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ABSTRACT

The question of the domain of dominance of the plane-stress asymptotic clastic fields in
dynamic fracture is addressed for the two cases of dynamically loaded stationary cracks
as well as dynamically propagating cracks. The experiments reported in this work are on
three-point bend, 4340 steel specimens loaded dynamically using a drop-weight tower. A
new optical configuration is proposed which would allow for the simultaneous measurement
of the apparent dynamic stress-intensity factor from two different regions around the crack-
tip using the method of caustics. The results of the study indicate the importance of
three-dimensional and transient effects in the interpretation of optical measurements.
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INTRODUCTION

The primary focus of dynamic fracture mechanics of nominally brittle materials has been
the determination of the dynamic fracture toughness for initiation and its dependence on
loading rate as well as the study of the propagation toughness (K;p) and its possible depen-
dence on parameters such as crack velocity (a), acceleration and temperature. Extensive
experimental effort has gone into these tasks over the past two decades. The principal
tools for investigation have been the method of caustics and photo-elasticity. Both these
techniques require an a priori knowledge of the form of the near-tip stress or deformation
fields. It has been the vogue to assume that the plane-stress dynamic stress-intensity fac-
tor field (the K¢-field) adequately approximates the stresses and displacements over some
region around the crack-front. Based on this assumption of K{-dominance, the endeavor
thus far has been to experimentally obtain a measure of the dynamic stress-intensity fac-
tor (and hence fracture toughness) for rapidly propagating cracks. Using this approach,
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some researchers (Kobayashi et <l., 1980, Rosakis et al., 1984 and Zehnder, 1987) among
others, have found that the dynzmic fracture toughness depends in a one-to-one manner
on the crack velocity. This is disputed by others (Kobayashi et al., 1978 and Ravi-Chandar
et al., 1984) who do not find support for such a relation. In addition, Takahashi et al.,
(1987) have argued for an acceleration dependence of the dynamic fracture toughness and
Kalthoff (1983) has reported thzt there is a sytematic specimen dependence of the dy-
namic fracture toughness. Note that in many of above works, the conclusions reached are
on the basis of observed variatiors in the stress-intensity factor of between 20-60%.

The view taken here is that it is possible that the lack of an underlying K#-dominant
field presumed in the interpretation of the experiments might be the cause of the observed
acceleration and specimen depencence of the dynamic fracture toughness. This could also
have a bearing on the prevalent diverging views regarding the uniqueness of the K;p — a
relation. It is felt that this issue needs to be addressed. In this paper, the question of
the adequacy of the K¢-field as a characterizer of the near-tip fields is evaluated for the
case of a dynamically loaded three-point bend specimen. This question arises because it is
becoming increasingly clear that the near-tip fields deviate substantially from the assumed
plane-stress field because of three-dimensional effects. In addition, the asymptotic K¢-field
is expected to become progressivaly more inaccurate away from the crack-tip even in a
two-dimensional dynamic setting. Thus, a K§-dominant region, if it were to exist, must
be an annulus around the crack-tip. The corresponding issue for the static case has been
investigated by Rosakis et al., (1986) where the near-tip three-dimensionality was seen
to be confined to within a radial distance of one-half plate thickness. The issue of K-
dominance in the dynamic case is investigated in this paper by means of the method of

caustics in reflection used in conjuaction with a proposed bifocal high-speed camera set-up
as discussed below.

THE METHOD OF CAUSTICS

A detailed exposition of the theory of the method of caustics can be found in Manogg
(1964) and Rosakis et al., (1985). Here only a brief outline of the method of caustics in
reflection will be presented. A schematic diagram of the experimental method is shown in
Fig. 1. A collimated laser beam is incident on a polished, optically flat fracture specimen
and the reflected light is collected and imaged in a camera. The camera is set to focus
on a virtual object plane at a distance z, behind the specimen. When the specimen is
loaded, its surface gets deformed by, say, z; = —/f(z1,22), where (z,,z,) are points on the
specimen. Due to this deformation, a light ray incident at a point (z;,z,) on the specimen
gets mapped to a point (X, X,) on the virtual object plane of the camera. The mapping
can be shown to be given by (Roszkis et al., 1985)

X ~z—-2:Vf (1)

where it has been assumed that zo » maz |f(z1,22)| which is true for the all the experiments
reported in this work. For caustics by reflection, f(z;,z,) is the out-of-plane displacement
field u3(z1,22) which, for thin elasti: plates of uniform thickness h, is given by

v
uz = T3 (011 + 022), )

where E is the Young’s modulus and v is Poisson’s ratio. Note that relation (2) is a
consequence of assuming that plane-stress conditions prevail throughout the thin plate.
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on 1der.1t1cal specimens under identical stress-wave loading, varying from test to test onl
the object plane distance z. In this manner a range of initial-curve radii was scanned gi’
since, prfesumably, the actual stress-intensity factor history K{(t) for the various tests ant
bfe ldentlcal., the apparent stress-intensity factors measured from caustics obtained If?:)‘s
dx.ffell'ent ob]ec't planes must also agree, at least for those times when the initial-curves farﬁ
V\}Illthln the region .of A’;‘-d?minance. The findings of Ravi-Chandar et al., (1987) indicate
:;i at the assumption behind (3) might not be tenable. Since a substar’ltial part of the
Ynamic fre'Lc.t.ure data extant in the literature has been obtained through the use of eithe
photo-e]afstxclty or the method of caustics, the ramifications of this result are potenti llr
far-reaching and thus deserve more careful scrutiny. Py

