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Three-dimensional interaction of crazes and 
micro-shearbands in PC-SAN microlayer 
composites 

K. SUNG* ,  A. H ILTNER ~, E. BAER 
Department of Macromolecular Science and Center for Applied Polymer Research, 
Case Western Reserve University, Cleveland, OH 44106, USA 

The three-dimensional interaction of crazes and micro-shearbands in co-extruded microlayer 
sheets with 49 alternating layers of polycarbonate (PC) and styrene-acrylonitrile copolymer 
(SAN) was investigated as a function of the relative layer thickness. The deformation 
processes were observed when microspecimens were deformed under an optical microscope. 
Deformed specimens were sectioned and examined further in the transmission electron 
microscope. Two types of craze were observed in the SAN layers: surface crazes initiated at a 
strain of about 1.8% and gradually lengthened to a maximum of 70 lam when they were 
arrested by micro-shearbands at 4.2% strain, while tunnel crazes appeared above 4.2% strain 
and rapidly grew through the entire SAN layer. Surface crazes did not prevent yielding and 
stable neck propagation, while tunnel crazes were responsible for fracture prior to neck 
formation. The density of surface crazes relative to tunnel crazes increased as the PC-SAN 
ratio increased or as the strain rate decreased. The surface crazes stimulated micro- 
shearbanding in both PC and SAN layers. After micro-shearbands initiated in the PC layers 
where the craze impinged on the PC-SAN interface, they propagated rapidly along the edges 
of the craze. As they overtook the craze tip, the micro-shearbands penetrated through the 
PC-SAN interface and continued around the craze tip to entirely engulf the craze. This 
terminated craze growth, and further strain in the SAN layer was accommodated by shear 
deformation. 

1. Introduction 
Numerous studies have examined the interaction of 
crazes and shearbands, and the conditions for the 
transition from one microdeformation mechanism to 
the other. Coextruded microlayers with many alterna- 
ting layers of a crazing material and a shearbanding 
material are ideally suited for this purpose because of 
the large interfacial area and the variation that is 
possible in the layer thickness. 

Microlayers of polycarbonate (PC) and styrene- 
acrylonitrile copolymer (SAN) combine a shearban- 
ding material with a crazing one, and also exhibit the 
good interfacial adhesion required for stress transfer 
under conditions of high local strain. Deformation of 
this system has been studied in some detail in two 
dimensions, i.e. in thin sections taken through the 
thickness of sheets with many alternating layers [ 1-4]. 
The number of layers varied from 49 to 1857 in these 
studies, and the corresponding layer thicknesses var- 
ied from tens of micrometres to tenths of a micro- 
metre. Interaction of SAN crazing with PC shearban- 
ding was observed even with the thickest layers. As the 
layers were made thinner, co-operative phenomena 

and transitional behaviour became increasingly im- 
portant; these were reflected macroscopically by in- 
creasing toughness [5]. 

Deformation of microlayer sheet has also been 
examined in the triaxial stress state at a semicircular 
notch. In addition to the interactive and co-operative 
microdeformation processes observed in thin sections, 
there were additional interactive phenomena that 
were unique to the triaxial condition [-6-8]. To de- 
scribe further the three-dimensional interaction of 
crazes and shearbands, optical microscopy and trans- 
mission electron microscopy were used to characterize 
the irreversible microdeformation mechanisms in 
microlayer sheet. 

2. Experimental procedure 
The microlayer composites with alternating layers of 
polycarbonate (PC) and styrene-acrylonitrile copoly- 
mer (SAN) were described previously [1]. Four com- 
positions, all with 49 layers but differing in the ratio of 
PC to SAN, were chosen for the study. Individual 
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TABLE ! Layer thickness and composition of microlayer composites 

No. of PC-SAN volume ratio Total sample 
layers thickness 

Given" Measured b (mm) 

PC layer 
thickness b 
(~tm) 

SAN layer 
thickness b 
(gm) 

49 65/35 65/35 1.14 29.2 15.7 
54/46 62/38 1.08 27.1 16.6 
40/60 46/54 1.21 23.1 27.2 
27/73 28/72 1.15 12.8 32.9 

"From extruder feed ratio. 
b Average layer thickness and composition calculated from optical and SEM micrographs. 

layer thicknesses were measured from optical micro- loo 
graphs and the results are summarized in Table I. The 
materials are described by the layer thicknesses rather 8o 
than by the composition. 

