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ABSTRACT: Microlayers of polycarbonate (PC) with poly(methylmethacrylate) (PMMA)
or poly(styrene-co-acrylonitrile) (SAN) were processed with varying layer thicknesses.
Adhesion between PC and PMMA was found to be an order of magnitude higher than
between PC and SAN, as determined with the T-peel method. To probe the effect of the
adhesion difference on yielding and deformation of PC/PMMA and PC/SAN microlay-
ers, the macroscopic stress–strain behavior was examined as a function of layer thick-
ness and strain rate, and the results were interpreted in terms of the microdeformation
behavior. During yielding, crazes in thick SAN layers opened up into cracks; however,
PC layers drew easily because local delamination relieved constraint at the PC/SAN
interface. Adhesion of PC/PMMA was too strong for delamination at the interface when
PMMA crazes opened up into cracks at low strain rates. Instead, PMMA cracks tore
into neighboring PC layers and initiated fracture. At higher strain rates, good adhesion
produced yielding of thick PMMA layers, a phenomenon not observed with thick SAN
layers. The change in microdeformation mechanism of PMMA with increasing strain
rate produced a transition in the yield stress of PC/PMMA microlayers. Microlayers of
both PC/SAN and PC/PMMA with thinner layers (individual layers 0.3–0.6 mm thick)
exhibited improved ballistic performance compared to microlayers with thicker layers
(individual layers 10–20 mm thick), which was due to cooperative yielding of both
components. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 1545–1557, 2000
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INTRODUCTION

Good adhesion in polymer blends and composites
is generally considered desirable, due to improve-

ments in stiffness and modulus. However, if the
adhesion is too strong, it can be detrimental to
ductility. Many examples in the literature reveal
the effect of adhesion on yielding of blends and
composites. For example, in a study of polypro-
pylene/glass fiber composites, Sova1 found that a
composite with lower interfacial adhesion had a
lower yield stress and higher ductility than a
composite with better adhesion. Lower interfacial
adhesion allowed the polypropylene to yield with-
out constraint of the glass fibers, which debonded
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from the matrix during deformation. With good
adhesion between fiber and matrix, the glass fi-
bers constrained yielding of the polypropylene,
resulting in a higher yield stress. Fracture oc-
curred shortly after the yield point. In another
study of polypropylene/glass fiber composites,
Kander and Siegmann2 used strain rate to vary
the adhesion between fiber and matrix. They
found that at slow deformation rates, lower adhe-
sion resulted in more ductile behavior. At higher
strain rates, better adhesion enabled the glass
fibers to constrain yielding of the polypropylene
and relatively brittle behavior was observed.

The effect of adhesion on yielding was modeled
by Li et al.3 in studies of linear low density poly-
ethylene blends with a dispersed, rigid polysty-
rene phase. Adhesion was varied by use of a com-
patibilizer. Uncompatibilized blends failed by in-
terfacial debonding and void growth. In this case,
a model based on a modified cross-sectional area
successfully described the yield stress. The effect
of constraint from the well-adhered PS particles
in compatibilized blends was well described with
a modified yield strain approach.4

If the yielding behavior of the components is
similar and the adhesion is sufficient to allow
stress transfer between phases, both phases in a
polymer blend can yield. For example, blends of
polycarbonate (PC) and poly(acrylonitrile-buta-
diene-styrene) (ABS) are compatible because of
good interfacial adhesion of PC and poly(styrene-
co-acrylonitrile) (SAN).5,6 Santana et al.7 found
the interfacial adhesion was sufficient to cause
both PC and ABS to yield. The yield stress fol-
lowed the rule of mixtures.

Similarly, the yield stress of PC/poly(methyl-
methacrylate) (PMMA) blends obeyed the rule of
mixtures because good adhesion ensured stress
transfer between the components.8 Good adhe-
sion of PC and PMMA is exploited by use of a
PMMA shell on core-shell impact modifiers for
PC. Although both PMMA and SAN adhere well
to PC, the effect of adhesion on yielding and de-
formation of PC/PMMA blends and PC/SAN
blends has never been directly compared.