In particular, it would be preferable to be able to obtain the apparent stress-intensit,
factor. valu?s from different initial-curves around the crack-tip for the same specimen a}t,
any given instant in time. While comparison of results across tests can be lmade witl
confidence for the loading regime of the experiments, it becomes more difficult in tlh]
crack prcrpa.gating phase since small variations in the crack motion history could lead te
large variations in the values for the measured stress-intensity factor Fo;y example, Fi .
3a shows the st_ress-intensity factor history obtained through the metl;od of caustri)cs’fr(:lgn-
a set of three different tests on identical specimens and for the same object plane distan
z0. Note that the scatter in these results is within the expected experimin@.l errorI C?
about +5% (as computed through an error analysis of (4)). The same, however, is not trli)
for the propa.gating phase. As can be seen in Fig. 3b, the crack d(;es not ql’lite initiatz
at the same time even though the specimens were ostensibly identical and were subjected
to fess?ntla.l]y the same loading. The differences are possibly due to unavoidable Jmin g
variations in the crack-tip bluntnesses. Thus, the rather large variations éeen in Fi I;);)
arise not so much from experiment:l uncertainty as from the fact that the initiation %i'mes
and, tgleref(.)re, the subsequent prepagation histories are different. It is in an attempt
FO. évoxd this problem that one would like to be able to obtain caustics from differeﬁt
initial-curves simultaneously from the same experiment. Here, an optical configurati
t.l]?t vtvmllld allow for the simultanesus acquisition of dynamic c;;ust.ics from two (g;liflf:r::;
a . o el ;

wﬂ_p]e;:lo‘;; z;)neezi(sacr:ltis}:;r?ce two different initial-curves) using only a single high-speed camera

THE METHOD OF BIFOCAL CAUSTICS

A schem‘atic of the optical set-up required to bring two different object planes simulta-
neously into focus in a single camera is shown in Fig. 4. The set-up entails the use of
two beam.-splltters and two mirrors by which two optical paths of different path lengtl

are established between the specimen and the high-speed camera. With refeI:‘ence togt,lIS
figure, let the high-speed camera be set up to focus at a distance f from the camera lerllse
A.]ong path(l) this would mean that the virtual object plane is located at distance = be:
hind the'spemmen. Along path(2) however, by virtue of the increased length (2L) bef\l\'een
the specimen and the camera lens, the object plane would now fall only at a distance
292 = 201 — 2L behind the specimen. Thus the caustics obtained from the two paths would
be from_ two different initial-curve radii. They could be made to appear on thi film track
of the high-speed camera either superposed or side by side. Fig. 5a shows a re resentz:ta'b\c/

picture o_f 'bifoca] caustics for the case of the dynamically loaded stationarypcrack rI:he
superposition of the two images from the bifocal set-up was here so arranged as t(; havz
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the pairs of caustics (the two bright lines around the crack-tip) one slightly shifted with
respect to the other. The smaller caustic corresponds to the smaller object plane distance
(z02) and the larger one to zo;. An example of bifocal caustics for the propagating case is
shown in Fig. 5b.

For nomenclatural convenience, the pairs of dynamic caustics obtained by use of this
bifocal high-speed camera will henceforth be referred to as ‘bifocal caustics,” with the
implicit understanding that such caustics are obtained from two different initial-curves on
the same specimen at the same time. (There is, of course, a time delay of 2L/c because of
the finiteness of the speed of light ¢, but this is negligible for values of L used in practice.)
By changing the distance L from test to test or by changing the focal plane of the camera,
one could of course scan various sets of initial-curves. The comparison of whether the
apparent stress-intensity factors obtained from the bifocal caustics agree over some range
of 1o would however be done solely within each test for reasons stated earlier.

