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A new technique has been developed to study the relationship between mechanical 
properties and craze microstructure in thin films (1 to 5 gm) of polystyrene. Thin film 
samples of thicknesses in this range could be strained in a conventional testing machine 
and subsequently examined in the deformed state in an electron microscope. The strain 
rate was systematically varied and its effect was investigated on both quenched and 
annealed samples. Correlations were found between craze morphology and ductility. A 
new "craze parameter" has been defined as the width of a strip of material which is 
involved in the development of a craze. From this value, the average strain and the aver- 
age volume fraction of fibrils within a craze can be calculated. 

1. I n t r o d u c t i o n  
The degree of brittleness in glassy polymers is 
mainly determined by the generation of crazes 
propagating perpendicularly to an applied stress 
[1, 2]. It is also accepted that crazes develop in 
regions of localized inhomogeneities within the 
material or at stress-raising flaws. However, a study 
of the literature indicates that there is no agree- 
ment among authors beyond these elementary 
points. 

Gent [3] proposed that the dflatant stress com- 
ponent at the tip of a flaw can be high enough to 
transform glassy material into the rubbery state. 
The devitrified polymer cavitates under negative 
pressure and forms a craze. Sternstein and Ongchin 
[4] and Rusch and Beck [5, 6] proposed that the 
dilatational stress field increases molecular mobility 
by increasing the free volume. Haward [7] and 
Andrews and Bevan [8] argue that the controlling 
parameter for craze formation is the hydrostatic 
cavitational stress for void growth. While Haward 
[7] and Argon [9] proposed that voids nucleate 
in clusters rather than singly ahead of the craze 

tip. At some critical value of porosity the voids 
become interconnected. They suggested that 
because of the interconnections the hydrostatic 
cavitational stress is lower than the yield stress. 
In support of this view, Wellinghoff and Baer [10] 
showed that the surface microstructure of thin 
films was sufficiently heterogeneous to initiate 
localized strain inhomogeneities of approximately 
3 00 A in diameter. These localized zones ultimately 
coalesced alongthe minor principal stress direction. 
The formation of narrow disk-shaped plastic zones 
propagating perpendicular to the applied strain 
was described. Olf and Peterlin [11] modified 
Gent's proposal by stating that the negative 
pressure at a flaw reduces only the yield stress 
of the polymer at that point. 

Though these authors [3-11] disagree on how 
crazes initiate, they all agree that crazes ultimately 
form by cavitation under some hydrostatic stress 
produced within the polymer at various stress 
raising flaws. Little is known about the distri- 
bution of stresses and strains within a single craze. 
This lack of knowledge complicates any attempts 
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to explain mechanisms of craze formation. Since 
craze formation is based largely on void formation 
and free volume criteria, it was surprising to find 
that no study has been conducted relating craze 
morphology to variations in thermal history. By 
varying the "free volume" content, a better under- 
standing is gained of the proposed mechanisms for 
craze formation. A technique to study the relation- 
ship between the mechanical properties and craze 
microstructure in thin films of polystyrene has 
been developed. In addition, a systematic investi- 
gation showing the effect of thermal history on 
polystyrene has been carried out. 

Wellinghoff and Baer [10], Beahan, Bevis and 
Hull [12], and Kramer [13], have studied the 
initiation and growth of crazes by examining 
strained PS thin films having thicknesses of 500 
to 7500 A using transmission electron microscopy 
(TEM). Polystyrene (PS) films used in this study 
are between 2.3 and 2.7/lm thick. Many advantages 
are realized when this increased thickness is 
employed. Specimens cut from these films are 
sufficiently strong to support themselves without 
substrate and this fact enables their stress-strain 
behaviour to be readily recorded. Crazes can grow 
freely through the film and are influenced only 
by other crazes, impurities or defects within the 
PS matrix. Previous studies of craze microstructure 
involved microtoming strained bulk specimens 
to obtain crazed samples thin enough for TEM. 
However, microtoming can cause craze fibril 
distortion. Although the films used in this study 
are near the upper limit of thickness for use in 
the electron microscope, they can be examined 
directly and produce high resolution micrographs. 

