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SYNOPSIS

Crazing in styrene-acrylonitrile copolymer (SAN) layers of polycarbonate (PC)/SAN mi-
crolayer composites and the deformation zone that formed in the PC layer in response to
the stress concentration created at the PC/SAN interface by the craze tip were examined
by optical and scanning electron microscopy. A 49-layer composite with relatively thick
layers, on the size scale of tens of microns, was chosen in order to confine interactions to
the region of a single PC/SAN interface. The SAN craze density, which increased with
applied stress, was shown to fit the Weibull distribution function. The distance between
crazes was described by a correlation length, and the distribution of correlation lengths
indicated that crazing occurred randomly in the SAN layers. In the PC layer, the craze-
tip deformation zone consisted of a colinear plastic zone together with a pair of micro-
shearbands that grew away from the craze tip at an angle of about 45°. Assuming a blunted
craze tip, the plastic zone was analyzed using the slip-line field theory. The dependence of
the micro-shearband length on remote stress was similar to that predicted by both the BCS
and Vitek models. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The microdeformation behavior of polycarbonate /
styrene—acrylonitrile copolymer (PC/SAN) micro-
layer composites has been described.!® For these
studies, a series of microlayer composites was avail-
able with a variation in the individual layer thickness
of PC and SAN of two orders of magnitude, from
less than 1 micron to tens of microns. This range of
layer thickness was achieved by varying the total
number of layers, ranging from 49 to 1857, and by
varying the volume ratio of the two components.
The first observable irreversible deformation was
always crazing in the SAN layers; subsequently, mi-
cro-shearbanding in the PC layers initiated at the
craze tips. When the layers were thin enough, on
the size scale of microns, interactive deformation
phenomena were observed. Instead of random craz-
ing of the SAN layers, craze doublets, which con-
sisted of two aligned crazes in neighboring SAN lay-
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ers, and craze arrays, with many aligned crazes in
neighboring SAN layers, were observed.? In addition,
interactive shear modes caused a change in the de-
formation mechanism of the SAN layers from craz-
ing to micro-shearbanding close to the point of global
yielding. This change in deformation mechanism of
the SAN layers was responsible for increased duc-
tility and toughness in composites with thinner
layers.

To understand how the initial events of crazing
and micro-shearbanding led to interactive phenom-
ena, it was useful to first characterize the defor-
mation zone that formed in the PC layer at the craze
tip. Of the many PC/SAN microlayer composites
in the series, the one with the thickest PC layers
was chosen for this study in order to confine the
deformation zone to the region of a single PC/SAN
interface. This was a composite with 49 layers in
which the PC layers were 29 pum thick and the SAN
layers were 16 um thick. Crazing in the SAN layers
was described by a statistical analysis. Subsequent
shear deformation in the PC was understood by
considering the known shear yielding modes of PC.
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MATERIALS AND METHODS

Microlayer composites of polycarbonate (PC) and
styrene-acrylonitrile copolymer (SAN) were pro-
vided by The Dow Chemical Co. As described pre-
viously,® a series of compositions was available in
which the individual layer thicknesses of PC and
SAN were changed by varying the total number of
layers, ranging from 49 to 1857, and by varying the
volume ratio of the two components. Of the many
composites in the series, the one with the thickest
PC layers was chosen for this study. This composite
consisted of 49 alternating layers with PC as the
outermost layer; the thickness of the PC layers de-
termined from optical micrographs was 29 um and
that of the SAN layers was 16 um. In the format
used previously, this composite was identified as 49-
layer PC/SAN (29/16 um).?

Microspecimens 0.8 mm thick were prepared by
sectioning along the edge of the coextruded sheet
with a low-speed diamond saw (Isomet, Buehler
Ltd.). The cut surfaces of the specimen were pol-
ished on a metallurgical polishing wheel initially
with 1200 and 2400 grit wet sandpapers and sub-
sequently with 1.0 and 0.3 um alumina aqueous sus-
pensions, A thinner gauge section was prepared by
polishing to a thickness of about 0.5 mm in order to
confine the deformation to a central region of the
specimen.