Results of the Bifocal Caustics Experiment

The tests were done on three-point bend AISI 4340 steel specimens 30.5cm long, 15.25cm
wide, lcm thick with an initial notch of about 3.8cm. The specimens were heat-treated as
follows: (1) normalize at 1650°C for one hour and air-cool, (2) austenitize at 1550°C for one
hour and oil-quench and (3) temper at 200°C for one hour and air-cool. One surface of each
specimen was lapped and polished to give a highly reflective surface. The Dynatup S100A
drop-weight tower was used as the loading device. A rotating mirror high-speed camera
in conjunction with an argon-ion pulse laser was used to record a time-sequence of bifocal
caustics as described earlier. The details of specimen preparation and the experimental
set-up may be found in Krishnaswamy (1988). The pairs of caustics obtained at each
instant of time were analyzed as described earlier to get the apparent stress-intensity
factor histories. Only representative preliminary results will be presented here. Fig. 6a
shows the results for the uninitiated dynamically loaded crack for specimen o —3. The
two apparent stress-intensity factors obtained from the diameters of the bifocal caustics
pairs are shown as functions of time from impact. The object plane distances used in
this experiment were zo, = 4.82m and zp; = 3.08m. The region of possible measurement
uncertainty is indicated as vertical error bars. Fig. 6b is an alternate representation of the
experimental results for specimen o — 3. Here, the ratio of the two stress-intensity factors
from the bifocal caustic pairs (Kf/Kf,) is plotted as a function of time from impact.
Also plotted as a function of time are the radii of the initial-curves for the two choices of
object plane distance. It is seen that the apparent measured stress-intensity factor is not
quite independent of the region from which the measurement is made. Indeed, differences
greater than 40% are observed between the measured stress-intensity factors obtained from
initial-curves whose radii vary by less than 20% of the plate thickness. Further, the larger
measured stress-intensity factor corresponds to the larger object plane distance and hence
larger initial-curve radius. Unlike the results of Rosakis et al., (1986) for the static case,

these differences persist even for ro/h > 0.5.

A representative set of results for the crack propagation phase is shown in Tig. Ta,b.
These are again time history plots of the two measured dynamic stress-intensity factors
from the bifocal caustics pairs. The larger initial-curve is again scen to give a larger
apparent stress-intensity factor. Differences of upto 30% in the mcasured values are seen
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in these experiments. The initial-curve radii are almost always greater than one-half the
specimen thickness during the crack-propagation phase. These differences, therefore, do
not disappear for r,/h > 0.5 during the propagation phase as well (unlike the static case).

DISCUSSION

The results of both the dynamically-loaded stationary crack and the dynamically prop-
agating crack tests seem to imply that the the apparent dynamic stress-intensity factor
as measured by the method of caustics increases substantially with increasing initial-curve
radius. This means that the assumption that the plane-stress asymptotic field (2) is valid
over this range of radius cannot be correct. That is, for the experiments considered, no
sizeable region of K§-dominance can be said to exist at least insofar as the surface dis-
placements are concerned. The reasons for this are not difficult to identify. As suggested
earlier, the interplay between thres-dimensional effects and the transient nature of the
loading is expected to be the major factor. This has since been confirmed by two- and
three-dimensional elastodynamic simulations (upto the point of crack initiation) of the
drop-weight tests which were undertaken in a companion study. The actual experimental
boundary conditions were used in these simulations. The details of the simulations may
be found in Krishnaswamy (1988) and are beyond the scope of this paper. Some pertinent
results from the simulations, however, will be presented here. Figures 8a,b show the radial
and angular variation of the free-surface out-of-plane displacements computed through
a three-dimensional elastodynamic analysis. These are normalized by the corresponding
plane-stress asymptotic values. It can be seen that there is no sizeable annulus around the
crack-tip where the asymptotic field can be said to adequately model the three-dimensional
out-of-plane displacements. In addition, the numerically simulated surface out-of-plane
displacements were subjected to the caustic mapping (1) and a representative set of these
is shown in Fig. 9a for a range of z’s and one particular time in the simulation. If one
were to relate the caustic diameters to the stress-intensity factor through (4), then the
resulting values for the measured stress-intensity factor (shown for two times) are seen to
vary quite substantially with increasing initial-curve radius as shown in Fig. 9b. Here, K;
is a measure of the stress-intensity factor as obtained from the finite-element simulation
of the experiments. It is seen that the almost monotonically increasing K.au,/K; Vs 7,/h
curve for the three-dimensional trarsient simulation case qualitatively captures essentially
all the features observed experimentally. Thus, the apparent dynamic stress-intensity fac-
tor as measured by caustics would seem to increase with increasing initial-curve radii.
Also note that unlike the results of Rosakis et al., (1986), the variation of the measured
stress-intensity factor persists even for ro/h > 0.5.

As a parenthetical note, it is interesting that the variation in K§, and K¢, - the two values
for the dynamic stress-intensity factor as measured from pairs of bifocal caustics — turns
out to be in quite good quantitative agreement with the results of Fig. 9b. That is, the
ratio of Kf, to K, as obtained from experiments seem to be in close agreement with that
obtained from Fig. 9b for the corresponding initial-curve radii. This can be seen in Fig.
10 where the numerically generated results of Fig. 13b are used to “scale” the results of
one particular experiment. To do this, assume that the results of Fig. 9b (K.au,/K; vs
ro/h) hold for the whole duration of the loading. The experimental data (corresponding to
the two zy’s) shown in Fig. 10a can then be scaled, for each time, to the corresponding ‘K;’
value by means of Fig. 9b. The resulting “scaled” dynamic stress-intensity factor histories
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Fig. 1: Schematic of caustics in reflection. Fig. 2: Example of reflected caustic
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Fig. 3a: Scatter in experimental measurement: dynamically loaded stationary crack.
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Fig. 5: Example of bifocal caustics for (a) stationary and (b) propagating cracks.
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Fig. 9a: Example of numerically generated caustics.
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Fig. 10a: Experimental results for specimen 3q.
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