Mechanisms explaining craze growth have 
received insufficient attention. There is no agree- 
ment on the mechanisms by which a craze thickens 
as it increases in length. Two possible thickening 
mechanisms for craze growth have been proposed. 
Verhyelpen-Heymans and Bauwens [14] have 
suggested that the thickening of the craze is due 
to creep of craze material. They postulate that no 
material is drawn into the craze during its growth. 
This mechanism has been termed fibril creep by 
Kramer [13]. Kramer argues that ~is mechanism 
is not dominant in the thickening of crazes. He 
believes that crazes thicken mainly by drawing 
new polymer from the polymer matrix into the 
craze. Beahan, Bevis and Hull [12] suggest that, 
at low strain-rates, crazes increase in thickness 
by the drawing of further matrix material into 
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the craze and to some extent by an increase in the 
ofie~ntation of the fibrils. 

To investigate the proposed mechanisms, the 
width of material in the unstressed ftlm that 
finally-is involved in the formation of the craze 
must be measured. By using the thin-Film tech- 
nique described in this paper, it has been possible 
to determine this width. Also, it was possible to 
calculate values of the average strain and volttme 
fraction of fibrils within a single craze. 

2. Experimental procedure 
2.1. Film preparation and deformation 
Solvent-cast thin films of general purpose atactic 
polystyrene (PS), generously supplied by Dow 
Chemical Company, were prepared as follows. 
A 13 wt % solution of PS in O-xylene was prepared. 
Thin films (2.0 to 2.7 btm thick) were cast by 
dipping clean glass slides into the solution and 
then evaporating the solvent. The evaporation was 
performed by immediately placing the coated glass 
slides in a vacuum oven for I h at room temperature 
and subsequently raising the temperature slowly 
to 70 ~ C. Solvent removal was continued at this 
temperature for an additional 12 h. 

Before the thin-film was removed from the glass 
slide, it was cut with a razor-blade into the shape 
illustrated in Fig. la using a metal template as a 
guide. This design was chosen to avoid premature 
failure in the grips. The residual stress left along 
the edges of the tensile specimen (after cutting) 
was relieved by annealing on the glass slide for 
12 h at 105 ~ C under vacuum. No trace of O-xylene 
could be detected in the film using Fourier- 
Transform Infra-red (FTIR) spectroscopy for 
detection after this final step. 

To study the effect of thermal history on the 
mechanical properties and craze microstructure, 
samples were either slowly cooled to room tem- 
perature at a rate of 13 ~ C h -1 (annealed) or 
quenched in an ice water-bath (quenched)both 
from 105 ~ C. After such thermal treatment, the 
specimens were removed from the glass slides 
by flotation on the surface of a water bath, and 
subsequent drying on filter paper. 

The PS specimens were strained in tension 
using a conventional Instron testing machine. A 
sensitive load cell was used which gave a full- 
scale range of 20 g. Due to accuracy limitations 
inherent in this type of experiment, meaningful 
modulus data could not be obtained. For this 
reason, only the craze initiation stress, the upper 



Figure 1 (a) Geometry of thin film polystyrene specimen; all are in inches. (b) Optical photograph of a gold shadowed 
grid on the surface of a specimen. The arrow indicates direction of applied stress, e = 0.76 %; e' = 0.02 inches rain -~ ; 
t = 2.4 um. 

yield stress, the fracture stress and the ultimate 
elongation are reported. The strain rates were 
0.002, 0,008, 0.02 and 0.2 inches min -1 for the 
annealed specimens, and were 0.02, 0.10, 0.20 
and 0.5 inches rain -1 for the quenched specimens. 
Accurate thickness determinations were made 
by following the method described by Tolansky 
[15] using FTIR. 

2.2. Preparation of specimens for 
transmission electron microscopy 

Specimens for viewing in the transmission electron 
microscope (TEM) were strained to approximately 
0.8,% and removed from the Instron in the stressed 
state. This was done by quickly sandwiching the 
sample between two glass plates, one of which 
contained two strips of double-sided sticky tape. 
Ultimately, stress relaxation did occur, but this 
technique kept the fine craze microstructure from 
re-orienting. To insure dimensional stability for 
viewing in the electron microscope, a thin coating 
of platinum metal and carbon was shadowed onto 
the surface. The platinum metal gave a good 
contrast for examination of the craze micro- 
structure. With an optical microscope, selected 
areas of the stressed specimens were cut and 
placed between 100 mesh folding copper grids, 
and subsequently observed in a Hatachi HU-11A 
electron microscope. 

