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Tensile fracture mechanisms in single edge notched injection-moulded specimens of a 
polycarbonate/ABS 30/70 wt  % blend have been studied by fractography. When the tensile 
force was applied parallel to the injection direction, a herringbone pattern could be observed 
on the fracture surface, while for the perpendicular case, a reverse herringbone pattern was 
seen. At the same testing condition, the former was tougher than the latter. Fracture images 
and two-dimensional temperature profiles in the thickness direction were used to locate the 
crack initiation sites. Herringbone fracture occurred when the main crack repeatedly interacted 
with secondary cracks initiated along the centreline. Reverse herringbone fracture was formed 
in a similar mechanism but secondary cracks initiated near the edge. Anisotropy of the fracture 
modes was attributed to the processing-induced orientation of the polycarbonate phase near 
the edge. 

1. Introduction 
Fractography is widely used in post-failure analysis of 
metals and glasses where it is generally possible to 
identify from the appearance of the surfaces where 
fracture originated, in which direction it propagated 
and whether it was ductile or brittle. In a previous 
paper, the fracture surface markings of injection- 
moulded polycarbonate/ABS blends were described as 
the composition was systematically varied [1]. Ductile 
fracture of blends with 10-30 wt% polycarbonate 
(PC) were characterized by the so-called "chevron" or 
"herringbone" pattern which has only received 
passing mention in the plastics literature but has been 
studied extensively in mild steels [2, 3]. In particular, 
the characteristic V-shaped ridges pointing towards 
the origin of the running crack are associated with 
fracture of mild steel plate. Although the herringbone 
pattern was widely considered to be indicative of 
brittle and, therefore, unsatisfactory behaviour in steel 
ship plate, even more brittle materials such as cast iron 
and high-alloy tool steel, do not exhibit the herring- 
bone pattern. 

It has been pointed out that many times the mar- 
kings on fracture surfaces, including the herringbone, 
can best be explained by multiple fracture initiations 
that propagate and unite to complete separation. The 
markings owe their visibility to the existence of sharp 
changes in level and, for this reason, are often called 
level-difference lines. The herringbone pattern ob- 
served in sheet is then a particular case where the 
concentration of fracture initiation sites is along the 
centre line. Shearing or tearing along the herringbone 
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ridges, suggesting that the fracture lags or hesitates in 
the final joining up of the crack fronts, is evidence of 
plastic deformation before and during fracture [4; 5]. 

The fracture behaviour of polymers is complicated 
by flow-induced anisotropy which is a pervasive fea- 
ture of injection-moulded pieces. Injection moulding 
of thermoplastics usually produces mouldings with 
some degree of anisotropy due to orientation of the 
polymer molecules. When the polymer system is a 
blend of immiscible phases, injection moulding can 
produce another type of anisotropy caused by orienta- 
tion of the phases along melt flow lines. Thus, elonga- 
tional flow at the melt front produces a skin layer with 
more or less elongated domains [6-10], while in 
multiple-gated injection mouldings, blends often ex- 
hibit especially weak knit or weld lines [11, 12]. The 
most dramatic evidence for effects of morphological 
anisotropy is in the area of fracture phenomena. An- 
isotropy in the fracture of injection-moulded blends is 
widespread and in extreme cases the strength of injec- 
tion mouldings is more related to melt flow patterns 
than to bulk material properties. It is the purpose of 
this paper to examine more closely the fracture beha- 
viour of the PC/ABS 30/70 wt % blend and, in par- 
ticular, to provide an explanation for a herringbone- 
patterned fracture surface as related to the anisotropic 
phase morphology. 

2. Experimental procedure 
A blend of 70% by weight ABS and 30% by weight 
polycarbonate (PC) was provided in the form of 5 in 
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(12.7 cm) x 3 in (7.6 cm) x 1/8 in (0.3 cm) plaques. The 
polymers and injection-moulding conditions were de- 
scribed previously [13]. Tensile specimens were cut to 
the ASTM-1708 geometry either parallel or perpendi- 
cular to the injection direction. These were sub- 
sequently referred to as parallel and perpendicular 
specimens, respectively. A single edge notch (SEN) 
was machined at the midpoint of the gauge length, the 
notch was 0.037 in (0.094 cm) in depth with a 0.010 in 
(0.025 cm) notch radius and 45 ~ flank angle. 

