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Experimental investigation of the effects
of stress rate and stress level on fracture

in polystyrene
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The effects of stress rate and stress level on fatigue crack propagation in compression-
moulded single-edge notched specimens (0.25 mm in thickness) of polystyrene are reported.

Values of the stress rate & are obtained from the formula & = 2v (G —

Omin), Where v is the

frequency and Gpax, Omin are the maximum and minimum stresses of the fatigue cycle. Different
levels of G are achieved by changing the frequency while keeping 6., Omi, at fixed values.
The effect of the stress level is investigated by keeping ¢ and o, constant and varying Gmayx
and v. The results show that when the kinetic data are plotted as A//At against the energy re-
lease rate G,, a relatively small effect of the stress rate is observed. If the same data are treated
as AI/AN against G,, a decrease in AI/AN with test frequency is seen. The increase in the level
of oy results in a higher crack speed. The critical crack length is found to be practically the
same for all stress-rate experiments. A decrease in the critical crack length is observed with the
increase in stress level. Analysis of craze distribution around the crack path shows that the
extent of crazing decreases with the increase in stress rate and increases with the increase in
stress level. For all experimental conditions, the ratio of the second moment to the square root
of the fourth moment of the histograms of craze density along directions normal to the crack
path is found to be constant throughout the slow phase of crack propagation. This result
supports a self-similarity hypothesis of damage evolution proposed in the crack layer model.

1. Introduction

Prediction of lifetime of a structure under loads and
the characterization of a material’s toughness assume
a position of prominence in engineering design efforts.
Consequently, their understanding and modelling are
issues of central importance to engineers and material
scientists alike.

In general, engineering materials fail when their
load-bearing capacity is compromised by the presence
of defects. Upon loading, failure ensues on the micro-
scopic level through the process of damage accumu-
lation which results from the interaction of the pre-
existing defects and the applied load. This interaction
yields a macroscopic crack (crack initiation) which
grows in a stable fashion until dynamic fracture.

Conventionally slow crack propagation as well as
criteria for crack instability are described in terms of
stress intensity factor K, or energy release rate J, [1].
However, both K, and J; are macroscopic para-
meters. Their use is justified as long as they uniquely
characterize the stress and the strain fields in the
vicinity of the crack tip. Apparently, K, and J, do not
reflect any fracture process. Thus when the restrictions
of “K-dominance” or “J;-dominance” are not met, K,
and J, fail to correlate with the fracture process.
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Examples are large-scale plasticity, deceleration of a
large crack and the behaviour of small cracks. Such
discrepancies are attributed to the effect of damage
and its interaction with the main crack.

For most engineering materials, a zone of damage
accompanies crack propagation under fatigue and
creep. Damage nucleation and growth, whether in the
form of crazes, microcracks, voids or homogeneous
transformations, etc., is a process that absorbs energy;
energy that otherwise would be available to drive the
crack. Therefore the nature and extent of damage, by
and large, determine the useful lifetime and toughness
of the material.

Experimental observations on a number of mater-
ials have shown that the evolution of a damage zone
displays characteristics which are independent of the
particular damage elements [2-6]. These observations
suggest that a crack and its surrounding damage zone
can be treated as a macroscopic entity, a crack layer
(CL) [7, 8]. In the CL approach, fracture is modelled
as the evolution of the damage zone which surrounds
the crack tip. Consequently, four kinematic para-
meters are introduced to describe a fracture process.
The corresponding driving forces are deduced by the
use of principles of irreversible thermodynamics. In
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this approach, however, the problem of damage evolu-
tion is one of critical importance. In addition, formula-
tion of constitutive equations for damage evolution is
well recognized by now to be a problem pertinent to a
material’s fracture. The numerous investigations re-
ported in the literature demonstrate that loading
conditions and material morphology assume a pivotal
role in the evolution of damage during fracture.

In this first of a two-part series of papers, experi-
mental investigations of the effects of stress rate and
stress level on crack growth and craze dissemination
in fatigued specimens of polystyrene (PS) are reported.
An analysis of the results using the phenomenological
model of a CL is presented in a consecutive part.