Microtensile specimens were tested in a miniature "~ 
tensile tester mounted on the stage of an optical ~ 60 
microscope as described previously [1]. The fixtures 
of the tensile tester were rotated so that the plane of ~. 40 

r 

the microlayers was viewed in the microscope, rather 
than the edges of the layers as in previous studies 2o 
[1-4]. The focal plane was generally adjusted to the 
topmost SAN layer, although for comparison it was 

0 
sometimes varied to focus on inner SAN layers. 

For transmission electron microscopy, deformed 
specimens were cut into rectangular blocks about 
1.5 mm in length with a tow-speed diamond cutter. 
The blocks were affixed individually in capsules in the 
proper orientation before the capsules were filled with 
embedding resin and cured at room temperature for 
24 h. The blocks were trimmed and sectioned with an 
ultramicrotome (RMC, MT6000-XL) at room temper- 
ature. The 100-200 nm thick sections were picked up 
on copper grids and examined in the transmission 
electron microscope (JEOL 100SX). 
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3. Results and discussion 
3.1. Effect of layer thickness 
Four microlayer compositions were chosen for the 
study. Because the composites were of similar total 
thickness and all had 49 alternating layers of PC and 
SAN, the individual PC and SAN layer thicknesses 
were determined by the PC-SAN volume ratio. The 
layer thicknesses measured by optical microscopy are 
summarized in Table I. The appearance of crazes and 
shearbands during tensile deformation at a speed of 
0.3% min-1 is described in the following paragraphs. 

3. 1.1. SAN control 
A typical stress-strain curve of the SAN control 
(Fig. la) was initially linear to a strain of about 1.8% 
when crazing initiated (Fig. lb); crazing became more 
profuse as the stress increased (Fig. lc). Crazes in- 
itiated from all the free surfaces, front and back as well 
as the edges. The crazes in Fig. lb and c that do not 
touch either edge initiated from the front surface. 

3. 1.2. PC-SAN 131~m/331~m 
A typical stress-strain curve of PC-SAN 13 gm/ 
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Figure 1 SAN control. (a) Typical stress-strain curve, arrows indi- 
cate strains at which optical micrographs in (b) and (c) were 
obtained: (b) 2.1% strain and (e) 3.5% strain. Test speed 
0.03 mm min- 1. 



33 gm (Fig. 2a) consisted of a linear region that ex- 
tended to about 1.8% strain, when crazing was first 
observed, followed by a region of gradually decreasing 
slope. The fracture strain of 4.6% was somewhat 
higher than the 3.7% observed for the SAN control 
(Table II). The two arrows on the stress-strain curve 
identify the strains where optical micrographs illustr- 
ate deformation of the specimen. Crazes initiated from 
the edges at about 1.8% strain (Fig. 2b). The specimen 
in Fig. 2b was oriented so that the PC and SAN layers 
were stacked in the plane of the micrograph; because 
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PC was the outer layer in all cases, the only free SAN 
surfaces from which crazes could initiate were the 
edges of the individual SAN layers. Each SAN layer 
crazed independently of the others; with crazes posi- 
tioned throughout the depth, many were out of focus 
in transmission optical micrographs. At 4.2% strain, 
two things occurred virtually simultaneously: growth 
of the surface crazes terminated, and a second popula- 
tion of surface crazes initiated and tunnelled rapidly 
through the SAN layers (Fig. 2c). Each tunnel craze 
grew in a single SAN layer; most grew from one free 
surface to the other although a few terminated before 
reaching the other surface, probably because of local 
stress relief from other, nearby crazes. In this composi- 
tion, there were many more tunnel crazes than surface 
crazes. Fracture occurred soon after the appearance of 
tunnel crazes. 