2.3. Thickness determination of material 
in the craze 

The width of a strip of material finally involved 

in a craze, Wo, was determined by evaporating 
gold onto the surface through a 400 mesh copper 
grid. Then these specimens were strained (Fig. lb), 
and lightly coated with carbon. Carbon improves 
contrast and also conducts away some of the heat 
produced by the electron beam. 

To understand the experimental technique 
for the determination of Wo, consider first the 
schematic drawings in Figs 2 and 3 which show 
the results of both a crack and craze which have 
propagated through the tilt edge of a shadowed 
zone. Fig. 2a represents the condition before 
stress is applied. The dashed line indicates the 
direction of a line along which a crack will propa- 
gate, and the shadowed zone is tilted ~ degrees to 
the direction of crack propagation. When stress 
is applied (Fig. 2b), the shadowed zone is separated 
due to the propagation of the crack by a distance 
equal to the crack width, Wf. Since a crack con- 
tains no material, We = 0. All points along the 
line of propagation will separate in a vertical 
fashion with respect to each other a distance of 
Wf, as illustrated in Fig. 2a and b. 

A craze, unlike a crack, contains material; so 
one must consider how this shadowed zone will 
separate with craze propagation. Fig. 3a shows the 
condition before stress is applied. It will be assumed 
that all the material between the dashed lines will 
ultimately make up the observed craze and also 
the material outside the dashed lines will not be 
involved in craze formation. Therefore, Wo is 
defined as the width between the dashed lines. 
The shadowed zone is tilted at angle ~ to the 

333 



PS MATRIX 

A 

(a} 

(b) 

Figure 2 A scheme of crack propagation through tilt edge of a shadowed zone; (a) before stress is applied, (b) after 
stress is applied. The large arrows indicate direction of applied stress. 

boundary of the bottom dashed line. By measuring 
A, the horizontal length between points A and A 1 , 
Wo can be determined by 

Wo = A tan~. (1) 

Once stress is applied (Fig. 3b), the shadowed 
zone will deform, but not as if a crack had propa- 
gated through it. The shadowed area between the 
dashed lines will become less dense due to defor- 
mation of involved material. One can see that A 
never changes as long as the material between the 
dashed lines elongates. If a measure of ~b, A and Wf 
(final craze width) is made after deformation, then 
the average strain within the craze (G) and the 
average volume fraction of craze fibrils (Vf) can 
be calculated by 

G = In W-!~ (2) 
Wo 

and 

WO 
v~ : --. (3) 

Wf 
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This experiment was performed on both annealed 
and quenched samples. 

3. Results 
3.1. Effect of thermal history and strain 

rate on stress-strain behaviour 
Fig. 4a shows the stress-strain behaviour at 
various strain rates for the annealed thin films of 
PS tested in tension. The curves in Fig. 4a and b 
are an average of at least three runs. At strain 
rates of 0.002, 0.008 and 0.02 inches min -1, the 
thin films exhibited ductile behaviour and showed 
distinct yield points. As the strain rate increased, 
the elongation to break decreased while the craze 
initiation stress, yield stress and fracture stress 
increased. Craze initiation occurs at the stress 
which corresponds to the onset of non4inearity 
on the stress-strain curve. At a strain rate of 
0.2 inches min -1 the films fractured in a brittle 
manner. 

Fig. 4b shows the stress-strain curves with 
various strain rates for thin film specimens rapidly 
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Figure 3 A scheme of craze propagation through tilt edge of a shadowed zone; (a) before stress is applied, (b) after 
stress is applied. The large arrows indicate direction of applied stress. 

quenched from their annealing temperatures. At 

strain rates of 0.02, 0.10 and 0.20 inches min - t ,  
these films exhibited ductile behaviour and showed 

distinct yield points. As in Fig. 4a the elongation 

to break decreased and the craze initiation stress, 

yield stress and fracture stress increased with 

increasing strain rate. At a strain rate of 0.5 inches 
rain -1 the films exhibited brittle fracture. 
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Figure 4 Stress-strain curves as a function of strain rate for (a) annealed and (b) quenched thin-film PS specimens 
in tension. All strain rates are given in inches min-l. 
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Figure 5 Optical photographs of gauge area for quenched thin-film PS specimen with: (a) parallel polarizers, (b) crossed 
polarizers. Arrow indicates direction of applied stress, e = 2.8 %; r = 0.02 inches min-1 ; t = 2.7 ~m. 