Microlayer coextrusion is an advanced process-
ing technique that combines two or more poly-
mers into alternating layers with layer thick-
nesses that can be controlled down to the submi-
cron scale.9–11 Microlayer coextrusion has
advantages over conventional blending for study-
ing the effects of adhesion. These advantages in-
clude large interfacial area with controlled geom-
etry and size scale. Numerous studies of PC/SAN

microlayers revealed the relation between macro-
scopic stress–strain properties and microdefor-
mation mechanisms in this system.12–17 A dra-
matic increase in toughness of PC/SAN was found
as the number of layers increased. This was at-
tributed to a change in the microdeformation
mechanism to cooperative yielding of both PC and
SAN as the individual layers became thinner.

The goal in this paper is to compare the effects
of strain rate and layer thickness on the yielding
and deformation of two microlayer systems with
good adhesion: PC/PMMA and PC/SAN. Specifi-
cally, the role of adhesion on the macroscopic
stress–strain curve and the microdeformation
mechanisms of PC/SAN and PC/PMMA microlay-
ers with thick layers (10–20 mm) was compared.
The effect of strain rate on PC/PMMA microlayers
with thick (10–20 mm) and thin (1–4 mm) layers
was also examined. The possibility for improved
toughness was explored by examining the effect of
layer thickness on ballistic properties.

EXPERIMENTAL

PC was Calibre 300-15 (The Dow Chemical Com-
pany, Midland, MI) with a molecular weight of
27,000 g/mol, PMMA was V826-100 (Ato-Haas,
Chicago, IL) with a molecular weight of 120,000
g/mol, and SAN was Tyril 867-B (The Dow Chem-
ical Company, Midland, MI) with a molecular
weight of 193,000 g/mol. The SAN composition,
25% acrylonitrile, was chosen for maximum ad-
hesion to PC.18

The PC was dried in a vacuum oven at 100°C
for 24 h prior to processing; PMMA and SAN were
dried in a vacuum oven at 85°C for 24 h prior to
processing. Microlayers of PC and PMMA with
32, 256, 1024, 2048, and 4096 layers, and micro-
layers of PC and SAN with 32 layers, were coex-
truded with the two-component microlayer sys-
tem described previously.9 The extruder temper-
atures were chosen so that the viscosities of PC
and PMMA or SAN matched as they entered the
feedblock. Both extruders were at 270°C for PC/
PMMA microlayers, and the multiplier and exit
die temperatures were slightly lower at 250°C.
For PC/SAN microlayers, the extruder tempera-
tures were 270°C for PC and 260°C for SAN, and
the multipliers and exit die temperatures were
held at 250°C. The composition of the microlayer
was varied by changing the relative flow rates.
The composition is given in parentheses as either
the weight fractions or the nominal (calculated)
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layer thicknesses. For controls, PC and PMMA
were extruded alone using the same processing
conditions as the microlayers. The coextruded
sheets were approximately 1 mm thick and 80
mm wide.

Previous peel studies of PC/SAN microlayers
showed that adhesive failure occurred when the
PC layer thickness was greater than 1.7 mm, and
the SAN layer thickness was less than 1.5 mm.19

Therefore, the PC/PMMA microlayer prepared for
peel testing had 257 layers, a PC/SAN (90/10)
composition and nominal layer thicknesses of 4.0
and 0.4 mm. The PC/SAN (85/15) with 1857 and
nominal layer thicknesses of 2.5 and 0.5 mm used
for peel testing was supplied by The Dow Chem-
ical Company.

Tensile specimens were machined from the co-
extruded sheet parallel to the extrusion direction
using a waisted geometry to localize deformation.
The length of the waisted section was 60 mm and
the width gradually decreased from 30 to 5 mm at
the midpoint. Stress was calculated based on the
minimum cross-sectional area at the center of the
waisted specimen. Strain and strain rate were
calculated using the length of the waisted section
as the gage length. Tests were performed on an
Instron testing machine at strain rates ranging
from 0.1 to 100%/min. At least three specimens of
each composition were tested.

