 0.02 11.0 0.40 79.8 8.7 21 19 21
0 17 0.025 15.0 0.54 80.3 ce . 25 26
Q 7 0.02 10.6 0.50 70.2 7.9 22 24 21
Q1 0.025 13.2 0.56 74.1 6.9 28 27 26
Q 2 0.06 30.9 1.40 71.4 8.7 54 67 63
M 4 0.08 38.7 1.84 69.9 5.1 120 87 84
o 7 0.09 45.6 1.90 74.5 6.0 105 90 95
Q 13 0.08 47.5 1.78 78.6 7.1 83 84 84
010 0.10 43.9 2.16 68.6 6.3 114 103 105
O 14 0.095 53.6 2.06 77.6 7.7 88 97 100
Q 8 0.095 49.4 2.16 72.7 6.6 109 103 100
O 16 0.105 50.0 2.32 70.8 7.6 101 110 110
Q1 0.12 63.3 2.72 73.3 6.3 144 130 126
Q 14 0.125 51.2 2.68 66.5 6.7 133 127 131
E 10 0.16 69.7 3.54 167.7 Cen .. 169 168
200
VCN-100 annealed (o,,= 390 MNm?)
e from actual propagation time (v) /
o from 7us average prop. time (v’) V
150 V4
. /
» o)
~ [}
E .
- q /
> o |O
>:1o<> * 99
)
oo
H
E 4
&
© 50 y.

4

0,06

0,1 0,15
Specimen ER

FIG. 5—Dependence of crack velocity on specimen energy ratio.
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geometry. The direct proportionality between crack velocity and ER (v*
= 1050 ER) is assumed as a basis for the velocity determinations.

In Table 3 the summary of data is listed for the Q&T material; during
this set of tests the electronics, used for the dynamic loading recording,
failed and crack velocities reported are extrapolated on the basis of the
relationship v* = 1050 ER.

The K, measurements for both annealed and Q&T material are re-
ported in Fig. 6 as a function of crack velocity v*, in the same figure are
reported for comparison the Battelle data [4], the good agreement supports
the extrapolation procedure just mentioned. The logarithmic abscissa is
used in Fig., 6 because of the wide range of velocities experienced, and to
evidence the points in the minimum K, zone. The trend reported in Fig.
6 suggests a negative slope at low velocities for both the annealed and
Q&T material. For the annealed material the K, is unknown, but a tenta-
tive value around 130 MN m-* can be assessed on the basis of J-integral
measurements [9] and crack tip opening displacement (CTOD) measure-
ments [7]; for the Q&T material the measured value of about 57
MN m~* (see Table 3) seems slightly lower than literature data (see Fig.
1), but reasonable; the K. data of the two materials are both distinctly
higher than the minimum X, values measured. In Table 3 some K, data

200 T T T T T T T 117 T
o VCN 100 annealed, Present Study
e VCN 100 QaT, Present Study
A SAE 4340 QaT, Hahn et al. [4]
o 150
]
'e
Z |e—o0 K= 130 MNm-3/2
3
]
* N
-
g 100 e N
€ ~N
£ ~ '/_
§ N, o@ ° ae,
Oo\o_
) oe
E [-—e K= 57MNm™3/2 A
g ” .
€ 50
[=) ~ .
-~ T —— .—../‘/
. -
o 1 Lot 1 Y Il 1t 1
1 10 1000

100
Crack velocity, v* (m /s)

FIG. 6—Velocity dependence of K |p, values.
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are also listed for the Q&T material; the value of 54.5 MN m-*is found
for Specimen 1D, the only one showing a nearly straight crack propaga-
tion front line, and a rather large fracture involving the whole specimen
thickness. In the other specimens, which showed thumbnail propagations,
confined within the specimen thickness, the use of Eq 3 is highly ques-
tionable.

Fractographic Measurements

Two examples of graphic presentation of fracture results are shown in
Fig. 7. All the annealed specimens show a stable crack extension (SCE)
before the fast crack propagation. The SCE fracture, substantially ductile,
extends to the whole specimen thickness and exhibits, at SEM, dimples
(Fig. 8a) produced by void coalescence. The fast crack propagation, con-
fined in the specimen thickness induces brittle fracture: the cleavage facets
are shown in Fig. 8c; the transition between the two fracture modes de-
velops a ‘‘secondary’’ stretch zone (Fig. 8b).

In the case of the Q&T material, no SCE is observed, as shown in Fig.
7b and the SEM reveals the predominantly intergranular fracture with
secondary cracks at low-crack velocities (Fig. 9a). In specimens fractured
at relatively high velocity, the fracture is intergranular, with more pro-
nounced secondary cracks (Fig. 9b); however, some well-developed cleaved
areas are present (Fig. 9¢), and the transition between intergranular and
cleaved areas is often marked by narrow dimpled zones (Fig. 94).