Ductility for both annealed and quenched 
material was attributed mainly to the formation 
of crazes which grow perpendicularly to the 
direction o f  applied stress. This can be clearly 
seen in Fig. 5, which is an optical micrograph 
showing the gauge area of a quenched thin film 
strained at ~ =0.02inchesmin -1. Fig. 5a was 
taken with the polarizers parallel to each other, 
and Fig. 5b shows the craze film between crossed 
polarizers. The arrow indicates the direction of 
applied stress. Crazing seems to be the only 
deformation mechanism and is responsible for the 
observed ductility seen in Fig. 4a and b. Nielson 
[16] has given a description of how crazes can be 
responsible for large elongations in polymers. It 
is apparent that the yield stress, fracture stress 
and craze initiation stress for the annealed speci- 
mens were considerably higher than those of the 
quenched specimens deformed under equal strain 
rates. However, at a given strain rate, the elongation 
to break was much larger for the quenched thin 
films than for those which were annealed. At 
~=0.02 inchesmin  -1, the quenched specimens 
had a maximum elongation of approximately 
2.8 % while that of the annealed specimens was 
approximately 1.2 %. A ten-fold increase in the 
strain rate for the annealed material produced 

brittle behaviour. In contrast, the quenched films 
remained ductile, although a ten-fold increase in 
strain rate greatly reduced the elongation to break. 

Based on these results, it appears that by 
increasing Strain rate or by annealing, the tendency 
toward brittle behaviour is increased. However, 
these results alone cannot explain why the 
quenchedmaterial is more ductile than the annealed 
material. A detailed look at craze morphology as 
related to the observed mechanical properties for 
both annealed and quenched samples provided a 
deeper insight into this problem. 

3.2. Effect of thermal history and strain 
rate on craze morphology 

An electron micrograph of a typical craze formed 
in an annealed sample is shown in Fig. 6a. This 
particular sample was strained at e = 0.02 inches 
min -1 and drawn to break. The craze shown was 
in the "mature" region several hundred microns 
from the craze-tip. The width of such crazes 
averaged approximately 2 ~m. A common charac- 
teristic of many crazes was a pronounced "void" 
region near the centre of the craze having an 
average width of about 200ON. The polymer 
within this void region appears to be a three- 
dimensional array of interconnected fibrils with 
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Figure 6 Electron micrographs of a typical craze, formed in (a) annealed and (b) quenched specimens at ~ = 0.02 inches 
min-l. The micrographs were taken after fracture. The arrow indicates direction of applied stress and distance M-M 
defines the thickness of the mid-rib. 

diameters ranging between 200 and 500A. This 
type of  voiding was observed by Beahan et al. 

[17] in crazes formed in thin films that were 
similarly prepared. Fine fibrils 200 to 400 A wide 
can be observed on either side of  this void region. 
However, this fine structure does not traverse the 
entire width of  the craze. Beahan et al. [17] have 
defined this void area as the mid-rib section of  the 
craze. We will define the mid-rib region as the 
width of  the observable fine fibrillar structure plus 
the width of  the void region, if present. This 
definition was adopted because all crazes contained 
a region of  fine fibrillar structure, but did not 
necessarily contain a void region. It is possible that 
in annealed materials voiding of  the mid-rib area 
occurs just before fracture. 

Fig. 6b shows an electron micrograph of  a 
typical craze formed in films quenched into ice 
water from a temperature of  105 ~ C. This sample 
was strained at ~ = 0.02 inches min -1 and drawn 
t,o break. Again, this micrograph was obtained 
from a region several hundred microns from the 
c~aze-tip. The widths of  these crazes ranged from 
3.4 to 4.0/ira. As was observed for the annealed 
case, fine fibrils normal to the craze boundaries 
nearly spanned the entire width of  the craze. This 
fibril-type structure had a uniform width averaging 
350 A, and had no noticeable void region between 
fibrils. The fibrils were more distinguishable along 
the centre of  the craze and became less pronounced 
near the craze-matr ix  interface. 