Specimens for optical microscopy were pre-
pared by cutting a 60 mm strip through the thick-
ness of the microlayer parallel to the extrusion
direction with a low-speed diamond saw. This
resulted in a rectangular specimen 0.8–1.2 mm
wide and 60 mm long. The cut specimens were
polished on a metallurgical wheel using fine sand-

paper and alumina oxide aqueous suspensions.
The central part of the specimen was thinned to
0.4–0.6 mm to localize the deformation to this
region. The polished specimen was clamped in a
Polymer Laboratories Minimat microtensile
tester for uniaxial tensile testing. The microten-
sile tester was mounted on the stage of an optical
microscope so that the deformation process could
be photographed. Strain and strain rate were cal-
culated using the waisted length of the specimen,
which ranged from 12 to 15 mm, as the gage
length. Specimens were stretched at strain rates
of 0.1%/min and 10%/min.

Delamination toughness was determined with
the T-peel test (ASTM D1876). Specimens 8–15
mm wide were notched by pushing a fresh razor
blade into the midplane of the sheet. Specimens
were loaded at a rate of 2 mm/min. Some tests
were interrupted and the crack tip region was
sectioned perpendicular to the plane of the crack
with a low-speed diamond saw. The sections were
polished on a metallurgical wheel with wet sand-
paper and alumina oxide aqueous suspensions
and photographed in a transmission optical mi-
croscope. Matching peel surfaces were coated
with 10 nm of gold for examination in a JEOL
JSM 840A scanning electron microscope. To de-
termine the surface composition, uncoated peel
surfaces were examined with the Nicolet 800
FTIR spectrometer in the ATR mode with a ger-
manium 60/60 crystal.

Ballistic impact measurements were carried
out using a helium gas gun apparatus. A test
specimen was mounted between two aluminum
plates with a 2 in diameter opening, and the
plates were firmly tightened. The sample holder
was clamped in the center of the ballistic impact
test apparatus, and the specimen was subjected
to the impact of a fragment-simulating projectile

Figure 1 Peel curves of PC/SAN (2.5/0.5 mm) and
PC/PMMA (4.0/0.4 mm).

Figure 2 Crack tip of PC/PMMA (4.0/0.4 mm).
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of 1.1 g weight and 0.22 in diameter. Four light
screens were used as triggers for timers to record
the time-of-flight of the projectile to determine
the velocity of the projectile before and after im-
pact. The impact velocities were between 120 and
160 m/s. Microlayers of PC/SAN (70/30) with 233,
929, and 1857 layers and approximately the same
sheet thickness as the PC/PMMA microlayers
were provided by The Dow Chemical Company.

RESULTS AND DISCUSSION

Delamination Toughness

Figure 1 compares peel curves for PC/PMMA (4.0/
0.4 mm) and PC/SAN (2.5 /0.5 mm) tested at an
extension rate of 2 mm/min. For both PC/PMMA
and PC/SAN, test specimens were chosen with
thick PC layers to insure that the peel crack did
not propagate from layer to layer and thin SAN or

PMMA layers to prevent crazing. A much higher
force was required to propagate the crack in PC/
PMMA than in PC/SAN. In PC/SAN, the curva-
ture of the arms in the T-peel configuration con-
formed to the elastica shape,20 and the arms fully
recovered to their original shape after the test.
The curvature of the PC/PMMA arms was much
sharper than the elastica prediction, and the
arms did not recover after the test was completed.
The contribution of permanent deformation in the
beam arms to the peel force was not accounted for
in the peel curves shown.

Delamination toughness was calculated as G
5 2Pcr/W for a specimen of width W, where Pcr

was the load at which the crack propagated. The
PC/SAN microlayer failed with a delamination
toughness of 70 J/m2, which was comparable to
the delamination toughness of 90 J/m2 deter-
mined in past studies of PC/SAN microlayers
with these layer thicknesses.19 Inspection of the

Figure 3 Matching peel surfaces and infrared spectra of PC/PMMA (4.0/0.4 mm)
when the peel crack propagated: (a,b) along the PC-PMMA interface; (c,d) through a
PMMA layer.
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fracture surfaces and peel crack tip showed that
the crack propagated along one PC/SAN inter-
face. Crazing in the SAN layers, which would
have increased the measured delamination
toughness, was not observed.