3 — — —"
VCN -100 annealed a VCN ~100 QaT b
Spec. Q1 Spec.1D1 bis \

: /| \
42
g
:‘- Fast crack propagation
§ Fast crack propagation
°
a
'é‘ \ . ™.
o Stable crack extension / \
Fatigue crack
Fatigue crack
[}
0 1 2 3 2 3

ry 0 1 4
Specimen thickness, B (mm) Specimen thickness, B (mm)

FIG. 7—Examples of graphic presentation of fractures results.
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Conclusion

The concept of the TPB specimen tested at different lengths, to vary
the specimen ER, has proven to be an useful tool for dynamic toughness
measurements. The main advantages are the following:

1. A very wide velocity range can be explored.

2. In the case of the annealed material the size requirements for a K,
value are not fulfilled; however, both the fast crack propagation well con-
fined in the specimen thickness and the observed cleavage fracture in this
zone suggest the assumption that the crack propagates with a fairly good
regime of lateral constraint and support the use of small coupons of mate-
rial to determine correct K, measurements.

3. The test procedure is rather simple.

4. The relationship between crack velocity and ER, to be further tested
on different materials and geometrical shapes could prove useful for an
estimate of velocity. An analytical model of crack propagation, in the
tested geometry, is in progress; anyway, the data presented in this work
are self consistent and the agreement with literature is good.
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APPENDIX I

The ER (energy ratio) of a specimen, defined as
ER = w,/w, )

where w, and w, are the stored elastic energy at load instability, and the fracture
energy of the specimen, respectively, can be modified for a given material through
changes in specimen geometry.

The stored elastic energy which in its general form is

ws = | S av 5)

where S is the strain energy density in a body of volume ¥ and can be written
for a cracked specimen at load instability as

Ufz
W, = a=—=BWL ©

where 2E
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il

dimensionless function of geometry and loading which accounts for
the actual stress distribution in the specimen,

FE = Young modulus of the material,

a, = applied stress at load instability, and
B, W,L = dimensions of the specimen.

a

The maximum applied stress o is related to the crack length @ and to the critical
stress intensity factor, when linear elastic fracture mechanics (LEFM) can be ap-
plied through

K
o = — M
Wa
where Y is the well known dimensionless function of geometry and loading.
On the other hand the fracture energy of the specimen is
a
wf=Gc<l—W)BW ®

where G, = 2 (v; + 7,), is the specific fracture energy which takes into account
both the surface energy 7, and the plastic work v, and (1 — a/w)BW is the area
of the specimen ligament.

Introducing Egs 6 and 8 into 4, it follows

2
97

)
EG.F

ER = x

where x = o/2(1 — a/W) is again a dimensionless function of geometry and
loading.

Equation 9 shows that the ER can be modified, for a given material and loading
geometry, through changes of geometrical parameters; namely, the specimen length
L, or more generally the length in the direction orthogonal to the fracture plane,
and the crack length or shape; in this second case the maximum ER is limited by
the yield stress o, of the material. As the value of ER reflects the energy available
to produce fracture work with respect to the fracture work to be done, two ER
levels seems to deserve particular interest:

1. ER < 1-—crack arrests within the specimen.

2. ER = l—stored elastic energy is just sufficient to propagate the crack on
the whole specimen ligament area.

The length of a specimen corresponding to the near complete fracture of a
tested specimen: As =(1 — a/W)BW and ER =1, has been called L (critical length)
[1,2). Introducing into Eq 9 K. = V EG_.and resolving for L, it follows

2
1 /K
Lo=— < _’°> (10)
x \ o
which shows a noticeable formal similarity with Eq 7 rewritten as
2
< an

%

1 <K,>
a. —
i
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When tests are performed on materials which show velocity dependent mechanical
properties, the use of Eqs 9 and 10 is not straightforward; however, the critical
length of the specimen can be experimentally determined and the ER of the speci-
men, at L < L., can be measured a posteriori as the ratio between the fracture
area actually produced and the specimen ligament area.
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Summary

There is now general agreement that the arrest of a rapidly propagating
crack, from a fundamental point of view, can occur only when the condi-
tions for its continued propagation can no longer be satisfied. Conse-
quently, precise treatments of crack arrest must start from an analysis of a
propagation event. There is less agreement on the extent to which the con-
siderable mathematical and experimental complexity required for a funda-
mentally correct analysis is necessary. Many practical applications in which
the prevention of extended unstable crack propagation is an important
consideration undoubtedly can be adequately treated in much simpler
ways. The problem is that such instances cannot always be identified
without the help of a more complete treatment.