The polished specimen was clamped into a mi-
crotensile tester (Minimat, Polymer Laboratories)
that was mounted on the stage of an optical micro-
scope (Olympus BH2). Then, the specimen was
stretched at a speed of 0.01 mm/min and the spec-
imen was photographed as it was deformed. The
strain was determined directly from the displace-
ment; the local strain measured from craze positions
was within 10% of the remote strain.

For scanning electron microscopy (SEM), spec-
imens were first deformed in the Minimat to the
desired strain and then reloaded to the same strain
in a modified SEM stage. The restretched specimens
were coated with 30 A of gold and observed under
load in a low-voltage scanning electron microscope
(JEOL JSM-840A).

RESULTS AND DISCUSSION

Statistics of Crazing

A statistical approach was used to describe the
gradual increase in craze density in the SAN layers
when a PC/SAN microlayer composite was de-

formed in uniaxial tension. Data for statistical anal-
ysis were obtained by repeatedly photographing the
same area of a microspecimen as it was subjected to
increasing tensile deformation. The center region of
the microspecimen where the layer thickness was
the most uniform was used for this purpose. Once
the craze initiation condition was achieved in the
SAN layers, the overall craze density gradually in-
creased until shear bands appeared in the PC layers
at the craze tips. The cumulative craze fraction (F,)
was defined as the ratio of the number of crazes
(NN.) in the area chosen to the total number of crazes
(N,) in the same area after neck formation. The
total number of crazes ( N;) in a typical area analyzed
was about 90.

The Weibull failure distribution is widely used in
engineering practice due to its versatility. It takes
its name from the Swedish research engineer W.
Weibull who proposed it in 1949 for the interpre-
tation of fatigue data. Since then, the application of
this failure distribution has been extended to many
other problems, particularly in the field of lifetime
phenomena. In polymers, the statistics of craze fibril
breakdown have been found experimentally to follow
a Weibull distribution.*

The three parameter Weibull distribution for
craze density with respect to the applied stress is
given by’

_[0 OSAN < 0;
1 —exp{—[(osan — 0:)/0,]™} osan> 0;
(1)

where m is the Weibull “modulus” or shape param-
eter; o;, the location parameter; and ¢,, the scale
parameter. The stress in the SAN layer, ogan, Was
calculated according to the rule of mixtures for con-
stant strain by the following equation:

osan = 0/[Vsan + (Epc/Esan)* Vecl  (2)

where Vpc and Vg, are the volume fractions of PC
and SAN in the composite, respectively, and Epc
= 2.32 GPa and Egaxy = 3.43 GPa are the elastic
moduli for PC and SAN controls.

The Weibull plot of the cumulative craze fraction
with respect to stress in the SAN layer for PC/SAN
(29/16 um) is shown in Figure 1. The Weibull lo-
cation parameter o; accounts for the arbitrary origin
of the random variable and corresponds to the craze
initiation stress; ¢, is the characteristic stress, when
osaN = 0; + 64, F. = (e — 1) /e or 63%; and m is the
shape parameter that describes the width of the dis-
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Figure 1 Weibull distribution plot of the cumulative craze fraction vs. the stress in the

SAN layer.

tribution and is obtained from the slope of the Wei-
bull plot. The best fit of the data was obtained
with values of o; = 29.0 MPa, ¢, = 38.0 MPa, and
m = 4.

Distribution of Crazes

The location of crazes in the SAN layers relative to
one another was characterized by a correlation
length R. Several consecutive photographs from the
center region of the microspecimen where the layer
thickness was the most uniform were used for this
purpose. A reference line was chosen perpendicular
to the layer orientation, and each craze was given a
one-dimensional coordinate corresponding to the
distance from the reference line. The correlation
length (R) was defined as the perpendicular distance
between two crazes; the length unit of R was defined
as 1 um. The definition of correlation length is il-
lustrated in Figure 2.