The PC/PMMA microlayer had a much higher
delamination toughness of 950 J/m2. The crack
tip of the peel specimen (Fig. 2), showed no evi-
dence of a craze damage zone at the crack tip. The
crack ran along one PMMA layer and did not
propagate through the PC layers.

The composition of the PC/PMMA peel surfaces
was identified with attenuated total reflectance–
Fourier transform IR. The strong carbonyl
stretching bands at 1775 cm21 for PC and 1730
cm21 for PMMA were sufficiently separated that
they could be used for this purpose. A specimen
with a delamination toughness of 960 J/m2 pro-
duced one peel surface with strong PC peaks at
1775 and 1505 cm21, indicating a PC-rich surface,
and a corresponding peel surface with a strong
peak at 1730 cm21, indicating a PMMA-rich sur-
face, which confirmed interfacial failure [Fig.
3(a,b)]. Another specimen from the same micro-

layer with a delamination toughness of 870 J/m2

showed strong PMMA absorptions at 1730 and
1440 cm21 and a weak PC absorption at 1775
cm21 from both surfaces [Fig. 3(c,d)]. This sug-
gested that in this specimen, the peel crack prop-
agated primarily through a PMMA layer.

Scanning electron micrographs showed a
smooth PC surface in Figure 3(a), and a matching
PMMA surface with some roughness in Figure
3(b). Consistent with interfacial failure, there was
no evidence of tearing through multiple layers
and no indication of crazing on the peel surfaces.
The predominantly PMMA surfaces in Figure
3(c,d) resembled the PMMA surface from Figure
3(b). The high delamination toughness and com-
bination of interfacial and cohesive failure sug-
gested that the adhesive strength of PC/PMMA
approached the cohesive strength of PMMA.

Previous investigators attributed the high frac-
ture toughness of PC/PMMA joints to partial mis-
cibility of PC and PMMA.21 The miscibility of PC
and PMMA has been debated22–27; however, the
compelling evidence is that PC and PMMA are
not miscible. Nevertheless, although the PC–

Figure 3 (Continued from the previous page)
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PMMA interaction is not as favorable as origi-
nally thought, their interaction is only weakly
unfavorable for mixing.27 This is consistent with
observations of the PC/PMMA microlayer speci-
mens, which have sharp layer boundaries but
very good adhesion.

Stress–Strain Behavior of Microlayers with
Thick Layers

The effect of PMMA content on the stress–strain
curve of 32 layer PC/PMMA at a strain rate of
1%/min is shown in Figure 4. A 32 layer PC/SAN
(70/30) microlayer is included for comparison. Dif-
ferences were observed in yielding behavior as the
composition was altered. For the PC/PMMA (70/
30) specimen, yielding was indicated by a sharp
stress drop on the stress–strain curve, although
the drop was not as sharp as the stress drop for
PC/SAN (70/30). As PMMA content increased, the
yield maximum on the stress–strain curve broad-
ened, so that specimens with the highest PMMA
content had a much broader yield than those with
lower PMMA content. This broadening of the
yield with respect to composition was not ob-
served with PC/SAN microlayers.14 Differences in
the stress–strain curve correlated with the ap-
pearance of the specimens. For PC/PMMA (70/
30), formation of a neck was indicated by the
appearance of a distinct macroscopic shear band,
although it was not as sharp as the macroscopic
shear band that accompanied neck formation of
PC/SAN (70/30). As PMMA content increased, the
process of thinning into a stable neck occurred

more gradually. In fact, necking was so diffuse in
specimens with the highest PMMA content that a
well-defined neck was not obtained until the
stress leveled off at the plateau on the stress–
strain curve. For all compositions, the draw ratio
was about 2.