3.3. Craze morphology and ductility 
Examination of  the stress-strain curves in Fig. 4 
reveals that samples quenched in ice water 
elongated 2.5 times more than the samples slowly 

cooled to room temperature. This effect is reflected 
in the final craze widths. The "quenched" crazes 
were approximately 2 times wider than the 
"annealed" crazes. However, the fibrils within 
the mid-rib region for both types of  crazes were 
similar in width and appearance. The most pro- 
nounced difference was the appearance of  a void 
region within the mid-rib section of  the "annealed" 
crazes. This void region was not seen in the 
quenched films strained at ~ = 0.02 inches min -1. 
The mid-rib width of  "quenched" crazes was 
approximately 2.5 times larger than that of  the 
"annealed" crazes. Quenching the thin films seems 
to have decreased the propensity for void growth 
in the mid-rib region and increased the uniformity 
of  deformation. 

A series o f  electron micrographs of  crazes 
formed in films quenched from 105~ are shown 
in Fig. 7. These micrographs are from the mature 
region several hundred microns from the craze- 
tip. Each sample was strained to similar strains of  
0.8 %. Fig. 7a, b and c were strained at ~ = 0.002, 
0.02 and 0.2 inches min -I, respectively. It appears 
that an increase in strain rate produces a decrease 
in both Wf (final craze width) and the mid-rib 
width. However, a fine fibrillar structure is still 
observed in the mid-rib region. A clearer under- 
standing of  how mid-rib region changes with 
strain rate can be gained from a plot of  (mid-rib 
width/W~) against strain rate (Fig. 8). 

Fig. 8 shows that the width of  the mid-rib 
decreases linearly with increasing strain rate. 
It appears that high strain rates localized defor- 
mation near the centre o f  the craze. Also, craze 
density was found to increase with increasing 
strain rate. Stress-strain curves for quenched 
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Figure 7 Electron micrographs showing strain rate effect 
on craze morphology in quenched thin film PS specimens; 
(a) d = 0.002 inches min -1 , (b) g= 0.02 inches rain -1 , (c) 
d=0.2inchesmin q. The arrow indicates direction of 
applied stress. All specimens were strained to e = 0.76 %, 
with t = 2.4 ~m. 

samples at ~ = 0.2 inches min -1 resembled those 
of annealed samples at ~=0 .02 inchesmin  -1 
(Fig. 4). It has been found that the morphology of 
crazes for quenched material at a high strain rate 
is similar to the morphology of the crazes for 
annealed material for a low strain rate. Therefore 
the mechanical behaviour is determined by craze 
morphology. 

After straining to 0.8%, samples with gold 
mesh were examined in the electron microscope. 
Fig. 9a and b shows electron micrographs in the 
mature region several hundred microns from the 
craze-tip of a single craze that was propagated 
through the tilt edge of a gold shadowed region. 
Fig. 9c shows a region approximately 40/~m from 
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Figure 8 Plot of (mid-rib width/craze width) against strain 
rate showing effect of strain rate on mid-rib for quenched 
PS specimens. 
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the craze-tip. Fig. 9a was obtained from an annealed 
f'tim while Fig. 9b and c were obtained from 
quenched films. 

The resemblance of Fig. 9a to Fig. 9b suggests 
that these crazes developed in a similar manner. 
It is also interesting to note that the gold particles 
within both crazes separated from each other in a 
similar fashion. They appear to form layers parallel 
to the craze boundary. From measurements of  
A, ~b and Wf for each craze, No, ec and Vf were 
calculated. The results of these calculations are 
summarized in Table I for the two specimens 
differing only in thermal history. Crazes in both 
quenched and annealed films had approximately 
equal values of Wo and Wf. The thermal history 
did not alter Wo, ~ or f t -  At equal strain, the 
stress for the annealed specimens was considerably 
larger than that for the quenched specimens 
(Fig. 4). It can be seen that W0 for Fig. 9b is 
almost twice as large as that for Fig. 9c. This 
evidence suggests that as the craze thickens by 
fibril extension, material is also drawn into the 
craze from the craze-matrix interface. 