2. Experimental procedure

2.1. Specimen preparation

Atactic PS used in this study, Styron 685 (M,
= 250000), was supplied in the form of pellets by
Dow Chemical Company. The pellets were washed
and dried and then compression-moulded into
plaques of 150 mm x 150 mm x 0.25 mm in a Dake
press at a platen temperature of 160 °C and a pressure
of 7.66 MPa. The plaques were slow-cooled to room
temperature in the press. From these plaques, rect-
angular pieces were cut and machined to the following
specimen dimensions: 80 mm in gauge length and
20 mm in thickness. A 60° V-shaped notch was milled
into the edge of cach test-piece at the mid-span of the
gauge length. The machined edges were metallo-
graphically polished to a 0.5 pm finish to prevent
formation of edge crazes. The polished samples were
then annealed at about 10°C below T, for 48 h and
allowed to cool slowly to room temperature. This
treatment is intended to relieve any residual stresses
induced during machining and polishing.

2.2. Experimental methods

Tension—tension fatigue experiments were conducted
on a dual-actuator servohydraulic Instron materials
testing system at ambient temperature in a laboratory
atmosphere. All tests were load-controlled with a
sinusoidal waveform function.

The stress rate and stress level of each experiment
were controlled by making appropriate adjustments in
the amplitude and frequency of the loading waveform.
Values for the stress rate & were calculated from &

= 2V(Opmax — Omin)- The geometrical interpretation of
this relationship in the stress—time plane is shown in
Fig. 1.

In the stress level experiments the stress rate, as
defined above, and the minimum stress of the fatigue
cycle were held constant (at values of 10.50 MPasec™*
and 2.50 MPa, respectively). The frequency was varied
(0.35, 0.75, and 2.00 Hz) to achieve maximum stress
levels of 17.50, 9.50 and 5.12 MPa, respectively. These
values correspond to load ratios R = 0.14, 0.26 and
0.49.

Similarly, in the stress rate experiments the max-
imum and minimum stresses were held constant
(at values of 7.80 and 2.50 MPa} while the frequency
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was varied (0.33, 1.00, 3.50, 5.00 and 8.00 Hz) to
achieve stress rates of 3.50, 10.60, 37.10, 53.00 and
84.80 MPasec™ !, respectively. Obviously, in these
experiments the load ratio is the same and equal to
R =032

The stress intensity factor K, was calculated ac-
cording to the formula

Kl = Gmax(nl)l/zf(l/B)

Here o,,,, is the maximum stress of the fatigue cycle,
[ is the crack length and B is the specimen width. The
function f(I/B) is a correction factor related to the
specimen geometry [9]. The elastic energy release rate
is calculated as G, = K?/E where E is the Young’s
modulus of the material which is evaluated experi-
mentally (E = 4.1 GPa).

Crack growth kinetics and the evolution of the
craze zone were observed by means of a Questar long-
range travelling microscope, and recorded using a
Hamamatsu video system with a recording speed of
30 frames sec ~ L. Fracture surfaces were examined on a
Zeiss universal microscope. Damage analysis was per-
formed on thinned sections prepared according to
standard metallographic grinding and polishing tech-
niques [10]. Three specimens were tested at each stress
level and stress rate as a check for reproducibility. It
was found that the width and length of the active zone
as well as the crack growth kinetics and the load at
fracture were within experimental error ( < 10%).

3. Results

3.1. Macroscopic observations

Fig. 2 exhibits a typical configuration of a crack and
the surrounding craze zone in PS investigated in these
studies. The system of the crack and the craze zone
defines a crack layer (CL) [7, 8]. The active zone is the
domain of the CL within which the time rate of craze
density is positive; p > 0. The inert zone is the part of
the CL complementary to the active zone; p =0
(p > 0). The active zone is roughly characterized by
the width w and Iength /,. The two zones are separated
by the trailing edge (Fig. 2).

In the case of a crack cut, the elastic energy release
rate G, is spent on creating new surfaces. Thus G, is
the driving force for crack growth. When a crack is
surrounded by a zone of damage, G, may not be an
appropriate parameter to correlate crack propagation
data since crazing may significantly alter the stresses
and strains around the crack tip. Botsis [11] reports
that in commercial PS specimens, values of the energy
release rate calculated from load—displacement curves
are practically equal to the elastic energy release rate
G,. This is attributed to the small size of the active
zone with respect to the crack length and specimen
width. The material employed here is compression-
moulded and with a Young’s modulus almost twice as
large as the Young’s modulus of commercial PS. In
addition, the size of the active zone in both materials is
comparable. Therefore we assume that in this case as
well, the actual energy release can be approximated
by G,.
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Figure 1 Definition of the stress rate. The
shaded area indicates load-time area (see
text for details).
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Figure 2 Crack layer configuration in compression-moulded PS.