All the specimens were ductile, and most of the
PC/PMMA specimens fractured during neck prop-
agation at about 20-30% strain, except for PC/
PMMA (30/70), which fractured at about 11%
strain. The PC/SAN (70/30) fractured at 50%
strain, a higher strain than PC/PMMA with the
same composition.

Figure 5 shows the stress–strain behavior of
the PC/PMMA microlayers at a higher strain rate
of 10%/min. Unlike the curves at 1%/min, the
shape of the yield region was not affected by
changing the PMMA composition. Instead, yield-
ing was indicated by a sharp stress drop on the
stress–strain curve and by formation of a neck
from a macroscopic shearband regardless of com-
position. The PC/PMMA microlayers were ductile
at this strain rate, although the fracture strain
was lower than at 1%/min and decreased with
increasing PMMA content from 20% for PC/
PMMA (70/30) and (60/40) to 10% for microlayers
with higher PMMA content.

The effect of strain rate on yield stress of PC/
PMMA microlayers with 32 layers is shown in
Figure 6. All PC/PMMA compositions tested at
1%/min, except PC/PMMA (30/70), yielded at
about 63 MPa, which was close to the yield stress
of PC, 60 MPa. The PC/SAN (70/30) tested at
1%/min yielded at 65 MPa, which was about the
same yield stress as PC/PMMA. In contrast, the

Figure 5 Stress–strain curves at 10%/min for 32-
layer PC/PMMA specimens of various compositions,
curves are shifted vertically by 10 MPa.

Figure 4 Stress–strain curves at 1%/min for 32-layer
PC/PMMA specimens of various compositions, curves
are shifted vertically by 10 MPa. A PC/SAN (70/30)
specimen is included for comparison.
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PC/PMMA microlayers tested at 10%/min exhib-
ited an increase in yield stress with increasing
PMMA content from 75 MPa for PC/PMMA (70/
30) to 83 MPa for PC/PMMA (30/70). At this
strain rate, the yield stress of the microlayers was
intermediate between the yield stresses of PC and
PMMA.28 A linear relationship between yield
stress and composition extrapolated to a PMMA
yield stress of 95 MPa, which correlated with a
value of 94 MPa obtained from high pressure
tensile tests.28

Figure 7 compares the effect of strain rate on
the yield stress of PC/SAN and PC/PMMA micro-
layers with the same 60/40 composition. At lower
strain rates (0.1–1%/min) PC/PMMA and PC/
SAN exhibited about the same yield stress with
essentially no strain rate dependence. However,
at higher strain rates (2–10%/min), the effect of
strain rate on the yield stress was different for
PC/PMMA and PC/SAN. The yield stress of PC/
PMMA jumped from 63 MPa at 1%/min to 73 MPa
at 2%/min and continued to increase with increas-
ing strain rate. In contrast, the yield stress of
PC/SAN gradually increased with increasing
strain rate. It is reasonable to suggest that a
change in yielding mechanism occurred in PC/
PMMA, but not in PC/SAN, with increasing
strain rate. All PC/PMMA compositions except
PC/PMMA (30/70) showed this transition be-
tween strain rates of 1 and 2%/min.

Microdeformation of Thick Layers

The microdeformation behavior of individual PC
and PMMA layers was observed in the optical

microscope as the specimen was deformed. Spec-
imens were tested at two rates, one on either side
of the transition in yielding behavior. For speci-
mens tested at 0.1%/min, the first visible irrevers-
ible deformation was crazing in the PMMA lay-
ers. As the strain increased, microshearbands ini-
tiated at the PC/PMMA interface where the craze
tip in the PMMA layer impinged on the PC/
PMMA interface and created a stress concentra-
tion. The shearbands grew partway across the PC
layer. At the yield point, shearbands coalesced in
the PC layers. Figure 8(a) shows the neck of a
32-layer PC/PMMA (70/30) specimen tested at
0.1%/min. Some of the PMMA crazes opened up
into microcracks that tore into neighboring PC
layers. No delamination failure occurred at the
positions of high shear stress, indicated by arrows
in Figure 8a. Some crazes remained closed. The
uneven constraint imposed by the PMMA layers
caused inhomogeneous extension of the PC layers
and distortion of the PC/PMMA interface.