With a short computer program, the distance be-
tween any two crazes was calculated for R < 60 and
the absolute values were sorted according to whether
they were correlation lengths between crazes in the
same SAN layer, crazes in first-neighboring SAN
layers, crazes in second-neighboring SAN layers, etc.
In each of the sorted categories, the probability of
a particular R value was then given by

@(R) = N(R)/N, (3)

where N(R) is the total number of correlation
lengths having a value R, and N,, the sum of all the
N(R)’s for correlation lengths between 0 and 60.

The probabilities of R values between 0 and 20
are plotted in Figures 3 and 4 for two strains: 2.7%
(F. = 0.08) and 3.0% (F, = 0.20). Since negative
and positive R values were indistinguishable, the re-
gion close to R = 0 was emphasized by plotting Q(R)
vs. both + R and —R. The figures include probabil-
ities for crazes in the same layer and the first-, sec-
ond-, and third-neighboring layers. If crazing oc-
curred randomly, the probability would be 1/60 or
0.0167. This value is indicated by the solid line su-
perimposed on the data in the figures. A higher value
would indicate stress intensification and a lower
value stress reduction. At both strains, the proba-
bility that the distance between two crazes in the
same layer would be less than 5 um was almost zero,
and the probability that the distance would be be-
tween 5 and 10 um was less than the random prob-
ability. This well-known effect was due to stress re-
lief in the surrounding material after a craze formed.®
The distribution of correlation lengths between
crazes in neighboring SAN layers was constant and
equal to the random distribution, indicating that
crazes in one SAN layer had no effect on crazing in
neighboring SAN layers.
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Figure 2 Definition of the correlation length between
crazes.

Deformation Zone at the Craze Tip

A scanning electron micrograph of the craze tip in
a specimen strained to about 5% revealed that the
craze did not grow through the interface into the
PC layer; instead, the craze tip was blunted at the
layer interface (Fig. 5). Blunted crazes gradually
opened as the strain increased, but did not penetrate
through the interface into the PC layer. The rela-
tionship between craze opening and the remote
strain in Figure 6 showed gradual opening of the
crazes between 2.5% strain, about where crazing
initiated, and 6% strain, close to the yield point.
This meant that progressive widening of existing
crazes occurred simultaneously with formation of
new crazes. At higher strains, widening of the crazes
was accompanied by fracture of craze fibrils at the
surface.

A typical optical micrograph of crazes at 5.5%
strain is shown in Figure 7. In addition to the pair
of shear bands that originated at the craze tip, a
dark line extended 1-2 um from the tip of the craze
into the adjacent PC layer. Since examination of
the craze tip in the SEM did not reveal any evidence
of a crack or craze growing into the PC layer from
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Figure 4 Distribution of correlation lengths in the same SAN layer and the first-, second-,
and third-neighboring SAN layers at 3.0% strain.

the SAN craze tip, the dark line in the optical mi-
crographs was attributed to light scattering from a
small plastic zone that formed in the PC layer in
response to the stress concentration created by the
craze tip. Because the craze-tip plastic zone did not
produce appreciable surface distortion, it was not
visible in the SEM. The length of the craze-tip plas-
tic zone ( L,) was measured from optical micrographs
and the average of at least 10 measurements at each
strain is plotted as a function of the remote strain
in Figure 8. A craze-tip plastic zone was first de-
tectable in the optical microscope at a strain of about
3%; the zone subsequently lengthened linearly with
increasing strain.