The evolution of w and [, with the energy release
rate G; for both sets of experiments is presented in
Figs 3 and 4. Points represent average values of w and
[, which result from three experiments performed at
each loading condition. The data show that both w
and {, increase monotonically with the increase in G,.
While the different stress rates do not suggest a trend
in w and [, the higher stress level results in greater
values of w and /.

Most of the data on fatigue crack propagation
(FCP) reported in the literature are expressed as
Al/AN, where Al is the crack length increment that
corresponds to the increase in the number of cycles
AN. Although such a presentation is useful in some
cases, the changes in frequency and/or stresses from
experiment to experiment makes interpretation of
FCP data difficult [12]. To investigate the effects
of stress rate and stress level on FCP, we analyse

Time

the kinetic data as AI/AN and Al/At (note that
Al/At = v Al/AN, where v is the test frequency).

The crack growth kinetics Al/AN, for the range of
stress rates investigated here, are shown in Fig. 5a as a
function of G,. The data clearly demonstrate that
crack speed decreases substantially with the increase
in stress rate (or frequency). A similar effect of the test
frequency is reported by Skibo et al. [13]. On the
other hand, if the same data are plotted as Al/At
against G, (Fig. 5b), the effect of stress rate is relatively
small throughout the entire range of slow CL propa-
gation. The largest difference is about half an order of
magnitude and occurs between the largest and
smallest stress rates. A similar trend has been observed
in polyurethane elustomer [20].

The effect of stress level on FCP is shown in Fig. 6.
In both presentations and for small values of G,
differences in crack speed are relatively small. For
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Active zone width (mm)

Figure 3 Evolution of (a) w and (b) [, as a
function of G, for five different stress rates,
&: (1) 3.50, () 10.60, (1) 37.10, (<) 53.60,
(W) 84.80 MPa sec™ .
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relatively larger values of G, the differences become
greater, the tendency being a faster crack speed with
an increase in G, ,,.

3.2. Microscopic observations

Information about the mechanisms of the fracture
process is obtained from fracture surface examination
and analysis of craze distribution within the damage
zone. Optical micrographs of the fracture surface are
shown in Fig. 7. During the stable phase of propaga-
tion the morphology of the fracture surface appears to
be smooth. Striations are observed within the entire
range of slow CL propagation (Fig. 7a). In addition,
remains of craze material are sporadically seen (arrow
A). At the end of the mirror surface, a relatively rough
surface is noticed (Fig. 7b). Afterwards, a misty surface
is observed which extends up to the edge of the
specimen. Similar features are observed in all fractured
test-pieces.
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Examination of the side view of a CL indicates that
the maximum width of the CL corresponds to the end
of the smooth surface. It is believed that the change in
morphology of the fracture surface which is associated
with the maximum width of the CL corresponds to the
end of the quasi-static phase of fracture [6]. Thus the
end of the mirror-like surface is taken as the end of the
stable CL propagation.

Values of the critical crack length [, for both sets of
experiments are shown in Table I. Interestingly, the
difference between the highest and the lowest values of
I, is within experimental error for all stress rate ex-
periments investigated in this study. On the other
hand, a decrease in the critical crack length is observed
with increase in the stress level.

The data in Figs 3 and 4 suggest that the stress rate
and stress level have an effect on the extent of crazing
during fracture propagation. However, crazing within
the damage zone is not uniformly distributed. There-
fore to get more insight into the effect of the stress level



Figure 4 Evolution of (a) w and (b) , as

Energy release rate, G, (J ni2)

and stress rate on the extent of crazing we examined
sections normal to the crack propagation direction
and parallel to the plane of the specimen.

Fig. 8 displays a transverse section of the lower
part of a fractured specimen. Note that crazes are
uniformly distributed along the thickness direction,
and craze density increases monotonically towards the
fracture surface. Thus analysis of craze distribution
on sections parallel to the plane of the specimen is
sufficient.

Fig. 9 displays parallel sections of the lower half of
specimens fractured under the stress rates & = 3.50,
37.10 and 84.80 MPasec™! and which correspond to
the same level of G,. Similar sections of the three
specimens fatigued under the three stress level are
shown in Fig. 10. Interestingly, crazing decreases with
the increase in stress rate and increases with the
increase in stress level.