Tensile tests were carried out in an Instron 
machine. The crosshead speed was varied from 
0.458-229 mmmin  1 and the test temperature was 
varied from - 70-25 ~ In some cases crack propa- 
gation in the thickness direction was viewed end-on 
from either the notched or unnotched end with a 
Panasonic WV-1800 video camera. In other cases an 
Inframetrics infrared imaging radiometer was focused 
on either the notched or the unnotched end of the 
specimen in order to record temperature changes in 
the thickness direction during fracture. With the 
Thermoteknix software from Inframetrics, the data 
were presented in the form of two-dimensional isoth- 
ermal contours. 

Fracture surfaces were examined with an Olympus 
Model SZH stereoscan optical microscope in the re- 
flection mode, then coated with gold and viewed in a 
JEM 35CF scanning electron microscope (SEM). 
Cross-sectional slices, 0.5 mm thick, were cut with a 
diamond wafering blade for viewing in the optical 
microscope. 

For morphology studies, parallel and perpendicular 
tensile specimens were notched and fractured in the 
Instron at - 7 0 ~  with a crosshead speed of 
229 mm min-1. The specimens were cut and notched 
in such a way that the location of the fracture surfaces 
corresponded to the midpoint of the plaque. The 
cryogenic fracture surfaces were subsequently selectiv- 
ely etched by immersion in 30% by weight aqueous 
potassium hydroxide for 5 h to remove the PC phase, 
then washed in water for 2 h, dried, coated with gold 
and examined in the scanning electron microscope 
1-14]. Alternatively, some of the etched specimens were 
stained with 1 wt % aqueous osmium tetroxide at 
room temperature for 1 week, then coated with gold 
and examined in a Jeol 840A scanning electron micro- 
scope in the backscattered mode. For transmission 
electron microscopy, specimen blocks cut from the 
plaque were stained with 1 wt % aqueous osmium 
tetroxide for 1 week at room temperature, then sec- 
tioned with an RMC MT-6000 ultramicrotome at 
room temperature. Sections as thin as 60 nm were 
made in the thickness direction parallel to the injec- 
tion direction from the region about 0.2 0.7 mm from 
the edge. Sections were placed on copper grids and 
viewed in a Jeol 100CX transmission electron micro- 
scope. 

3. Results and discussion 
3.1. Fractography of parallel orientation 
SEN specimens of the PC/ABS 30/70 blend were 
loaded to fracture at var ious  temperatures, 
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- 7 0 - 2 5  ~ and at one temperature - 6 0 ~  with 
various crosshead speeds, 0.458-229 mm rain- 1, Typi- 
cal stress displacement curves showed significant 
nonlinearity which usually indicates there is some 
level of ductility. The maximum stress achieved with 
specimens cut parallel to the injection direction was in 
the range of 40-45 MPa. The maximum stress was 
always lower for specimens cut perpendicular to the 
injection direction and while there was considerable 
scatter in this case, no consistent trend with changing 
temperature was observed. Crack growth began near 
the maximum stress. Under the mildest testing condi- 
tions, room temperature with a crosshead speed of 
0.5 mmmin -1, fracture was virtually instantaneous 
for the perpendicular specimens, while the 
stress displacement curve of the parallel specimens 
included a region of decreasing stress during which 
slow crack propagation occurred. 

The markings on the fracture surfaces of parallel 
specimens tested at temperatures between room 
temperature and - 2 0 ~  were characteristic of the 
chevron or herringbone pattern that has been de- 
scribed in steel ship plate I-2, 3]. Surface markings 
consisted of a series of ridges that curved outwards 
from the centre towards the edges, Fig. la. When the 
temperature was decreased to - 2 5  ~ the herring- 
bone pattern did not cover the entire surface, Fig. lb. 
The region furthest from the notch took on a feature- 
less appearance with no stress-whitening that was 
characteristic of fast brittle fracture. The length of the 
herringbone region decreased as the testing conditions 
became increasingly severe until at the lowest temper-  
ature, - 7 0 ~  only the crack initiation region was 
apparent as an area of stress-whitening at the notch in 
the centre of the fracture surface, Fig. lc. 