Growth of several individual surface crazes as a 
function of strain is plotted in Fig. 3. The surface 
crazes slowly lengthened as the strain increased, 
reaching a maximum length of about 70 gm at 4.2% 
strain. New surface crazes continued to initiate as the 
strain increased from 1.8 to 4.2%. Once initiated, all 
the surface crazes lengthened at about the same rate, 
so that when growth of surface crazes ceased at 4.2% 
strain, the crazes that initiated at higher strains were 
shorter than the ones that initiated first. Examination 
of the fractured specimens revealed that the surface 
crazes often terminated in a pair of micro-shearbands 
in the SAN layer. 

T A B L E  II  Tensile properties of SAN and PC-SAN microlayer 
composites" 

Material Fracture Fracture Yield Yield 
stress strain stress strain 
(MPa) (%) (MPa) (%) 

SAN 82.0 3.7 - - 
PC-SAN 13 gin/33 gm 69.0 4.6 - - 
PC-SAN 23 gin/27 gm 65.0 5.4 - - 
PC-SAN 27 gin/17 gm 63.0 5.4 - - 
PC-SAN 29 gin/16 grn - - 62.0 6.2 

a Test speed: 0.03 mm min-  1. 

Figure 2 PC-SAN 13 gin/33 ~tm. (a) Typical stress-strain curve, 
arrows indicate strains at which optical micrographs in (b) and (c) 
were obtained: (b) 2,2% strain and (c) 4.4% strain. Test speed 
0.03 mm rain - 1. 
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Figure 3 Length of individual surface crazes as a function of strain 
in PC-SAN 13 p,m/33 gin. 
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3. 1.3. PC-SAN 23pm/27t~m 
The representative stress-strain curve of this composi- 
tion (Fig. 4a) resembled that of PC-SAN 
13 pm/33 gin. The slightly lower initial slope, lower 
fracture stress and higher fracture strain reflected the 
higher PC content (Table II). Initiation of surface 
crazes in the SAN layers at 1.8% strain (Fig. 4b), 
gradual lengthening of the surface crazes with increas- 
ing strain, and termination of surface crazes at 4.2% 
strain with the appearance of tunnel crazes that ex- 
tended from one free surface to the other (Fig. 4c) 

occurred in much the same way as described for the 
PC-SAN 13 gin/33 gm composite. The principal dif- 
ference was the higher density of surface crazes in 
PC-SAN 23 pm/27 ~m; additionally, craze-tip micro- 
shearbands were more distinct at the higher strains. 

3. 1.4. P C - S A N  271.zm/171.zm 
A typical stress-strain curve of this composition 
(Fig. 5a) was very similar to that of PC-SAN 
23 ~tm/27 ~tm. Crazing also closely resembled that of 
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Figure 4 P C - S A N  23 ~tm/27 pin. (a) Typical stress-strain curve, 
arrows indicate strains at which optical micrographs in (b) and (c) 
were obtained: (b) 2.4% strain and (c) 4.7% strain. Test speed 
0.03 mm min-  1. 

5 5 6 2  

Figure 5 P C - S A N  27 g m / 1 7  gin. (a) Typical stress-strain curve, 
arrows indicate strains at which optical rnicrographs in (b) and (c) 
were obtained: (b) 2.9% strain and (c) 5.3% strain, Test speed 
0.03 mm min - 1. 



the two compositions described previously, with the 
appearance and gradual growth of surface crazes be- 
tween 1.8 and 4.2% strain (Fig. 5b). Craze-tip micro- 
shearbands appeared at 4.2% strain and tunnel crazes 
at 4.6% strain (Fig. 5c). The primary difference was 
the lower density of tunnel crazes and the slightly 
higher strain at which these appeared; most of the 
crazes were surface crazes in this composition. 

Growth of several individual surface crazes as a 
function of strain is plotted in Fig. 6. As with the other 
compositions, the first crazes appeared at a strain of 
about 1.8% and lengthened until growth stopped at a 
strain of 4.2% when the longest surface crazes meas- 
ured about 50 ~tm. After cessation of craze growth, 
micro-shearbands appeared at the craze tips. The 
shape of the growth curves and the final length of the 
surface crazes were the same in all microlayer com- 
positions. The most significant difference was the in- 
crease in the density of surface crazes relative to tunnel 
crazes as the PC-SAN ratio increased. The stresses 
and strains at which the various microdeformation 
processes were observed are summarized in Table III 
for all the compositions. 