Broadly speaking, the papers contained in this volume tacitly reflect
the schism that now exists. Some papers take a fundamental point of
view, while others are more pragmatic. In the former category, with the
exception of small crack jumps, account generally must be taken of dy-
namic effects in the body (for example, inertia forces, stress wave inter-
actions with free boundaries, kinetic energy) and a possible dependence
of the crack propagation criterion on the crack speed. There can be a
substantial difference between this, a ‘‘dynamic fracture mechanics’’ ap-
proach, and a quasi-static interpretation of a run-arrest event. This is
clearly shown in one of the most significant papers in this volume—the
paper by Kalthoff, Beinert, and Winkler—which describes experimental
results using the popular double-cantilever-beam (DCB) test specimen.

As reflected by the bulk of the work contained in this volume, current
efforts in dynamic fracture mechanics are essentially dynamic generaliza-
tions of conventional linear elastic fracture mechanics. A basic premise
involved in such an approach is that the critical value of a crack-tip
characterizing parameter, either K or §, be a geometry-independent mate-
rial property. Thus, the systematic experimental evidence reported by T.
Kobayashi and Dally showing that the dynamic fracture toughness param-
eter K, is at most a function of crack speed is of great importance. At
the same time, it must be recognized that the exact shape of the K, =
K (V) curve is not known precisely for any material. Indeed, as Broberg
points up in his paper, our fundamental understanding of this function
is far from complete. Perhaps the micromechanical picture proposed in
the paper of Shockey et al has the potential to resolve these difficulties.

411

Copyright© 1977 by ASTM International WWW.astm.or
2



412 FAST FRACTURE AND CRACK ARREST

However, as indicated by Irwin, the effects of material damping away
from the crack tip may also be important.

The papers in this volume that attempt to analyze fast crack propaga-
tion do so entirely within the confines of the linear elasticity theory. For
special conditions, closed form techniques can be applied. Two such in-
stances are reported in the papers by Freund and Achenbach and Tolikas.
However, most work requires numerical solution techniques. Papers in
this volume based on the finite-element method are those by Yagawa et
al, A. Kobayashi et al, Emery et al, Shockey et al, and Aberson et al.
Finite difference based analyses are given by Kanazawa et al, Shmuely
and Peretz, and Kanninen et al. The latter also offers a way in which the
particular geometry in a problem of interest can be exploited to simplify
the analysis.

In view of its complexities, any simplifications that can be made in the
application of fast fracture and crack arrest theory to engineering problems
are welcome. The proposal by Professor G. Irwin, that the K, crack ve-
locity curve can be represented by a speed-independent value equal to
K, is in this category. This idealization has several virtues. It is conserva-
tive, it can simplify computations, and it reduces the number of measure-
ments needed to characterize the material.

Methods of measuring X, are currently under development in a num-
ber of laboratories.! Different approaches are described in the papers by
Angelino, Crosley and Ripling, Hoagland et al, Bergkvist, and Burns and
Chow contained in this volume. The first three of these papers are based
on essentially static measurements of load or displacement or both and
the crack length at arrest. The last two methods depend on measure-
ments of crack speed. Because crack-speed measurements are difficult to
obtain, they can benefit from the improved instrumentation and recording
techniques reported here by Weimer and Rogers and Congleton and Den-
ton.

Actually, the complexity of the instrumentation is only one of the fac-
tors to be considered in weighing the different methods. Both the speci-
men size and load requirements needed to measure the X, values of prac-
tical interest—150 MPa-m” s K,, < 200 MPa-m* in the case of nuclear
pressure vessels—and the extent to which the underlyirfg analysis applies
under actual test conditions are exceedingly important. As already noted,
the analyses for all the different methods described in this volume are
based on linear elastic behavior and are subject to the same awesome size
requirements that are contained in ASTM Method E 399-74. But, a sub-
stantial relaxation of specimen thickness requirements appears possible

It should be noted that a number of authors in this volume use the symbol K, to
represent the actual minimum in the K, velocity curve, and the symbol Ky, to represent
estimates of K, derived from static analyses of post arrest measurements.



SUMMARY 413

because of the exceedingly high strain rates and higher effective yield
stress associated with the plastic zone of a rapidly propagating crack.
Very significant size economics can also be achieved through the use of
duplex specimens as discussed by Hoagland et al. Deep side grooves rep-
resent another device both for reducing specimen size and conferring
greater crack path stability to the DCB specimens, but this approach is
still being questioned.

The evolution of a well-defined crack-arrest toughness property is be-
ginning to generate interest both in the relation between X,, and other
toughness properties, notably K, (the toughness of a stationary crack
loaded dynamically), and microstructural properties at arrest. The new
technique for measuring K, reported by Costin et al can facilitate com-
parison between these two dynamic toughness properties. The work of
Bullock and Smith is a forerunner of studies that will examine metallurgi-
cal variables.

