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Abstract

Acrylonitrile—butadiene—styrene was blended in polycarbonate using a twin-screw extruder, producing dispersed and co-continuous
blends. The blends were injection moulded into test bars. These materials were tested in single edge notch tensile tests as a function of
test speed over a test speed range of 10 *~10ms™' (2.85 x 1073-2.85x 10? s~ !). Infrared measurements were made to monitor the
temperature development in the material during fracture. The fracture energies were higher at high test speeds than could be expected
based on the low speeds results. This effect was due to an increased fracture stress, initiation strain, and propagation strain. With infrared
measurements a temperature increase of 30—40 °C was observed. Also the size of the deformation zone increased with test speed. A possible
explanation is a thermal blunting resulting from adiabatic heating at high speeds. The brittle—ductile transition temperature increased linearly
with the logarithm of the strain rate by a factor of 18.6. At high test speeds the brittle—ductile transition developed with the formation of shear
lips. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction The plastic deformation that takes place during the frac-
ture can result in a significant rise in temperature [1,4-8],

Yield behaviour of polymers is affected by temperature resulting in a lower draw stress, more deformation and if

and strain rate, as described by the Eyring equation:
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with tensile yield stress or, activation energy AH, activa-
tion volume V, and gas constant R [1,2]. If a second phase is
present, the stress concentration factor, 7y, takes into account
the dependence of yield stress on second phase content and can
be calculated by using the Ishai—Cohen relation [3] 1/y =1 —
1.21 ¢2/ 3, where ¢ is the volume fraction of soft particles.
An important parameter in the fracture of semi-ductile
polymers is the brittle-to-ductile transition. This transition
is described by the Ludwig—Davidenkov—Orowan criterion
by looking at the influence of strain rate on yield stress as
well as fracture stress (Fig. 1). Yield stress increases with
strain rate, more than the fracture stress changes with strain
rate. At a certain point, yield stress becomes higher than
fracture stress and brittle fracture occurs. Increasing the
strain rate and decreasing the temperature leads to the
brittle—ductile transition taking place earlier.
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appropriate crack tip blunting. An estimation of the
maximum rise in temperature in the material can be made
by using Eq. (2) [9]:

&
AT, = ¢_2 b (oy + o) (2)
Py

assuming that deformation is adiabatic and homogeneous in
the deformation zone, with yield stress o, fracture stress
o, fracture strain &y, density p, c, the heat capacity of the
material, and ¢ the fraction of plastic work that is trans-
formed into heat. Transition from isothermal to adiabatic
deformation was calculated to occur between 10™* and
1 ms™! tensile test speed [9], corresponding to a deforma-
tion rate of 2.85X 10 °-28.5s . Using Eq. (2) the
temperature rise in polycarbonate (PC) and PC/ABS can
be calculated. If it is assumed that ¢y = 1 and the fracture
strain (as measured in tensile) is about 100% a temperature
rise of 40 °C can be expected. At this strain the glass transi-
tion temperature of PC (~150°C) will not be reached.
However, the local strains in the fracture zone can be higher
than the engineering strains in tensile tests and this will lead
to a larger temperature rise in the fracture zone. It can be
calculated that the T, of PC can be reached if the strain is in
the order of 350%.
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Fig. 1. Ludwig—Davidenkov—Orowan theory describing brittle-to-ductile transition due to (a) strain rate; (b) temperature.

Williams and Hodgkinson [6] studied the fracture tough-
ness G, over a range of strain rates for HDPE, PTFE, and
PMMA. They found a pronounced rate effect on measured
toughness and that G, scaled with loading time, G. oc "
This effect was explained by adiabatic heating. The conse-
quential softening and crack-tip blunting resulted in an
increased toughness at higher strain rates.

Dijkstra et al. [9] studied the effect of strain rate on crack
initiation and propagation in rubber-modified nylon-6. They
concluded that the high ductility at high test speeds was the
result of the material being molten in the fracture zone and
this resulted in thermal blunting of the tip. Similar conclu-
sion was drawn for the high fracture energies of PP—rubber
blends [10]. Ricco and Pavan [11] studied Ji-values for
nylon-6 over a range of test speeds. They found that Ji,
goes through a maximum. This effect was more pronounced
with increasing rubber content. An explanation for this
phenomenon was not given.