The craze-tip plastic zone had grown to about 1.3
um in length at 4.5% strain when micro-shearbands
growing from the craze tip at an angle of about 45°
could first be unambiguously identified in the optical
micrographs. The micro-shearbands were clearly
distinguishable from the craze-tip plastic zone only
when they were about the same length as the plastic
zone, 1.0-1.5 ym. The micro-shearband length is also
included in Figure 8. Between 4.5% strain and the

onset of global necking at about 6.2% strain, defor-
mation in the PC layers was characterized by rapid
growth of the micro-shearbands into the PC layer
and by continued lengthening of the plastic zone as
crazes in the SAN layers opened up further.
Formation and growth of the craze-tip plastic
zone and the micro-shearbands in the PC layer at
the tip of an SAN craze are summarized schemati-
cally in Figure 9. Formation of the crazes was easily
detected in the optical microscope when the remote
strain was about 2%. As the strain increased to about
3.5%, the craze density increased rapidly and the
existing crazes widened. Adhesion between SAN and
PC was good enough that the layers did not delam-
inate when the SAN craze impinged on the layer
interface. Instead, the opening crazes were blunted
at the layer interface, and a small colinear plastic
zone formed in the PC layer in response to the stress
concentration created by the blunted craze tip. The
craze-tip plastic zone was first detectable in the op-
tical micrographs at about 3% strain. Although the
dark zone ahead of the craze tip in the optical mi-
crographs was thought to be caused by the plastic
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Figure 5 An SEM view of the blunted craze tip at 5.5% strain.

zone, its measured length probably did not accu- micro-shearbands were first visible growing out from

rately represent the dimension of the plastic zone. the craze tip at an angle of approximately 45°. The

At 4.5% strain, the craze opening was large enough micro-shearbands rapidly grew into the PC layer

that fibrils near the surface began to fracture, and with increasing remote strain; the local strain in the
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Figure 6 The craze-tip opening determined from scanning electron micrographs as a
function of the remote strain.
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Figure 7 An optical micrograph of crazes at 5.5% strain
showing the craze-tip deformation zone in the PC layer.

micro-shearbands was sufficient to cause significant
distortion of the interface. When the remote strain
reached about 6.2%, global necking was accompa-
nied by drawing of the PC layers while the crazes
opened up into large holes that were eventually the
site of crack initiation.

Analysis of the Craze-tip Plastic Zone

The deformation zone produced by shear yielding
in notched PC has been described for conditions that
range from mostly plane strain to mostly plane
stress. The primary features of shear yielding in PC,
including thickness effects, can be described in terms
of idealized elastic-plastic behavior without refer-
ence to size scale.” It may therefore be possible to
apply the prior analysis to a size scale several orders
of magnitude smaller to describe the deformation
zone that forms in the PC layer at the tip of a SAN
craze.

Plane strain shear yielding of PC at a semicircular
notch occurs first by core yielding when two families
of intersecting flow lines grow out from the notch
surface. When further growth of the core yielding
zone is constrained by the surrounding elastic ma-
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terial, hinge shear initiates from the surface where
a larger degree of freedom is available for extended
yielding. The hinge shear bands grow outward from
the notch above and below the core yielding zone at
an angle of approximately 45°.7

Applicability of models for macroscopic yielding
behavior to the microdeformation processes in the
PC/SAN microlayer composites has been discussed
previously. In this regard, the craze tip was viewed
as a semicircular micro-notch in the adjacent PC
layer, and the deformation was described using a
plane strain analogy since the dimension of the craze
tip notch, on the order of a micron, was much smaller
than the depth of the craze, about 30-50 um. It was
first proposed? and then demonstrated® that growth
of the micro-shearbands at the craze tip with in-
creasing stress follows the same relationship as the
growth of the plane strain hinge shear mode in PC.”
The previous work did not consider the plastic zone
that preceded growth of the micro-shearbands at the
craze tip. In the plane strain condition, the craze-
tip plastic zone would be analogous to the core
yielding zone that formed ahead of hinge shear in
the macroscopic situation.