Figure 8(b) shows the necked specimen rotated
90° to expose a side view of the crazes in the
PMMA layer. This view reveals that the microc-
racks were restricted to the surface. Instead of
growing all the way through the specimen, they
extended only to a depth of approximately 45 mm.

Specimens tested at 10%/min deformed much
as specimens tested at 0.1%/min prior to yielding.
Crazes formed in the PMMA layers; at the PC/
PMMA interface shear bands initiated at the
craze tips and grew across the PC layers. How-
ever, as shearbands coalesced in the PC layers,
most of the PMMA crazes did not open up into
microcracks, as shown in Figure 9(a). The PMMA

Figure 7 Effect of strain rate on the yield stress of
PC/PMMA (60/40) and PC/SAN (60/40) 32-layer speci-
mens.

Figure 6 Effect of PC content on the yield stress of
32-layer PC/PMMA specimens at strain rates of 1 and
10%/min.
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layer thickness, which was measured before and
after yielding, was reduced by 30%. This demon-
strated that PMMA yielded. Arrows in Figure 9(a)
highlight the absence of failure at the interface.
The PC/PMMA interface was strong enough that
crazes opened up in the center of the PMMA
layer, but not at the interface.

Figure 9(b) shows a side view of the necked
PC/PMMA specimen tested at 10%/min. No
crazes were visible. Unlike specimens tested at
0.1%/min, the crazes did not extend to any signif-
icant depth below the surface. Only rarely did
PMMA crazes open up into cracks. However,
these isolated cracks initiated fracture.

This suggests an explanation for the difference
in yield stress of specimens tested at lower and
higher strain rates, a difference that was ob-
served in the stress–strain curves of both macro-
scopic tensile bars and microdeformation speci-
mens. At lower strain rates, a decrease in the
effective cross-sectional area caused by PMMA
surface cracks could account for the lower yield
stress. Therefore an effective cross-sectional area
was obtained by subtracting the depth of the

cracks from the total thickness. The corrected
yield stress syo is given as

syo 5 syS A
Aeff

D (1)

where sy is the nominal yield stress at 0.1%/min,
A is the original cross-sectional area, and Aeff is
the area after the thickness of the cracks is sub-
tracted. This correction reduced the original
cross-sectional area by 14%. Using the effective
cross-sectional area, the nominal yield stress of
63 MPa increased to 73 MPa, which was compa-
rable to the yield stress of 75 MPa measured for a
PC/PMMA (70/30) specimen tested at 10%/min.

The reason that PMMA crazes opened up into
microcracks at low strain rates, but not at high
strain rates, may relate to differences in craze
microstructure at low and high strain rates. In a
craze, the entangled polymer strands that bridge
between neighboring fibrils can disentangle or
break as the craze widens.29 Alternatively, if
there is a buildup of entangled strands, the
strands may be pulled into cross-tie fibrils, i.e.,
short fibrils that bridge main fibrils.30 The cross-
tie fibrils increase the load-bearing capacity of the
craze.

Figure 9 Optical micrographs of 32-layer PC/PMMA
(70/30) tested at 10%/min showing (a) edge view of a
necked specimen and (b) side view of a necked speci-
men. Arrows indicate positions of stress concentration.

Figure 8 Optical micrographs of 32-layer PC/PMMA
(70/30) tested at 0.1%/min showing (a) edge view of a
necked specimen and (b) side view of a necked speci-
men. Arrows indicate positions of stress concentration.
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A higher number of cross-tie fibrils may form at
higher strain rates because entangled polymer
strands have less time to disentangle. The cross-
tie fibrils may strengthen the craze sufficiently
that yielding is preferred over craze fracture. This
is consistent with the finding of Miller et al.31 that
fewer cross-tie fibrils formed at higher tempera-
tures, where chains disentangled more easily,
than at lower temperatures.