Experimental data for PC and PC/ABS blends over a
range of test speeds, including high speed deformation,
are rarely found in open literature. Usually test data
obtained in low-deformation-rate tests are used for model-
ling of the high deformation rate behaviour of this and other
complex blends. However, based on research results on
acrylonitrile—butadiene—styrene (ABS) [12], it is evident
that high rate behaviour is by no means an extrapolation
of the behaviour at low deformation rates. The influence
of test speed on the behaviour of PC and PC/ABS blends is
therefore studied in single edge notched tensile (SENT) tests
over a wide speed range and temperatures. Both a co-contin-
uous PC/ABS blend and ABS dispersed in PC are studied.

2. Experimental
2.1. Materials

Commercially available PC, SAN, SAN/PB core-shell

impact modifier and PC/ABS blend were kindly supplied
by DOW Benelux and GE Plastics. The material specifica-
tions are listed in Table 1. PC/ABS blends were made to
study the behaviour of a co-continuous PC/ABS blend as
well as a blend where ABS was dispersed in PC.

2.2. Specimen preparation

Two different types of PC/ABS blends were made,
dispersed and co-continuous blends.

Blend 1. For the study of dispersed blends, ABS
(Cycoloy) material was used (Table 1). PC and ABS
(Cycoloy) were blended to produce PC/ABS blends contain-
ing0, 10, and 45% ABS, dispersed in PC. Compounding was
done at 140 rpm and barrel temperatures of 245-270 °C.

Blend II. Co-continuous PC/ABS (50/50) was
Table 1
Material properties
Material Provided by Description
PC: Lexan HF1110R GE Plastics Bisphenol A
polycarbonate,

density 1.20 g cm 3,

MFR = 25 g/10 min
Styrene
acrylonitrile, 29%
AN, density

1.08 gcm 3,

MFR = 21 g/10 min
ABS: SAN grafted
PB powder, PB
content 50%,
particle size 0.1 wm
PC/ABS blend,
containing 55% PC,
45% bulk-ABS (1/3
PB, 2/3 SAN),
density 1.06 g cm ™%,
MFR = 15 g/10 min

SAN: Tyril 790 DOW Benelux

PB: GRC 310 DOW Benelux

Cycoloy C1000A GE Plastics
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compounded in two steps using a Berstorff (ZE 25 X 33D)
twin-screw extruder. In the first extrusion step at barrel
temperatures 185/190/190/190/200/200/200 °C and screw
speed 200 rpm, a core shell rubber of polybutadiene with
SAN shell (GRC-rubber) was blended into SAN, produ-
cing ABS with 15 wt% PB. In the second extrusion step at
barrel temperatures of 215/220/220/220/230/230/230 °C
and 200 rpm, ABS was blended into PC in a 50/50 weight
ratio, producing a co-continuous PC/ABS blend.

After compounding, the blends were injection moulded
into rectangular bars of 74 X 10 X 4 mm® using an Arburg
Allrounder 221-55-250 injection moulding machine. Barrel
temperatures were 230 °C for the co-continuous PC/ABS,
with mould temperature 80 °C and injection pressure 55 bar
at 100 rpm screw speed. For PC and dispersed PC/ABS the
barrel temperatures were 270 °C and injection pressure was
40 bar.

A single-edge V-shaped notch of 2 mm depth and tip
radius 0.25 mm was milled in the specimens after moulding.

2.3. SENT tests

Notched specimens were fractured at different test speeds
in SENT tests. A Schenck VHS servohydraulic tensile test
machine was used with clamp speeds of 107*-10ms~".
The specimen length between the clamps was 35 mm,
resulting in initial strain rates of 2.85 X 1073285571 All
measurements were performed in five-fold.

2.4. IR camera

The temperature rise in the specimens during fracture was
monitored using an infrared camera. Specifications are
listed in Table 2. With the infrared camera, only tempera-
tures at the surface of the specimen can be determined. The
spot size of the camera is about 100 wm, which is large
compared to the fracture zone size.