From micrographs similar to those displayed in
Figs 9 and 10 we constructed histograms of craze
density p (mm?mm ~?) [14], along straight lines nor-

(@) a function of G, for three levels of o,
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mal to the crack growth direction. These histograms
are compared by examination of the ratio of the
second moment p, to the square root of the fourth
moment, (p,)/?. The evolution of these ratios is shown
in Fig. 11 as a function of the energy release rate G,.
The data suggest that for each experimental condition,
1,/(1y)? is approximately constant throughout the
stable phase of CL propagation. Moreover, it is worth
noticing that the ratio is the same for all three stress
level experiments.

4. Discussion

The fracture surface morphology shown in Fig. 7 is
similar in all test pieces fractured under the various
loading conditions investigated in this study. Stria-
tions and remains of craze fibrils are observed within
the stable phase of CL propagation (Fig. 7a). The
smooth, mirror-like appearance suggests that crack
growth occurs through a single craze [12]. The change
in morphology of the fracture surface at the end of the
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Figure 5 Crack growth kinetics: (a) Al/AN

log(AA/lv x10°mm cycle™)

and (b) Al/At, plotted against G, for five
different stress rates, &: () 3.50, (¢) 10.60,
(I0) 37.10, () 53.60, (W) 84.80 MPasec™ .
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stable propagation (Fig. 7b) indicates that the crack
grows through multipie crazes.

The micrographs shown in Fig. 9 suggest that the
stress rate has an effect on the craze pattern around
the crack path. That is, the higher the stress rate the
smaller the extent of crazing. This behaviour may be
rationalized in terms of the rate dependence of craze
initiation [15,16]. The fast loading rate suppresses
craze initiation which gives rise to a smaller extent of
crazing. Moreover, the interaction between the crazes

1020

themselves [17] and the crack has an effect on the
overall resulting craze pattern. Therefore we may
assume that crazing around the crack is dependent on
both loading rate and interaction.

The kinetic data presented in Fig. 5b indicate that
the effect of the stress rate is relatively small. If the
same data, however, are treated as AI/AN against G,
(Fig. 5a), a significant effect of the test frequency is
observed. The data show that the higher the frequency
of the fatigue experiment, the slower the crack speed.
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Figure 6 Crack growth kinetics: (a) AI/AN and (b) Al/At, plotted against G, for three levels of o, ((0) 5.12, () 9.50, (&1) 17.50 MPa.

Notice that for a certain crack growth increment Al
and elapsed time At, the corresponding increase in
number of cycles is different since AN = v At. Accord-
ingly, for the same level of G, and different values of
frequency v, the crack speed Al/AN is smaller when
v > 1, or larger when v < 1, as compared with Al/At.

For the stress rates (or frequencies) employed in this
investigation only negligible temperature rise may
take place at the crack tip [18]. Hence the observed
crack growth behaviour cannot be explained in terms
of adiabatic heating effects. The influence of the test

frequency on FCP has also been attributed to the
strain sensitivity of the modulus. For PS, however, the
modulus is practically insensitive to several decades of
change in frequency [12]. It is reported [12] that the
greatest frequency-sensitivity in polymers which show
a high tendency for crazing would be realized when
the frequency of the B-transition is comparable to the
fatigue test frequency. At room temperature the fre-
quency of B-transition for PS is 10~ 2 Hz. This value is
much smaller than the test frequencies employed in
the studies reported here.
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TABLE 1. Values of critical crack length for different stress rates
and stress levels

Frequency Stress rate Critical crack length
(Hz) (MPa sec™ 1) (mm)
0.33 3.50 9.00
1.00 10.60 9.50
3.50 37.10 10.00
5.00 53.00 9.30
8.00 84.80 9.80
Stress level (MPa)
0.35 17.50 5.33
0.75 9.50 9.00
2.00 5.12 12.50

The effect of frequency on FCP in PS has also been
reported elsewhere [12, 13]. It has been shown that
increasing the test frequency serves to decrease crack
growth rates. The behaviour has been rationalized by
the superposition of fatigue and a variable creep com-
ponent [13].
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Figure 7 Morphologies of the fracture
surface corresponding to (a) slow CL
propagation phase, (b) the transition to
dynamic fracture. Horizontal arrow in-
dicates the direction of propagation.