Close examination of the optical micrographs sug- 
gested that growth of the surface crazes was termin- 
ated by a change in the mechanism of strain relief in 
the SAN layers from craze growth to initiation and 
growth of craze-tip micro-shearbands. The micro- 
graph in Fig. 7 shows a pair of shearbands at the tip of 
each surface craze; the micro-shearbands grew out of 
the craze tip at an angle of 70-80 ~ and prevented 
further lengthening of the surface crazes. 
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Figure 6 Length of individual surface crazes as a function of strain 
in PC-SAN 27 gm/17 gin. 

3. 1.5. PC-SAN 291Jm/161Jm 
This composition deformed in a ductile manner. Un- 
like the others, it yielded with formation and propaga- 
tion of a stable neck (Fig. 8a). The yield stress and 
strain are included in Table II. The first observable 
deformation was again initiation of surface crazes at 
the free SAN surfaces, beginning at about 1.8% strain 
(Fig. 8b). Growth of the surface crazes ceased at about 
4.2% strain when the longest crazes were about 
60 gm. Micro-shearbands were clearly visible at the 
craze tips at 4.7% strain. No tunnel crazes were 
observed in this composition (Fig. 8c). 

The surface crazes opened up when the specimen 
necked. Comparison of the surface crazes before and 
after necking (Fig. 9) showed that the crazes opened to 
many times their pre-necked width, while the depth of 

Figure 7 Higher magnification optical micrograph of surface crazes 
and craze-tip micro-shearbands in PC-SAN 27 gm/17 gm at 5.4% 
strain. 

the opening extended only to the pre-necked depth 
where the craze was arrested by craze-tip micro- 
shearbands. After necking, most of the opened crazes 
exhibited an additional growth beyond the micro- 
shearbands, although this region did not open up in 
the same way as the original craze. 

The 49 layer PC-SAN 29 gm/16 gm composition 
was used previously for in-depth studies of crazing in 
two dimensions, i.e. in thin sections taken through the 
thickness of the microlayer sheet [1-4-]. It is now 

TABLE III First appearance of surface crazes, SAN micro-shearbands and tunnel crazes in the edge view (yz plane) 

Material Surface crazes SAN shearbands Tunnel crazes 

Stress Strain Stress Strain Stress Strain 
(MPa) (%) (MPa) (%) (MPa) (%) 

SAN Control 38.5 
PC-SAN 13 gm/33 gm 32.6 
PC-SAN 23 gin/27 gm 30.2 
PC-SAN 27 gm/17 gin 24.7 
PC-SAN 29 gm/16 gm 27.7 

1,8  - - - 

1.8 71.4 4.5 71.2 4.2 
2.0 62.2 4.6 57.9 4.2 
1.7 60.6 4.7 63.8 4.8 
1.7 59.8 4.7 - - 
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Figure 9 Surface crazes in PC-SAN 29 grn/16 grn. (a) Before nec- 
king and (b) after necking. 

Figure8 PC-SAN 29 gm/16 gm. (a) Typical stress-strain curve, 
arrows indicate strains at which optical rnicrographs in (b) and (c) 
were obtained: (b) 2.1% strain and (c) 5.6% strain. Test speed 
0.03 mm rain-  1. 

apparent that the findings of these studies pertain 
specifically to surface crazes. The additional insight 
into surface crazing that is provided by these studies 
relates to the statistical nature of the crazing; specific- 
ally, it can be stated that surface crazing occurs ran- 
domly in the SAN layers, and the increase in surface 
craze density with applied stress follows the Weibull 
distribution function [2-]. Furthermore, the previous 
studies provide a detailed description and analysis of 
the plastic zone that forms in the PC layer as a result 
of impingement of the surface craze tip on the 
PC-SAN interface. 
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3.2. Strain rate effects ,  
P C - S A N  29 ~ tm/16  lam 