A comparison of PC/PMMA with a PC/SAN
microlayer of the same composition and layer
thicknesses revealed the role of interfacial adhe-
sion in the microdeformation behavior. Before the
yield point, microdeformation of PC/SAN and PC/
PMMA was essentially identical with crazing in
the SAN layers followed by microshearband for-
mation in the PC layers. As the shearbands coa-
lesced and a stable neck formed at the yield point,
SAN crazes opened up into microcracks. How-
ever, the SAN cracks did not cut into PC layers as
the PMMA cracks did in PC/PMMA. Local del-
amination at the PC/SAN interface relieved the
constraint of the SAN layers and permitted the
PC layers to draw out. The interface was weak
enough that the interfacial shear stress concen-
tration caused local delamination as the specimen
deformed, as indicated by the arrows in Figure
10. This contrasted with PC/PMMA shown in Fig-
ure 8(a), where the adhesion was strong enough
to prevent even local delamination at the crack
tip.

The difference in microdeformation behavior
was manifest in the macroscopic stress–strain be-
havior. At lower strain rates, constraint imposed
by PMMA on yielding of PC resulted in a diffuse
neck. In contrast, local delamination of SAN re-
lieved the constraint on yielding of PC and a
sharp neck resulted. At low strain rates, the yield
stress of PC/SAN and PC/PMMA microlayers was
about the same because surface cracks in PC/SAN
opened up to about the same depth as the surface

cracks in PC/PMMA.16 At higher strain rates, the
yield stress of PC/PMMA increased abruptly
when deformation of the PMMA layers changed
from microcracking to yielding. The yield stress of
PC/SAN microlayers did not similarly increase
because the deformation mechanism of thick SAN
layers did not change with strain rate.

Deformation of Microlayers with Thin Layers

The effect of layer thickness was revealed by com-
paring the stress–strain behavior of microlayers
with 32 layers (individual layers 10–20 mm thick)
and microlayers with 256 layers (individual lay-
ers 1–4 mm thick). The yield stress of PC/PMMA
microlayers with 256 layers increased monotoni-
cally with increasing strain rate and increasing
PMMA composition (Fig. 11). Comparing the
yield stress of 256- and 32-layer specimens, the
effect of strain rate on the yield stress was the
same at higher strain rates but differed at lower
strain rates. The 256-layer specimens did not
show the transition between 1 and 2%/min strain
rate that characterized the 32-layer specimens.
The 256-layer specimens were also more ductile.
Yielding occurred at the highest strain rate
tested, 100%/min. However, the 32-layer speci-
mens fractured before yielding at strain rates
higher than 10%/min.

Examination of the microdeformation behavior
of a 256-layer specimen at 0.1 %/min revealed
craze arrays with aligned crazes in several neigh-
boring PMMA layers, and cooperative shearbands
that grew across several PC layers and the inter-
vening PMMA layers. Figure 12 shows these fea-

Figure 11 Effect of strain rate on the yield stress of
256-layer PC/PMMA of various compositions. The 32-
layer PC/PMMA (60/40) is included for comparison.

Figure 10 Optical micrograph of 32-layer PC/SAN
(70/30) tested at 0.1%/min showing the edge view of the
necked specimen. Arrows indicate local delamination.
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tures in a PC/PMMA (70/30) specimen just before
it necked. During yielding, the PMMA crazes re-
mained closed as both PC and PMMA layers drew
out. The same mechanism was seen in yielding of
PC/SAN with thin layers. Yielding and drawing of
both components was typical of PC/PMMA and
PC/SAN microlayers with thin layers; however,
the present study revealed that this mode of de-
formation could also occur in microlayers with
thick layers, specifically in PC/PMMA microlay-
ers tested at higher strain rates.

Comparison of the stress–strain curves of PC/
PMMA (70/30) with 32, 256, and 2048 layers (in-
dividual layers 0.3–0.6 mm thick) at 50%/min re-
vealed the effect of layer thickness on ductility
(Fig. 13). The 32-layer specimens did not form a
neck at this strain rate but rather fractured prior
to yielding; however, 256- and 2048-layer speci-
mens formed a stable neck and drew to higher
strains before fracture. With increasing number
of layers, fracture strain increased from 4% for 32
layers to 30% for 256 layers to 60% strain for 2048
layers. An increase in toughness with increasing
number of layers was attributed in past studies of
PC/SAN to cooperative shearbanding in the thin-
ner layers.12–16 It might be expected that PC/
PMMA with 32 layers would be ductile at higher
strain rates because cooperative shearbanding
was observed. However, isolated surface crazes in
the 32-layer specimens opened up into cracks and
initiated fracture at low strains. This did not oc-
cur with thinner layers.