0.05mm

Figure 8§ Transverse section of the lower half of a fractured speci-
men which corresponds to the slow CL propagation.

Crack growth kinetic data reported in the literature
are usually presented as AI/AN against the level of
stress intensity or energy release rate. Such a pre-
sentation, however, renders the comparison of kinetic
data difficult when the frequency is changed from
experiment to experiment. This is because two vari-
ables may contribute to the overall crack propagation
behaviour: stress rate (or frequency), and a creep
component which results from the different load—time
area (LTA) (the latter can be expressed as the area per
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Figure 9 {a—c). lower parts of parallel sections of specimens frac-
tured under three different stress rates and which correspond to
G, =15 x 102 Jm™ ? (see text for details).

cycle or per unit time, under the particular waveform
in the stress—time plane, Fig. 1).

To obviate this difficulty, some investigators have
examined the effect of loading rate on FCP in poly-
mers by conducting experiments at a certain frequency
but with different waveforms [12]. Although an effect
of load waveform on crack growth rate is observed,
the different waveforms give rise to different values of
LTA per cycle, thus making it difficult to isolate the
two effects.

The preceding discussion demonstrates that if dif-
ferent frequencies and the same waveform are em-
ployed, the LTA per cycle and load rate cannct be
isolated. On the other hand, in all stress rate experi-
ments the stress amplitude and mean stress level are
kept constant (Section 2.2). Accordingly, when the
kinetic data are treated as Al/At, the following argu-
ment applies. The LTA per second is the same in all
experiments when At is a multiple of the cyclic period
T, of the experiment with the smallest frequency

Figure 10 (a—c): lower parts of parallel sections of specimens frac-,
tured under three different stress levels and which correspond to
G, =15 x 10> Jm ™2 (see text for details).

(v =0.33 Hz, T = 3 sec). When At is not a multiple of
T the differences in LTAsec™?, from experiment to
experiment, are negligibly small when measurements
are made over several seconds. This is the case when
the average crack speed is low. In the present studies
these differences are expectedly small. Differences in
LTAsec™ ! would become relatively large shortly be-
fore specimen fracture (last one or two measurements)
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Figure 11 Evolution of ratios p,/u "% (a)
For different stress rates, &: (1) 3.50, () 10.60,
(03) 37.10, (<) 53.00, (W) 84.80 MPasec ™. (b) For
different stress levels, G,y (C0) 5.12, (®) 9.50,
(&) 17.50 MPa.
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because the average crack speed is high and measure-
ments may be made at time intervals shorter that T
(Note that the magnitude of the differences depends
upon the frequencies used). This problem can be
avoided if fracture surfaces display clear striations and
crack growth occurs with every cycle prior to speci-
men fracture. Accordingly, the last points of crack
propagation could be obtained from fracture surfaces
so that Ar is a multiple of T. If this is not the case,
evaluation of LTA sec ™ for every experiment requires
accurate crack growth measurements. However, this is
experimentally difficult to obtain with conventional
optical techniques. Although, fracture surfaces of the
material used in these studies (Fig. 7a) display stria-
tions, it was difficult to establish a correspondence
between striations and number of cycles. Thus, with
the exception of the Jast one to two points, which may
not have comparable LTA sec™?, crack propagation
behaviour shown in Fig. 5b is assumed to be the result
from variations in stress rate only.
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The data in Fig. 5 indicate that while the stress rates
3.50, 10.60 and 37.10 MPasec™! have a negligible
effect on crack growth kinetics, a tendency to higher
kinetics is observed for the stress rates 53.00 and
84.80 MPasec™!. The largest difference is less than
half an order of magnitude, and is observed between
the smallest and greatest stress rate.

The micrographs of Fig. 9 show that the smaller the
stress rate the larger the amount of crazing around the
crack path. Therefore one would expect higher kin-
etics with the increase in the stress rate, since more
energy is spent on damage formation and growth and
less on crack propagation. Although this seems to be
the case for & = 53.00 and 84.80 MPasec™ !, the dif-
ferences in kinetics observed under the stress rates of
3.50, 10.60 and 37.10 MPasec™ ' are negligible. This
may be due to the fact that craze nucleation and
growth are relatively low-energy processes. Con-
sequently, it is difficult to record changes in the total
potential energy of the specimen caused by craze



nucleation and growth through mechanical experi-
ments. Therefore, in spite of the different amounts of
damage observed, its effect on crack speed is not seen.