An important part of this conference was the culminating agenda dis-
cussion session. The session was addressed to critical issues and unresolved
problems in developing an engineering approach to crack arrest. To start
the session, individuals representing different technological areas in which
fast fracture arrest knowledge plays a crucial role were invited to give
their view of the problem and, on the basis of the papers presented during
the conference, their feelings on how current research efforts are coping
with them. These individuals were J. Darlaston (Berkley Nuclear Labora-
tory, U.K.), S. Yukawa (General Electric Company), W. A. Maxey
(Battelle), G. C. Smith (Oak Ridge National Laboratory), and E. A.
Chazel, Jr., (U.S. Coast Guard). Their short presentations were of great
value in focusing the discussions in accord with the theme of the session.

The chairmen for the concluding discussion session were E. K. Lynn
(Nuclear Regulatory Commission) and T. U. Marston (Electric Power Re-
search Instiﬁ;te). In addition to their very capable handling of the session,
they have evolved a set of conclusions and recommendations based upon
discussions during the session and written comments submitted subse-
quently. With their kind permission, the conclusions representing consen-
sus opinions are given here as follows.

1. The complete relation between crack speed and the fast fracture
toughness K, should be known and used as input to an exact dynamic
analysis of crack propagation and arrest in a structure.? This contains the
particular value, K, defined as the minimum value of K, on a graph of
crack speed versus K;,. Crack arrest will always occur when K < K,,.

2. It is difficult to obtain the crack speed versus K, relation and to
perform a complete dynamic analysis in an ideal fashion. Therefore, it
would be useful to study methods for predicting crack arrest in a structure

2Testing conditions corresponding to plane strain near the crack tip are assumed.
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which would be less complex, less expensive, and sufficiently accurate for
engineering purposes.

3. Since the results of a dynamic analysis clearly depend upon the struc-
tural configuration, future studies should focus attention on configura-
tions and loadings which are of practical interest, for example, a two-
dimensional approximation of a crack penetrating the wall of a pressure
vessel.

4. The goal of a single property measurement technique is measure-
ment of K. From available information, methods used previously for
K., and K,, evaluation deserve consideration.? The conditions under
which such results differ significantly from K, require further study.

5. High values of (K/o)? at crack initiation are undesirable both in
the static K, and dynamic K, approaches to the determination of K.
Therefore, the use of either temperature (toughness) gradients or the use of
duplex specimens may be necessary when K, > 100 ksi \/in. (109 MNm¥*).

6. Large specimen tests, B > 6 in. (150 mm), are needed to validate the
test results obtained with smaller specimens.

The recommendation for further research evolving from the discussions
in the concluding session, as collected by Lynn and Marston, are as fol-
lows.

1. The behavior of the crack-tip stress intensity, K, as a function of
time following the arrest of the crack needs to be explored.

2. The development of simplified K, techniques such as Battelle’s
technique based on the crack jump length in a DCB specimen with a
blunted initial crack tip (or K, if applicable) needs to be pursued.

3. Further studies into the effect of energy damping on fast fracture
and crack arrest need to be made.

4. The K, versus crack velocity relationship should be measured in the
same structural metal using at least two independent testing techniques to
establish the reproducibility and experimental accuracy of the relation-
ships.

5. The sensitivity of the results of current (and future) dynamic analyses
on the nature of the K, crack velocity dependence needs to be assessed.

6. Dynamic fracture analyses of some engineering structures are needed.
Effort should be directed to apply the existing dynamic analyses and
develop simplified approximate analyses for practical applications.

7. Frequently, the volume of material available for characterization is
insufficient for conventional specimens. Therefore, compound or com-
posite specimens must be developed in order to evaluate the initiation,
propagation, and arrest properties of such a material.

8. Component verification tests of the extant theories of crack arrest
should be expanded.

3k 1o is a measure of the stress intensity immediately after static equilibrium has been
achieved following the arrest of a rapidly propagating crack.
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9. Three-dimensional dynamic analyses of crack propagation should be
developed to test the validity of the two-dimensional dynamic analyses
and analyze geometries too complex for two-dimensional analyses.

It might be noted that these recommendations are confined to research
directions within the context of linear elastic material behavior. This is the
focus of current research. Fast fracture and arrest attended by inelastic
material behavior also offer significant research opportunities.

In conclusion, perhaps the most remarkable aspect of fast fracture
propagation and arrest research is its timeliness. The advances described
in this volume could not have been made before the availability of large-
scale computers, and the advances in experimental capabilities that are
enabling researchers all over the world to address the problem in a funda-
mentally correct manner. The new analytical capabilities will make it
easier to meet the critical needs for energy, material conservation, and
improvements in reliability and structural safety.

G. T. Hahn
M. F. Kanninen

Battelle Columbus Laboratories, Colum-
bus, Ohio; editors.
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