Although the herringbone has been identified as a 
brittle fracture mode, it has also been recognized that 
some level of plastic deformation occurs in the forma- 
tion of the ridges [4]. Further evidence that plastic 
deformation accompanied the herringbone in the 
PC/ABS blend was provided by visible stress-white- 
ning of the herringbone region when the fracture 
surface was viewed from above or from the side. A 
cross-section of the fracture surface showed that the 
herringbone pattern did not extend to the edges of the 
fracture surface. When the fracture surface in Fig. lb 
was sectioned through the herringbone region about 
0.2 cm from the notch and viewed end-on, shear lips 
were clearly observed near the edges where the stress 
state approached plane stress. Stress-whitening within 
the shear lips away from the fracture surface indicated 
that these regions experienced more plastic deforma- 
tion than the centre herringbone region. 

Early observations on the fracture of steel plate 
showed that the fracture front at the centre precedes 
the edges [3, 5]. The same characteristic was seen in 
the PC/ABS blend when the notch was photographed 
end-on during testing at - 6 0 ~  with a crosshead 
speed of 0.5 mm min-  t. The final three frames taken 
0.03 s apart, showed the notch before fracture in- 
itiated, 0.03 s later when fracture had started in the 
centre, and then at complete fracture. From these 
photographs the average crack speed in the thickness 



tude slower, approximately 0.4 mm s-1, at the same 
crosshead speed. 

3.2. Fractography of perpendicular orientation 
The fracture surface of a perpendicular specimen also 
showed the ridges of a herringbone pattern but instead 

Figure 1 Typical fracture surfaces of parallel specimens tested at 
a crosshead speed of 229 m m m i n - 1  and various temperatures: 
(a, b) stereoscan optical micrographs at - 20 and - 25 ~ respect- 
ively; (c) scanning electron micrograph at - 7 0 ~  The crack 
propagated from left to right. 

direction in the herringbone region was estimated to 
be at least 25 mm s-  1. A similar experiment was car- 
ried out at room temperature with the photographs 
taken from the unnotched end which was possible in 
this case because the entire fracture surface was her- 
ringbone. The results were the same except that the 
average crack speed was almost two orders of magni- 

Figure2 Typical fracture surfaces of perpendicular specimens 
tested at a crosshead speed of 229 mm m i n -  ~ and various temper- 
atures: (a, b) stereoscan optical micrographs at - 10 and - 20 ~ 
respectively; (c) scanning electron micrograph at 70~ the 
arrows indicate the two locations of crack initiation. The crack 
propagated from left to right. 
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(c) 

of pointing toward the notch, the ridges pointed away 
to form a reverse herringbone pattern, Fig. 2a. The 
reverse herringbone pattern covered the entire frac- 
ture surface when the temperature was - 10~ or 
higher. When the temperature was decreased to 
-20~ the distinct centre ridge of the reverse 

herringbone curved off towards one edge, as if one of 
two simultaneous crack fronts had grown slightly 
faster than the other, and about half the surface had a 
smooth featureless appearance, Fig. 2b. At - 7 0 ~  
the fracture surface was characteristic of a more 
conventional brittle fracture, Fig. 2c, although two 
areas of stress-whitening at the notch, indicated by the 
arrows, revealed that crack initiation occurred at two 
locations near the edges. 

This method of notched tensile testing did not 
produce a sharp ductile-to-brittle transition temper- 
ature, rather the transition from herringbone, or re- 
verse herringbone, to fast brittle fracture occurred 
gradually. Nevertheless, comparison of the fracture 
surfaces in Fig. 2 with those of the parallel specimens 
in Fig. 1 indicated that the blend was slightly less 
brittle in the parallel geometry when the crack growth 
was perpendicular to the injection direction. 

The reverse herringbone pattern has been obtained 
when side scratches on a cellulose acetate plate in- 
duced the fracture to lead from the edges [2]. Evidence 
that the fracture front proceeded from the edges in- 
ward to the centre was obtained by closer examination 
of the Y-shaped centre ridge. Fig. 3a shows the frac- 
ture surface in Fig. 2a viewed in the SEM. The centre 
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Figure 3 The reverse herringbone pattern: (a) the fracture surface in 
Fig. 2a of a perpendicular specimen tested at - 10~ with a 
crosshead speed of 229 mm min-1 as viewed in the SEM; (b) a 
higher magnification of the centre ridge; (c) a schematic representa- 
tion of the centre ridge. 