When no tunnel crazes were observed in the PC-SAN 
29 gm/16 gm composite at a speed of 0.3% min -1, 
this composition was tested at several higher speeds of 
I, 5 and 10% rain-~. Typical stress-strain curves are 
compared in Fig. 10. The initial slope and the yield 
strength increased slightly with the testing speed. The 
largest effect of test speed, however, was on the failure. 
At 1% min-1 the material failed in a ductile manner 
after localized necking and drawing; at 5% rain- 1 the 
material necked but fractured at 15% strain during 
neck propagation; and at 10% min -1 the specimen 
fractured at 5.8% strain without necking. 

Surface crazes appeared at 1.8-2.0% at all strain 
rates. The microdeformation observed at 1% rain-1 
was very similar to that at 0.3% rain- 1. Surface crazes 
initiated from the free SAN surfaces and reached a 
maximum length of 50 gm before they stopped grow- 
ing at 4.2% strain; micro-shearbands were visible at 
the craze tips at 4.5% strain. No tunnel crazes were 
observed at this test speed (Fig. 1 la). When the speci- 
men necked, the surface crazes opened up but did not 
propagate in the thickness direction. An effect of strain 
rate was seen in the decreasing number of surface 
crazes at 5 and 10% min-1. Tunnel crazes were also 
observed at 5% rain -1, and the number of tunnel 
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Figure 10 Typical stress-strain curves of P C - S A N  29 p,m/16 gm at 
strain rates of (-  - - )  1% rain -1, ( - -  - - )  5% rain -1 and ( - - - )  
10% rnin- 1 

crazes increased at 10% rain-1. The surface crazes 
that did initiate when the test speed was 5% min-1 
grew to a maximum length of only 30 jam before they 
were terminated by micro-shearbands. When the 
strain reached 4.5%, numerous tunnel crazes initiated 
and rapidly propagated through the SAN layers from 
one free surface to the other (Fig. llb). Despite the 
tunnel crazes, a stable neck formed at this strain rate. 
The short surface crazes were pulled open during 
necking; subsequently, a crack that initiated from the 
opened surface crazes caused catastrophic fracture 
during neck propagation. At the highest speed, 10% 
rain - I ,  only a few surface crazes were observed. 
Instead, many tunnel crazes appeared before the speci- 
men fractured without necking at a strain of 5.8% 
(Fig. 1 lc). 

3.3. Morphology of surface crazes and 
micro-shearbands 

3.3. 1. Morphology in the xy plane 
Morphology of surface crazes was examined in the 
PC-SAN 29 pm/16 jam composition. Fig. 12a shows 
a surface craze from a strained specimen before it 
necked. The wedge-shaped craze was about 1.l jam 
wide at the surface and gradually tapered off toward 
the craze tip. The microfibrils bridging the craze were 
about 20 to 150 nm wide which is in the range re- 
ported in the literature [9]. A pair of very fine micro- 
shearbands could be discerned growing out from the 
craze tip. The rather large angle of the micro-shear- 
bands, 95-100 ~ was due to compression of the section 
during microtoming. 

A similar section of a surface craze in the necked 
region is shown in Fig. 12b. The craze had opened up 
widely; near the surface where the craze was widest the 
craze fibrils fractured, while closer to the tip of the 
craze the fibrils remained intact. A pair of micro- 
shearbands was faintly visible curving away from the 
position of the original craze tip. To accommodate the 
craze opening without further craze growth, material 
in the region of the craze tip was required to undergo 
large plastic deformation. The large shear strains this 
required of SAN evolved from these micro-shear- 

Figure 11 Optical micrographs of PC SAN 29 gin/16 pm defor- 
med at various strain rates: (a) 1 % m i n  -1, 5.7% strain; (b) 
5% rain-1, 5.7% strain; (c) 10% rain-1, 5.8% strain. 

bands. When plastic deformation of the SAN could 
not totally accommodate the craze opening, a small 
crack started to grow from the original craze tip. 
Ultimately, catastrophic fracture initiated from these 
opened crazes. 