The logarithmic spirals of the core yielding zone
are described by the slip-line field theory of Hill®:

8=+In(r/a)+C (4)

where r and 8 are the polar coordinates; a, the notch
radius; and C, a constant. The relationship between
the plastic zone length ( L, ) and the notch root radius
(a) is given by™

L, =alexp(n/2 —~ ©/2) ~ 1] (5)

where w is the flank angle of the notch. For a parallel-
sided notch with a circular root (U-notch) or a
semicircular notch, w = 0 and a = §,/2, where J, is
the notch opening, and eq. (5) becomes

L, = 1.9, (6)

This relationship also describes the plastic zone that
forms during progressive blunting of a sharp notch
in the case of large-scale yielding.!! A modification
of eq. (4) has been proposed to take the pressure
dependency of yielding into consideration '*:

Yyeotf = xIn(r/a) +C (7)

where 2y is the angle between slip lines and is related
to the pressure-dependency through p = cos 2y.'°
For PC, u = 0.07," and eq. (7) becomes

L, = 2.25, (8)
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Figure8 The length of the craze-tip plastic zone and the micro-shearbands as a function

of the remote strain.

To apply slip-line theory to analysis of the craze-
tip plastic zone, the notch dimension (a) was taken
as the radius of curvature of the blunted craze tip
determined from scanning electron micrographs.
The measured zone length is compared in Table I
with that predicted by eq. (8). The magnitude of
the plastic-zone length calculated from slip-line
theory was consistent with the observations, and
the theory also predicted the linear relationship be-
tween 8, and L,. Measurements of the craze-tip
plastic zone taken from optical micrographs were
expected to slightly underestimate the length of the
plastic zone, especially at the lower strains, since
the zone originated from inside the craze tip and
was only visible in the optical micrographs when it

had grown large enough to produce some surface
distortion.

The one-dimensional Dugdale approach has been
used to analyze the length of the plastic zone ahead
of a notch in thin films.'® This approach predicts a
zone length that is an order of magnitude larger than
that calculated with the slip-line theory. Plane stress
shear yielding of PC is dominated by the intersecting
shear mode, where flow lines extend through the
thickness at an angle to produce a necking effect in
front of the notch.” The plastic zone that forms by
intersecting shear at the tip of a blunted sharp notch
in thin films of PC is not constrained from growing
across the entire specimen width. Qualitatively, the
plastic zone formed by plane stress intersecting
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Figure 9 Schematic representation of the formation and growth of the deformation zone

in the PC layer at the tip of an SAN craze.

shear is much longer relative to the notch opening
than the slip-line zone formed in plane strain
loading.

Analysis of the Micro-Shearbands

The approach suggested by Bilby, Cottrell, and
Swinden (BCS)*® has been particularly useful for
describing large-scale plane strain yielding by the
hinge shear mode although these authors described
a plastic zone that was coplanar with the notch.
Their result for a notch loaded in shear is similar
to Dugdale’s relationship for the tensile problem. As
noted previously, the Dugdale approach has been
used to describe the coplanar plastic zone that forms
in thin films of PC loaded in plane stress. It seems

reasonable for similar approaches to describe both
plane stress and plane strain shear yielding since
both BCS and Dugdale employ a one-dimensional
approach to obtain a relationship between the notch
length and the length of the plastic zone. The hinge
shear mode initiates when the shear yield stress is
reached at the surface, and like the plane stress in-
tersecting shear mode, hinge shear is not constrained
from growing across the entire specimen width. The
primary difference is that yielding occurs by different
shear modes in plane stress and plane strain shear.
As a result, the plastic zone is coplanar in the former
case, whereas in the latter case, the plastic zone
grows at an angle to the notch.