ridge was much more prominent than in the stereo- 
optical micrograph although the ridges and valleys of 
the reverse herringbone were not as clearly defined. A 
region of the ridge in Fig. 3a is shown at higher 
magnification in Fig. 3b. It consisted of an abrupt step, 
such as would have occurred when cracks that were 
growing in different planes met. In this region, the 
fracture plane at the top of the micrograph was above 
that at the bottom. Closer to the notch, the situation 
was reversed as shown in the schematic drawing, 
Fig. 3c. The Y-shape of the centre ridge at the notched 
end suggested that a crack initiated in the centre in 
addition to the cracks that initiated near the edges. 
Apparently, because the initial crack speed was rela- 
tively slow, a centre crack had time to start before the 
crack fronts from the edges met. As the cracks acceler- 
ated, the edge cracks dominated while growth of the 
centre crack ceased. 

Overall, fracture was much faster when crack 
propagation was of the reverse herringbone type para- 
llel to the injection direction (perpendicular speci- 
mens) than when it was of the herringbone type 
perpendicular to the injection direction (parallel speci- 
mens). In the former case, fracture occurred too 
rapidly to photograph by the technique used with the 
parallel specimens, even with relatively mild testing 
conditions that produced the reverse herringbone 
pattern over the entire fracture surface (room temper- 
ature and a crosshead speed of 0.5 mmmin-~).  This 
meant that the average crack speed in the thickness 
direction exceeded 50mms  -~, compared to about 
0.4 mm s- 1 for the parallel specimens under the same 
conditions. The shear lips were at least partially re- 
sponsible for the slower crack speed of the parallel 
specimens. Shear lip formation in the perpendicular 
specimens was inhibited because crack initiation 
occurred near the edges. 

To confirm the edge initiation of the reverse 
herringbone in the PC/ABS blends, temperature rea- 
dings were made from the unnotched end as a speci- 
men was fractured. The infrared temperature profiles 



specimen the highest temperature occurred at the 
edges after fracture. 

Figure 4 Temperature contours showing fracture of a perpendicular 
specimen viewed end-on from the unnotched end. Testing was 
carried out at room temperature with a crosshead speed of 
0.hmmmin -1. Each colour level on the scale to the left of the 
thermogram represents a temperature increment of 0.5 ~ (a) 0.06 s 
before complete fracture; (b) 0.03 s before complete fracture; 
(c) fracture. 

in Fig. 4 were made at 0.3 s intervals as the specimen 
fractured, the location of fracture was indicated by a 
temperature rise over the background. The first two 
profiles show the specimen during fracture; the edge 
initiation was confirmed by the location of the highest 
temperature contours near the left edge in Fig. 4a and 
the right edge in Fig. 4b. In Fig. 4c, where the speci- 
men had fractured completely, the highest temper- 
ature was in the centre which fractured last. The final 
result was not caused by faster heat loss from the 
edges for in a similar experiment with a parallel 

3.3. Formation of herringbone and reverse 
herringbone patterns 

This description of the fracture process that created 
the herringbone pattern used the concepts put forward 
by Boyd [3] in discussing the similar fracture mode in 
steel plate. The fracture was discontinuous and pro- 
ceeded by initiation of secondary cracks in front of the 
primary crack so that impingement of the expanding 
crack fronts created the characteristic radiating ridges. 
The formation of one ridge is shown schematically in 
Fig. ha. The primary crack initiated at time t~ and 
grew radially in all directions. At time t 2 a secondary 
crack initiated on the centre line in front of the 
primary crack. It also grew radially at approximately 
the same speed as the primary crack. If the secondary 
crack had not grown at a comparable speed, specific- 
ally if it had grown more slowly, the main crack would 
have rapidly overtaken the secondary crack and the 
pattern of a closed ellipse would have appeared on the 
fracture surface. The two cracks intersected along a 
line that extended at an angle outward toward the 
edge. Because the two cracks grew in slightly different 
planes, a tearing ridge was formed where they inter- 
sected. It has been predicted that the markings should 
make an angle of 72 ~ with the centre line [3]. In 
general, the observed angles have agreed quite well 
with this prediction as was also the case with the 
PC/ABS blend where the angle was about 68 ~ except 
near the edges where the shear lips cut off the herring- 
bone pattern. 