3.3.2. Morphology in the yz plane 
The edge of a tensile specimen after it had been 
deformed almost to the neck instability is shown in 
Fig. 13. Viewed in this orientation, the surface crazes 
appeared as dark lines that extended across the indi- 
vidual SAN layers. As indicated previously, crazes 
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Figure 12 Transmission electron micrographs of surface crazes in 
thin xy sections of PC-SAN 29 gm/16 gin. (a) Before necking and 
(b) after necking. 

initiated randomly in the SAN layers with no registry 
from one SAN layer to the next [2]. Micro-shear- 
bands were visible at the craze tips. The micro-shear- 
bands seen in this orientation were in the PC layers; 
they originated near the PC-SAN interface where the 
craze tips impinged on the neighbouring PC layers. 
The stresses and strains at which crazes and PC 
micro-shearbands were observed in this orientation 
are summarized in Table IV. The craze initiation 
strain was the same in both orientations, 1.8-2.0%; 
however, micro-shearbands in the PC layers were 
observed at a slightly lower strain, about 4.2%, than 
the craze-tip micro-shearbands in the SAN layers, 
about 4.6-4.7%. 

The optical micrograph in Fig. 13a shows the edge 
of a specimen after it was sectioned to a depth of 
20 gm, and the same region is shown again in Fig. 13b 
after the specimen was sectioned to a depth of 60 gin. 
Crazes that originally were shorter than 60 gm are no 
longer visible, and only those that originally were 
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Figure 13 PC-SAN 29 gm/16 gm deformed almost to the neck 
instability and viewed in the yz plane. (a) Optical micrograph of the 
block microtomed to a depth of 20 gm; (b) optical micrograph of the 
same region of the block microtomed to a depth of 60 gm; (c) 
transmission electron micrograph of a thin section microtomed 
from the block at a depth of about 40 ~tm. 

longer than 60 gm are still present. Most of these span 
the width of the SAN layer. A few of the crazes do not 
reach the layer interface; these crazes were sectioned 
close to the craze tip and do not extend to the interface 
because the craze tip was slightly curved. 

Fig. 13c is a TEM micrograph of one of the thin 
sections removed from the specimen in Fig. 13b and 
shows a craze that did not extend to the interface at 



TAB L E I V First appearance of crazes and PC micro-shearbands 
in the front view (xy Plane) 

Material Crazes PC micro- 
shearbands 

Stress Strain Stress Strain 
(MPa) (%) (MPa) (%) 

PC SAN 13 gm/33 ~tm 32.3 2.0 66.5 4.1 
PC-SAN 23 gin/27 ~tm 27.4 1.9 57.5 4.2 
PC-SAN 27 gin/17 gm 24.1 1.7 55.5 4.1 
PC-SAN 29 gm/16 gm 26.1 1.9 53.4 4.1 

higher magnification. The line of cavitation defines the 
cross-section of the craze; a pair of micro-shearbands 
begins at each tip and extends through the uncrazed 
portion of the SAN layer and smoothly across the 
interface into the PC layer. Apparently the micro- 
shearbands in the adjacent PC layers induced a trans- 
ition in the SAN from craze growth to shearing. The 
shearband angle of 60-65 ~ is smaller than in the 
optical micrographs, probably because of compres- 
sion during microtoming since the cutting direction 
was perpendicular to the layers. 

3.3.3. A three-dimensional model of  surface 
crazes and micro-shearbands 

A three-dimensional model of the surface craze was 
derived from the micrographs. The surface craze 
sketched in Fig. 14 is based on observations of the 
PC-SAN 29 ~tm/16 I.tm composition but is general for 
surface crazes in all the PC-SAN microlayer com- 
posites. In the edge view (yz plane) the craze opening 
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Figure 14 Three-dimensional model of a surface craze with micro- 
shearbands in PC-SAN 29 gm/16 gin. 

is somewhat greater in the centre than at the interface 
with the neighbouring PC layer, which gives the craze 
a slightly oval cross-section. Micro-shearbands have 
initiated in the neighbouring PC layers where the 
craze tips impinge on the PC-SAN interface, and have 
grown some distance into the PC layers. In the front 
view (xy plane) the craze is wedge-shaped, tapering to 
the tip where it terminates in a pair of micro-shear- 
bands in the SAN layer. The micro-shearbands en- 
close the craze by extending continuously from one 
PC layer to the other through the SAN layer. The 
micro-shearband angle appears to change slightly 
from 83 _+ 3 ~ in PC to 73 __+ 3 ~ in SAN. 