In the different stress level experiments we changed
the levels of o, while keeping & and o, of the
fatigue cycle the same. These experimental conditions
are achieved by employing different frequencies in
each experiment (Section 2.2). That is, we could not
investigate the effect of a load level having the same
load rate without changing the frequency. The range
of frequencies employed in the load level experiments,
however, have a negligible effect on crack propagation
when the data are treated as Al/At (Fig. 5b). Accord-
ingly, we assume that the effect of test frequency and
any possible cross-effects resulting from changes of
Omax 2nd frequency are negligible in the data shown in
Fig. 6b.

The kinetics of crack growth for the different stress
level and same stress rate experiments are plotted in
Fig. 6b as Al/At against G,. Here, the change in o,
results in different values of LTA sec™! from experi-
ment to experiment, the tendency being a larger
LTA sec™ ! with the increase in o,,,. Furthermore, it
is not possible to isolate the effect of stress level and
LTA sec™! when the stress rate is kept constant.
Hence the behaviour of crack growth (Fig. 6b) may be
due to both stress level and LTA sec™ . Note that the
same arguments apply when the data are treated as
Al/AN against G,.

The micrographs of Fig. 10 indicate that the greater
the stress level, the larger the extent of crazing around
the crack path. If the energy spent for damage controls
crack growth, larger damage zones would result in a
lower FCP. The crack growth kinetics, however,
show an opposite trend (Fig. 7).

When a crack is surrounded by a zone of crazes,
the energy release rate G, is distributed between the
crack itself and the damage [19]. The relative distribu-
tion depends upon the specific energy for craze forma-
tion, the amount of crazing and its effect on the crack
tip stress. The extent to which crack—craze interaction
and amount of crazing contribute to fracture behavi-
our of the material reported herein is a function of
craze distribution, their length and opening at various
stages of their development. It is difficult, however, to
assess their contribution with the available experi-
mental and analytical techniques. Answers to these
questions should await the development of more re-
fined analytical methods and improved experimental
techniques.

The data in Fig. 11 suggest that for each loading
condition the ratio u,/(n,)''? remains constant
throughout the slow CL propagation. These findings
are in favour of a self-similarity hypothesis of damage
evolution adopted in the phenomenological model of
a CL [7, 8]. It is also worth noticing that p,/(u,)"/* is
independent of the stress level (Fig. 11b). These results
may be looked upon as a similitude criterion for the
particular fracture process reported in this paper.

The values of the critical crack length /. shown in
Table I indicate that whereas /. decreases with the
increase in o,,,, the effect of stress rate, or for that
matter the effect of test frequency, on [, is within

experimental error. In the latter case one would expect
different values of /., since the different load rate
histories result in different amounts of crazes (Fig. 9).
However, craze nucleation and growth are relatively
low-energy processes. Thus it is difficult to record
changes in the total energy caused by nucleation and
growth of crazes at global instability. Consequently, at
critical propagation the available energy for fracture is
seemingly expended on crack growth. This resembles
a Griffith-type instability, which implies that the ap-
plied stress (o,,,, of the fatigue cycle) and crack length
play the dominant role at the transition to dynamic
fracture.

5. Conclusions
The effect of stress rate on FCP has been investigated
by conducting experiments with different frequencies
and with constant stress amplitude and mean stress
level. These experimental conditions allow for the
isolation of rate and creep contributions if the kinetic
data are treated as Al/At against the energy release
rate G,.

The experimental results reported in this paper have
shown the following:

1. A relatively small effect of the stress rate on FCP
is observed when kinetic data are treated as Al/At
against G, (Fig. 5). When we account for the different
frequencies employed in each experiment (i.e. plotting
the data as Al/AN against G,), a decrease in crack
growth kinetics is seen with an increase in test fre-
quency.

2. Anincrease in crack growth kinetics results from
the increase in stress level.

3. The extent of crazing around the crack path is
found to increase with the increase in stress level and
decrease with increases in stress rate &.

4. The critical crack length I, is found to decrease
with the increase in the stress level and to be practic-
ally independent of the stress rates investigated here.

5. Fracture surface morphology appears to be sim-
ilar for all experimental conditions, and indicates that
fracture propagates through a single craze.

6. Craze distributions along directions normal to
the crack path are related by a scalar parameter.
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