Sequential crack initiation along the centre line is 
shown in Fig. 5b. The nth branch of the herringbone 
markings was formed by the intersection of the nth 
and n + lth crack fronts initiated at times t, and tn+l, 
respectively. If n was large enough and the initiation 
sites were close enough, the crack front could be 
considered as a parabolic envelope enclosing many 
discrete cracks all growing radially. It has been 
pointed out that in some cases, when a critical crack 
width is reached, shearing can occur at the edges to 
create the shear lips that were observed along with the 
herringbone in the PC/ABS blends [3, 5]. 

As pointed out above, although the herringbone is 
sometimes considered a brittle fracture mode, the 
crack speed was slowed somewhat by a level of plastic 
deformation. As the test speed was increased or the 
temperature decreased, this level of ductility was lost 
and the crack speed increased until it was too fast for 
secondary cracks to initiate and grow. The critical 
point was identified on the fracture surfaces by the 
transition from the herringbone to the markings of a 
parabolic crack front. The location of this transition 
moved closer to the notch as the test conditions 
became more severe. 

Formation of the reverse herringbone pattern 
occurred by a similar mechanism except that the 
multiple initiation sites occurred near the edges of the 
specimen. Fig. 6a shows schematically how the pri- 
mary and secondary cracks impinged to produce a 
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Figure 5 Proposed mechanism for formation of the herringbone pattern: (a) schematic representation of formation of one pair of radial 
markings; (b) schematic illustration of the formation of the herringbone pattern. 

radial ridge of the reverse herringbone. In this case, the 
crack front could be considered a combination of the 
opposite halves of two parabolic crack fronts, Fig. 6b. 
The centre ridge was formed where the two crack 
fronts, which might have been growing in slightly 
different planes, met. When the initiation time was 
insignificant compared to the overall crack speed, 
simultaneous growth of two crack fronts produced a 
symmetrical reverse herringbone pattern. However, 
when the temperature decreased into the ductile-to- 
brittle transition region and the crack speed corres- 
pondingly increased, the reverse herringbone became 
asymmetric as in Fig. 2b if the two cracks initiated at 
slightly different times or if one crack propagated 
slightly faster than the other. 

3.4. M o r p h o l o g y  
Typical unetched cryogenic fracture surfaces from the 
middle of the plaque show views parallel to the injec- 
tion direction from the centre and near the edge, 
Fig. 7a and b. In the centre the PC formed more or less 
spherical domains about 1 pm or less in diameter, 
while near the edge the PC domains were highly 
elongated in the injection direction. It was apparent in 
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the micrographs that some separation of the phases 
occurred during fracture. 

The etched surfaces from four positions through the 
thickness in Fig. 8 show views parallel and perpendi- 
cular to the injection direction. Near the centre, Fig. 
8a and b, the morphology appeared the same in the 
two directions with spherical holes where the PC 
domains were etched away. The holes were the same 
size, 1 lain or less, as the spherical domains in Fig. 7a. 
At a position almost half-way between the centre and 
edge, Fig. 8c and d, the morphology was similar to 
that observed in the centre; the PC domains were the 
same size as in the centre and the shape was generally 
spherical although especially in the parallel view, 
Fig. 8c, a few of the PC domains were slightly elonga- 
ted in the injection direction. Closer to the edge, the 
holes that revealed the size and shape of the PC 
domains were thinner and elongated in the injection 
direction. This was particularly apparent in the view 
parallel to the injection direction, Fig. 8e. When 
viewed perpendicular to the injection direction, Fig. 8f, 
the PC domains appeared from the shape of the holes 
to be more or less circular in cross-section, the dia- 
meter of the holes was smaller than in the centre and 
corresponded to the width of the elongated holes in 
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Figure 6 Proposed mechanism for formation of the reverse herringbone pattern: (a) schematic representation of formation of one pair of 

radial markings; (bl schematic illustration of formation of the reverse herringbone pattern. 

Figure 7 Scanning electron micrographs of the unetched fracture surface of a perpendicular specimen tested at - 70 ~ with a crosshead 
speed of 229 mm min-  1: (a) a region in the centre, and (b) a region near the edge. The injection direction was from top to bottom. 

the parallel view. In this region of the plaque it 
appeared that the PC domains were predominantly 
fibrillar or rod-shaped and oriented in the injection 
direction. The parallel view closest to the edge showed 
some increase in the length of the PC domains, Fig. 8g. 
In the corresponding perpendicular view, Fig. 8h, 

some of the holes were also elongated which suggested 
that close to the edge the PC domains were lamellar or 
sheet-like as well as rod-shaped. Not  shown in the 
micrographs was a featureless outer layer that ex- 
tended less than 0.1 mm inward from the edge. 
Although in this region no domain morphology on the 
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Figure 8 Scanning electron micrographs of etched cryogenic fracture surfaces at various positions through the thickness: (a, c, e, g) parallel to 
the injection direction; (b, d, f, h) perpendicular to the injection direction. The distance, d, from the edge of the 3 mm thick plaque is indicated 
with each micrograph. 