Tetelman '’ and Hahn and Rosenfield !® separately
observed that experimental values of the plastic-
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TableI Comparison of the Experimental
Plastic-zone Length with the
Theoretical Predictions

Craze Plastic-zone Length (um)
Strain Opening*®
(%) (um) Experimental® Slip Line
34 0.35 + 0.05 0.27 £ 0.13 0.77 £ 0.11
3.7 0.38 * 0.03 0.53 + 0.20 0.84 + 0.07
4.0 0.43 + 0.06 0.83 £ 0.18 0.95 + 0.13
4.4 0.50 % 0.04 1.05 + 0.16 1.10 + 0.09
5.0 0.61 + 0.07 1.35 + 0.21 1.34 + 0.15
6.0 0.98 + 0.17 1.93 + 0.30 2.16 £ 0.37

* Measured from SEM micrographs.
b Measured from OM micrographs.

zone length were about a factor of 2 lower than the
prediction of BCS for a coplanar zone given by

Ly,/a = sec(wo/20y) — 1 (9)

where L, is the shear band length; a, the notch ra-
dius; and oy, the yield stress. The BCS approach
has been extended to yielding on planes inclined to
the notch by Bilby and Swinden, }* who made some
limited calculations, and by Vitek.® Mills and
Walker?' found that the length of shear bands in

the epsilon damage zone of fatigued PC followed the
relationship of Vitek for an inclined angle of 65°
given by

L,/a = 0.015 exp[6.642(0/0ay)] (10)

where L, is the shear band length; a, the notch ra-
dius; and oy, the yield stress.

Ma et al.” found that the length of the hinge shear
bands that formed at a semicircular edge notch in
PC followed the BCS equation [eq. (9)] modified
by a factor of 0.5,1"'® and Ma et al.Z and Shin et al.?
observed that the micro-shearbands in PC/SAN
composites also followed the modified BCS equation
if a constant notch radius of 1 um was assumed.
However, when the crazes were examined at higher
magnification by SEM, it was apparent that the
craze opening increased as the micro-shearbands
lengthened. Present calculations of the zone length
made with a notch dimension taken from direct ob-
servations of the craze-tip opening necessarily
showed a different functional relationship to the
normalized stress in the PC layer than did the pre-
vious calculations based on a constant notch radius
and the remote stress. The stress in the PC layer,
opc, was calculated according to the rule of mixtures
for constant strain, which has the similar form of
eq. {2). The yield stress of PC, oy, is about 62.0

20 7
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- — Vitek model
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Figure 10 The micro-shearband length compared with predictions of the BCS and Vitek

models.



MPa. The ratio L,/a, determined experimentally
from the length of the micro-shearbands and the
measured craze opening, is compared with the BCS
and Vitek models in Figure 10. Except for the points
close to the yield point, the data appear to be de-
scribed best by the Vitek equation.

CONCLUSIONS

Crazing of SAN and the craze-tip deformation zone
that formed in the adjacent PC layer were studied
in a microlayer composite with SAN and PC layer
thicknesses on the order of tens of microns. Since
the PC layer thickness was larger than the defor-
mation zone, it was possible to analyze the defor-
mation zone without considering interactions with
neighboring layers. The results led to the following
conclusions:

1. The craze density increases with applied
stress once the craze initiation condition is
achieved in the SAN layers. The relationship
between the cumulative craze fraction and the
stress on the SAN layers is described by the
Weibull distribution function.

2. Crazing occurs randomly in the SAN layers.
Statistically, there is no registry or alignment
of crazes from one SAN layer to the next.

3. Good adhesion between SAN and PC pre-
vents delamination where the SAN craze im-
pinges on the interface. Instead, a deforma-
tion zone forms in the PC layer in response
to the stress concentration at the craze tip.

4. The deformation zone can be described by
considering two plane strain shear yielding
modes on the microscale. Core yielding cre-
ates a small colinear plastic zone, whereas
the hinge shear mode produces a pair of mi-
cro-shearbands that grow away from the craze
tip at an angle of about 45°.

5. The length of the plastic zone is accurately
predicted by slip-line theory, whereas the
length of the micro-shearbands is adequately
represented by both the BCS and the Vitek
approaches.
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