The effect of layer thickness on ductility was
also examined in ballistic tests. Figure 14 shows
specimens of PC/PMMA (80/20) and the PC con-
trol after ballistic impact. The PC control had

good ballistic response. The projectile did not pen-
etrate the specimen; dissipation of the impact
energy away from the impact site left a circular
impression where the specimen was clamped. The
PC/PMMA (80/20) specimen with 256 layers frac-
tured upon impact, an indication of poor ballistic
response. Absence of a circular impression indi-
cated that the material did not absorb much im-
pact energy. Increasing the number of layers im-
proved the ballistic performance. The projectile
penetrated the 1024- and 2048-layer specimens,
but the emergence of a circular impression
showed that the material absorbed increasing
amounts of impact energy. The 4096 layer speci-
men achieved the ballistic performance of the PC
control. The projectile did not penetrate the spec-
imen, and the circular impression where the spec-
imen was clamped was evident. The absence of
any delamination in the PC/PMMA specimens
was attributed to the strong adhesion between PC
and PMMA.

The ballistic performance of PC/SAN (70/30)
also showed improvement with increasing num-
ber of layers (Fig. 15). Like PC/PMMA with 256
layers, PC/SAN with 233 layers fractured upon
impact, an indication of poor ballistic response.
Fracture of PC/SAN was accompanied by delami-
nation, which was not observed with PC/PMMA,
and was attributed to poorer adhesion between
PC and SAN. The PC/SAN with 929 layers frac-
tured with more profuse cracking and delamina-
tion, and emergence of a circular impression in-
dicated that the specimen absorbed more impact
energy. For PC/SAN with 1857 layers, the projec-
tile did not penetrate the specimen and thus this
microlayer achieved the ballistic performance of
PC/PMMA with 4096 layers and the PC.

Figure 13 Stress–strain curves at 50%/min for PC/
PMMA (70/30) with 32, 256, and 2048 layers.

Figure 12 Optical micrographs of 256-layer PC/
PMMA (70/30) tested at 0.1%/min showing the edge
view.
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CONCLUSIONS

Adhesion between PC and PMMA is considerably
higher than between PC and SAN. For microlay-
ers with thinner layers, the difference in adhesion
had very little effect on the deformation mecha-
nisms. Ductility of microlayers with thin layers
was attributed to cooperative yielding of both
components. This microdeformation mechanism
was possible because adhesion between layers
was sufficient to allow stress transfer across the
PC/SAN or PC/PMMA interface. As a result, both
PC/SAN and PC/PMMA microlayers with thin

layers exhibited much better ballistic perfor-
mance than microlayers with thicker layers.

However, the difference in adhesion of these
two systems had direct consequences on deforma-
tion of microlayers with thicker layers. When
crazes in SAN layers opened up into cracks dur-
ing yielding, PC layers were able to draw easily
because local delamination relieved constraint at
the PC/SAN interface. Adhesion of PC/PMMA
was too strong for delamination at the interface
when PMMA crazes opened up into cracks at low
strain rates. Instead, PMMA cracks tore into
neighboring PC layers and initiated fracture. At

Figure 14 Ballistic specimens of PC/PMMA (80/20) with 256, 1024, 2048, and 4096
layers and the PC control.
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higher strain rates, PMMA crazes did not open up
into cracks. Instead, good adhesion produced
yielding of PMMA. The change in microdeforma-
tion mechanism of PMMA with changing strain
rate produced a transition in PC/PMMA yield
stress.

This work was generously supported by the Army Re-
search Office (Grant DAAG55-98-1-0311) and the Na-
tional Science Foundation (Grant DMR97-05696).
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