micrometer size scale was revealed by etching the 
fracture surfaces, when the mould-contacting surface 
of the plaque was etched, very long, thin rod-shaped 
domains of PC about 0.05 pm or less in diameter were 
observed, Fig. 9. 

A three-dimensional model of the PC morphology, 
Fig. 10, was constructed from the morphological ob- 
servations. It shows the more-or-less isotropic mor- 

phology in the centre region with spherical PC 
domains 1 lam or less in diameter dispersed in the ABS 
matrix. Towards the edge the PC domains became 
elongated in the injection direction and close to the 
edge took on a rod-like or sheet-like shape. This 
model is similar to that described for injection- 
moulded polypropylene blends [6] although the dis- 
tinct gradient in concentration of the dispersed phase 

Figure 9 Scanning electron micrograph of etched mould-contacting 
surface. The injection direction was from top to bottom. 
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Figure lO Schematic representation of the morphology. The posi- 
tions of the micrographs in Fig. 8 are indicated. 



Figure 11 Transmission electron micrographs of OsO4-stained sections: (a) from the centre; (b) near the edge. The injection direction was 
from left to right. 

through the thickness of the polypropylene blend was 
not readily apparent in the PC/ABS blend. 

The ABS phase itself was heterogeneous; the com- 
posite rubber particles were evident in stained sections 
viewed in the transmission electron microscope, 
Fig. l la. Only composite particles were observed, 
these were fairly uniform in size with a diameter of 
about 0.7-1 gin. Very near the edge, the rubber par- 
ticles were slightly elongated, Fig. llb. The size and 
shape of the rubber particles at various locations 
through the thickness were determined by viewing 
OsO4-stained cryogenic fracture surfaces in the SEM 
in the backscattered mode. Only in a very narrow 
region that extended about 50 ~tm inward from the 
edge, were the rubber particles slightly elongated in 
the injection direction; through the remainder of the 
plaque thickness the rubber particles were spherical. 

The length-to-width ratio of the PC domains and 
the composite rubber particles, Fig. 12, shows the 
change in shape through the thickness at the midpoint 
of the plaque. There was a very thin skin region of 
about 50 ~tm where the PC domains had, on average, a 
very high aspect ratio and the rubber particles were 
also elongated. In the fountain flow pattern, elonga- 
tional flow perpendicular to the injection direction 
carries material from the centre of the melt front to the 
mould surface where it solidifies rapidly to form this 
characteristic skin layer. Cross-linking in the rubber 
particles prevented them from being more extended, 
but the PC domains were highly drawn under the 
elongational flow at the melt front. Behind the melt 
front, the PC domains were elongated by shear and 
elongational flow prior to entering the mould and by 
shear flow in the mould. The gradient in aspect ratio 
through the plaque depended on the shear rate profile 
through the thickness, which determined the amount 
of elongation in the melt, and the cooling rate after 
mould filling, which controlled the amount of melt 
relaxation from rod-shaped to spherical domains be- 
fore solidification. Under the processing conditions 
used in this study, these factors produced a region that 
extended from the skin about 0.7 mm or half-way to 
the centre where the PC domains were elongated in 
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Figure 12 The length-to-width ratio of the PC domains (�9 and the 
rubber particles ( e )  through the thickness of the 3 mm thick plaque 
at its midpoint. 

the injection direction with an aspect ratio in the 
range 12 15; in this region, the rubber particles were 
spherical. The morphology in the centre half of the 
thickness was isotropic with spherical PC domains. 