The postulated progression of surface crazing and 
micro-shearbanding with increasing strain is sketched 
in Fig. 15. Crazes initiate at the free surfaces of the 
SAN layers beginning at 1.8% strain and slowly 
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Figure 15 Sketches showing interactive craze and micro-shearband growth in the three orthogonal planes. (a) Edge view (yz plane) at several 
depths; (b) front view (xy plane); (c) loading plane (xz plane). 
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lengthen as the strain increases. Micro-shearbanding 
is first observable in the optical microscope at 4.2% 
strain when it is seen in the PC layers. In contrast, 
micro-shearbands are not detected at the craze tip 
until the strain reaches 4.7%. It appears that micro- 
shearbands form first at the surface in the PC layers in 
response to the stress concentration created by impin- 
gement of the craze tip on the PC-SAN interface. The 
shearbands lengthen away from the interface into the 
PC layer as the strain increases; they also follow the 
edge of the craze along the PC-SAN interface. Once 
initiated, the micro-shearbands grow faster than the 
craze and rapidly overtake the craze tip. As they 
approach the curved craze tip where the craze does 
not reach the interface, it is possible for the micro- 
shearbands to penetrate through the PC-SAN inter- 
face and propagate around the craze tip to entirely 
engulf the craze. This terminates craze growth, and 
further strain in the SAN layer is accommodated by 
shear deformation. 

It appears inconsistent that termination of craze 
growth is observed at 4.2% strain, while micro-shear- 
bands are not detectable at the craze tips until the 
strain reaches 4.7%. The description in Fig. 15 is 
based on optical microscope observations, and the 
actual onset of shear deformation would have pre- 
ceded observable micro-shearbands. Once micro- 
shearbands initiated in the PC layers at 4.2% strain, 
shear deformation probably propagated quite rapidly 
along the edge of the craze to engulf the craze tip. 

4. Conclusions 
Previous understanding of two-dimensional inter- 
active crazing and shearbanding in microlayers of 
PC and SAN has been extended to include the 
third direction. The observations are summarized as 
follows: 

1. Two types of SAN crazes are seen. Crazes first 
initiate at the free surface of the SAN layers at 1.8% 
strain and slowly lengthen until their growth termin- 
ates at a strain of 4.2% when the maximum length is 
about 60 lam. The second type of craze is observed at 
strains greater than 4.2%. These crazes also initiate at 
the free surface of the SAN layers but then tunnel 
rapidly through the SAN layer from one free surface to 
the other. 

2. A transition from predominately surface crazing 
to predominately tunnel crazing occurs as the 

PC-SAN layer thickness ratio is decreased, or as the 
strain rate is increased. Surface crazes do not prevent 
localized yielding and stable neck propagation, while 
tunnel crazes are associated with loss of ductility. 

3. The local stress concentration created by the 
surface craze produces micro-shearbanding in neigh- 
bouring PC layers where the craze impinges on the 
PC-SAN interface. The interactive micromechanics 
also cause a transition from crazing to micro-shear- 
banding in the SAN layer when a pair of micro- 
shearbands appear at the tip of the growing craze. 

4. A three-dimensional model of interactive surface 
crazing and micro-shearbanding is proposed in which 
micro-shearbands initiate first in the PC layers and 
propagate rapidly along the edges of the craze. When 
they overtake the craze tip, the micro-shearbands 
penetrate through the PC-SAN interface and con- 
tinue around the craze tip to entirely engulf the craze. 
This terminates craze growth, and further strain in the 
SAN layer is accommodated by shear deformation. 
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