4 .  D i s c u s s i o n  

Fig. 4a and b present the thermal history and 
average strain rate effects on mechanical properties 
of polystyrene. Annealing of the polymer film 
produces a more dense intermolecular chain 
packing than quenching. It appears that plastic 
deformation, due to a nondestructive process, can 
be produced more easily in quenched films, other 
conditions being equal. The relative strain rate 
experienced in the crazed material can cause 



Figure 9 Electron micrographs of a section of a craze 
propagated through tilt edge of a gold shadowed zone; (a) 
annealed specimen, (b) quenched specimen, (c) quenched 
specimen ~ 40 gm near craze-tip. Arrow indicates direction 
of applied stress, e = 0.76 %; e" = 0.02 inches min-I ; 
t = 2.3gm. 

It appears from our experimental  results that 

at some time during the tensile experiment,  flow 

of  addit ional  material  into the craze must have 
ceased giving crazes of  uniform thickness along 
its length and equal Wo for both  "annealed"  and 

"quenched"  crazes (Table I) far removed from 
the craze-tip. A straight, sharp boundary between 

elastically and inelastically deformed material 
was observed, being typical for mature crazes. 
We believe that at some moment  during the defor- 
mat ion process, the forces exerted by  the fibrils 
on the elastically deformed matrix are at times not 
enough to involve new material. At this moment ,  
all deformations concentrate inside the craze. 
Through strain hardening of  the fibrils, forces 
may build up enough to incorporate new material 
into the craze, resulting in a cyclic stress profile, 
causing the gold particles in Fig. 9 to separate 
from each other in layers parallel to the craze 
boundary.  This explains why W0 in Fig. 9c is less 
than I4/o in Fig. 9b. With the fact that  the volume 
fraction o f  craze fibrils, Vf, and the average strain 
within the craze, 6c, remain constant with increas- 
ing craze width,  Wf (Table I), these results suggest 

that W0 increases (in steps) going away from the 

destructive deformation in annealed films (voided 
mid-fib) and nondestructive deformat ion in 
quenched films (nonvoided mid-fib). A manifes- 
tat ion of  this morphological  difference is seen 
between annealed and quenched samples at a 
strain rate of  0 .02 inchesmin  -1 (and at various 
strain rates) (Fig. 4), observing the difference in 
"duct i l i ty" .  Please note that  ductile deformation 
in all of  these thermally treated specimens is 
largely confined within the crazes. Experiments 
using thin films provide a sensitive technique 
for examining deformat ion processes within 
crazes. Though the s t ress-s t ra in  curves in Fig. 4 
are characteristic of  ductile behaviour, elongations 
are only between 1 and 3%. 3% elongation-to- 
fracture in bulk specimens is generally considered 
to be brittle fracture. So, any consideration of  
ducti l i ty in polystyrene thin films is concerned 
with deformation processes within the craze. 

TABLE I Thermal history effect on crazing parameters for quenched thin films of PS 

Thermal history 0 A (~m) W o (/~m) Wf 0zm) ~'e Vf 

Annealed* 47 ~ 0.57 0.61 1.71 1.03 0.36 
Quenched* 43 ~ 0.64 0.60 1.68 1.03 0.36 
Quenched~- 43 ~ 0.39 0.36 1.00 1.02 0.36 

*Micrograph in mature region far removed from craze-tip. 
tMicrograph ~ 40 um near craze-tip; e = 0.76 %, e --- 0.02 inches min-1, t = 2.3 ~zm, 0 -+ 2 ~ ,/x • 0.03 urn, W o • 0.08 ~zm, 
Wf • 0.03 ~m. 
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craze tip, meaning that material is drawn into the 

craze from the c raze -ma t r ix  interface. More 
experiments remain to be conducted in order to 
verify this point. 

5. Conclusions 
The macro-mechanical properties of  thin films of  
polystyrene are strongly affected by  thermal 
history.  The yield level is higher for annealed than 
for quenched films, all other conditions being 
equal. Both annealed and quenched films become 
more ductile with decreasing average strain rate. 
At the micro-level, thermal history affects the 
response of  a microvolume of  material to local 
strain rates, which also affects craze morphology 
and the localized mechanical resistance. 

Studies using high resolution electron micro- 
scopy showed the relationships between craze 
morphology and the observed ductili ty. Brittle 
behaviour is al,;~ay.s observed in samples with 
voiding mid-ribs in the craze. As a craze thickens 
by  fibril extension, material is simultaneously 
drawn into the craze from the c raze -mat r ix  
interface. Strips of  material are drawn into the 
craze until  at some critical point drawing stops 
and the craze thickens only by fibril extension. 
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