3.5. Microstructure of fracture surfaces 
Deformation at the size scale of the domains in this 
compatible blend was observed when fracture surfaces 
were viewed at higher magnification in the SEM. The 
fracture surface of the parallel specimen tested at 
- 25 ~ with a crosshead speed of 229 mm rain- i in 

Fig. lb had a herringbone region adjacent to the notch 
and further away from the notch, a featureless region 
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Figure 13 Scanning electron micrographs showing various regions of the fracture surface in Fig. lb, a parallel specimen tested at - 25 ~ 
with a crosshead speed of 229 mm rain-1: (a) the centre region of the herringbone; (b, c) higher magnifications of (a); (d) a radial ridge in the 
outer portion of the herringbone. The crack propagated from left to right. 

of brittle fracture. The brittle region was indistinguish- 
able from the - 7 0 ~  fracture surface that showed 
the undeformed domain morphology, including occa- 
sional separation of the PC particles from the ABS 
continuous phase (cf. Fig. 7a and b). At higher magni- 
fication, undeformed composite rubber particles of the 
ABS were also discernible. 

In the ductile region closer to the notch, a view of 
the multiple crack initiation zone at the centre of the 
herringbone region, Fig. 13a, revealed spherical cavi- 
tated rubber particles, Fig. 13b, as well as cavitation of 
the matrix around the PC domains, Fig. 13c. In this 
view, the plastically deformed matrix was not adhered 
to the PC particles which retained their more or less 
spherical shape. A radial ridge of the herringbone 
away from the initiation zone, Fig. 13d, showed obli- 
quely slanted peaks characteristic of shear or tear 
failure [15]. In general, the rubber particles were 
obscured by the pulled-out ABS and only occasionally 
was a cavitated rubber particle visible that had been 
pulled along the tear direction. 

The domain morphology was essentially isotropic 
in the centre, so similar triaxial stress conditions 
would have been required to initiate a crack in the 
centre regardless of whether the specimen orientation 
was parallel or perpendicular. The consistently lower 
failure stress of the perpendicular specimens suggested 

that fracture initiated at a weaker site before the 
required conditions were achieved at the centre. The 
perpendicular fracture surface obtained at - 7 0 ~  
Fig. 2c, had two small stress-whitened regions about  
0.45 mm inward from the edges that marked the frac- 
ture initiation sites. The stress-whitening was pro- 
duced by profuse cavitation, Fig. 14a; the pulled-out 
tufts of material were identified as ABS because they 
were not removed by etching. Cavitated rubber par- 
ticles were seen in this region at higher magnification, 
Fig. 14b, and in addition, rod-shaped holes that cor- 
responded in size and shape to the PC domains 
suggested that interracial separation had occurred. 
This specimen had an otherwise featureless brittle 
fracture surface. 

An example of a ductile fracture where the entire 
fracture surface was the reverse herringbone was the 
perpendicular specimen tested at - 10 ~ and a cross- 
head speed of 229 mm ra in - t  shown in Fig. 3a. This 
fracture surface also had two stress-whitened regions 
near the edges where cracks initiated, but in this case 
they were somewhat larger. Higher magnification 
showed essentially the same features as the crack 
initiation region of the - 70~ fracture surface (cf. 
Fig. 14a a n d  b). The plastic deformation did not 
extend into the crack propagation region of the re- 
verse herringbone. When the ridges of the reverse 
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Figure 14 Scanning electron micrographs of the fracture surface in Fig. 2c, a perpendicular specimen tested at - 70 'C  with a crosshead speed 
of 229 mm min-  1: (a) the crack initiation region near the edge; (b) a higher magnification of(a). Both the crack propagation direction and the 
injection direction were from top to bottom. 

herringbone were viewed at higher magnification their 
appearance at the size scale of the domain morpho- 
logy was indistinguishable from the brittle fracture 
surface (cf. Fig. 7a) with undeformed rubber particles 
and some separation of the undeformed PC domains. 

Because fracture would not have initiated at this 
unusual site in an isotropic material, some feature of 
the anisotropic domain morphology resulted in weak- 
ness in the perpendicular orientation near the edges 
that caused premature crack initiation at this location. 
The major anisotropic feature of these blends was the 
morphology of the PC domains especially toward the 
edges where they were elongated in the injection 
direction. The relationship of the morphology to the 
crack plane and fracture surface markings is shown 
schematically in Fig. 15 for the two orientations. In 
the parallel specimens, the crack initiated in the centre 
and grew toward the edge where it encountered elon- 
gated PC domains oriented perpendicular to the 
advancing crack front; while in the perpendicular 
specimens the crack initiated near the edges in the 
plane of the elongated PC domains and propagated 
towards the centre to create the reverse herringbone. 

It was suggested previously [1] that the herring- 
bone fracture of parallel PC/ABS 30/70 specimens 
proceeded initially with crazing of SAN and cavitation 
of rubber particles (R) in the centre where the triaxial- 
ity was highest. When the growing craze encountered 
a PC domain, it created a local stress concentration at 
the interface. In this blend composition, the PC 
domains were not continuous and all the load carried 
by the PC domains was transferred across the inter- 
face from the ABS phase. It was apparent from the 
ductile fracture surfaces, specifically the presence of 
voids containing undeformed spherical PC particles, 
that adhesion was not strong enough to support 
drawing of the PC domains, and instead the interface 
failed during craze growth as shown schematically in 
Fig. 16a. Initiation of secondary cracks from the re- 
sulting voids would account for the multiple crack 
initiation that was characteristic of herringbone frac- 
ture. 

Mo rphoLogy Fractography 
paraLLeL Loading herringbone 

i / 

Norphol.ogy Fractography 
perpendicular Loading reverse herringbone 

Figure 15 Schematic representation showing how the anisotropic 
morphology produced the herringbone and reverse herringbone 
fractures. The arrows indicate the tensile loading direction, 

As the crack propagated from the initiation site in 
the centre toward the edge, it encountered the region 
where elongated PC domains were oriented perpendi- 
cular to the advancing crack front. This had a crack 
blunting effect [16]. Transfer of the applied load 
became more efficient when the shape of the PC 
domains changed from spherical to elongated in the 
loading direction. Impingement of the craze at the 
crack tip on an elongated PC domain is shown schem- 
atically in Fig. 16b. It was possible that some plastic 
deformation of the PC phase might have occurred 
before the interface failed completely, although this 
could not be confirmed because the PC domains were 
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Figure 16 Schematic representations of craze growth; (a) growth of 
a craze in the centre region; (b) growth of a craze near the edge in 
herringbone fracture; (c) growth of a craze near the edge in reverse 
herringbone fracture. 

when the crack initiated in the centre in the parallel 
specimens, and this was confirmed by the appearance 
of the fracture surfaces. While the crack initiation 
regions showed cavitation and plastic deformation of 
the matrix in both cases, comparison of the ridges and 
valley of the herringbone and reverse herringbone 
clearly revealed that a ductile tearing mode produced 
the ridges and valleys of the herringbone, while those 
of the reverse herringbone had the appearance of 
brittle fracture which meant that the rate of crack 
propagation in this case exceeded the time scale of 
cavitation and ductile tearing. 

4. Conclusions 
A fractographic and morphological study led to the 
following conclusions regarding the fracture of an 
injection-moulded PC/ABS 30/70 blend. 

1. Fracture occurred by a herringbone mechanism 
perpendicular to the injection direction and by a 
reverse herringbone mechanism when fracture occur- 
red parallel to the injection direction. The blend was 
somewhat less tough in the latter configuration. 

2. The herringbone pattern arose from interaction 
of the main crack with secondary cracks initiated 
along the centre line. Reverse herringbone fracture 
occurred by a similar mechanism but crack initiation 
occurred near the edges. 

3. Directional differences in the fracture behaviour 
were attributed to the processing-induced orientation 
of the PC phase near the edge. 

obscured from view in the SEM by the pulled-out ABS 
phase. Even after failure of the interface, pullout of the 
PC domains would have retarded the crack growth. 
The crack was further slowed by formation of shear 
lips as the condition approached plane stress near the 
edges. 

The initial deformation preceeding reverse herring- 
bone fracture was also thought to be cavitation of 
rubber particles and craze formation in the SAN at the 
crack initiation site. However, in this case, the fracture 
plane was parallel to the injection direction and when 
the craze encountered a PC domain, as shown schem- 
atically in Fig. 16c, failure of the interface created large 
rod-shaped voids that were visible on the fracture 
surface at the crack initiation site. Rather than crack 
blunters, the elongated PC domains in this orientation 
acted as crack enhancers. Although the elongated 
shape of the PC domains facilitated crack initiation 
and growth in the perpendicular orientation, the loca- 
tion of crack initiation was not where the PC domains 
had the highest aspect ratio, which was near the 
mould surface, but approximately 0.45 mm inward 
from the edge where the triaxial condition increased 
the tendency towards cavitation. 

The rough estimates of crack speed indicated that 
propagation was much faster when the crack initiated 
near the edge in the perpendicular specimens than 
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