3. Results and discussion

SENT tests were used to test materials over the speed
range of 10 *~10ms~'. The resulting initial strain rates
were calculated for the notched tensile specimens, using
an effective specimen length of 35 mm (Table 3). As the
deformation is beyond the yield point inhomogeneous,
especially when a notch is present, the strain rates then
cannot be obtained so easily. Force and displacement results

Table 2
Technical data for the infrared camera, equipped with close-up lens (TVS
600 AVIO Nippon Avionics Co., Ltd)

Temperature range —20 to 300 °C
Temperature resolution 0.15°C
Spectral range 8—14 pm
Image rate 30 frames s '

Spatial resolution 0.1 mm spot size

Table 3
Initial deformation rates in SENT test with specimen length of 35 mm
between clamps

Clamp speed SENT initial

(ms™h deformation rate (s )
10 2.85 % 10?
1 2.85% 10"
107! 2.85
1072 2.85% 107"
1073 2.85% 1072
1074 2.85%107°

were monitored and energy results were determined. First
results of PC and dispersed PC/ABS blends will be
discussed, then the results for the co-continuous blend.

3.1. PC and PC/ABS dispersed

Blend I type materials were studied in SENT tests. PC/
ABS blends containing 0, 10, and 45% ABS were used. The
blends were tested at room temperature over the test range
of 107*-10ms~', resulting in initial strain rates as
indicated in Table 3. The 10% blend was tested also at
different temperatures. Brittle-to-ductile transition tempera-
tures at various speeds were obtained from these results.

During SENT tests, force and displacement were moni-
tored. Maximum stress is defined as the maximum force
measured during the SENT test divided by the cross-
sectional area behind the notch. Maximum stress was
measured for the dispersed PC/ABS blends as a function
of test speed (Fig. 2a). The maximum stress for PC and
the PC/ABS blends appeared to increase with test speed.
The increase is stronger than can be expected, based on
the influence of strain rate on yield stress predicted by the
Eyring equation (Eq. (1)). Especially at high test speeds the
increase is strong. This effect was also found, more clearly,
for ABS [12], PP—rubber blends [10] and nylon-6—rubber
blends [9] and explained by an adiabatic temperature rise in the
material ahead of the notch, leading to notch tip blunting. The
10% ABS blend behaves similarly to PC over the whole test
speed range. The 45% ABS blend has lower maximum stresses
but the trend is the same as for PC and the 10% blend.

Fracture propagation displacement is defined as the
clamp displacement after fracture is initiated. The propaga-
tion displacement for PC decreases with clamp speed and is
surprisingly higher for the I m s ' test (Fig. 2b). The propa-
gation displacements of the 10 and 45% blends decrease in a
similar manner as PC, with values slightly lower than PC.
The propagation displacements are only a small part of the
total displacement.

With increasing test speed the materials are expected to
fracture in a more brittle manner. However, the combination
of a higher fracture stress and a slightly lower fracture strain
surprisingly resulted in a more ductile behaviour of the
material (Fig. 2c). For pure PC, the fracture energy
increased with clamp speed up to 1 ms™', the value at
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Fig. 2. Influence of test speed on SENT results (maximum stress, fracture
displacement, and fracture energy) for dispersed PC/ABS blend (type 1),
room temperature with different ABS content: (®) 0%; (l) 10%; (A) 45%.

1 ms ™' being very high. At 10 m s ™' the fracture energy is
considerably lower as here the fracture type changed to
brittle. The fracture energies of the 10% blend increased
slightly with clamp speed up to 1 ms ', at 10 m s~ slightly
lower but still ductile. The fracture energies of the 45%
blend seem to be insensitive to the test speed, even at
10 m s~ ". The advantage of 10 and 45% blends compared
to PC is that they fractured ductile over the whole studied
test speed range. It can also be expected that the 45% blend
compared to the 10% blend has a lower brittle-to ductile
transition temperature. The general trend is that addition
of ABS lowers the brittle—ductile transition temperature
(Tyq) although it lowers the fracture stress, does not lead
to a higher fracture strain and lowers the fracture energies.

The PC/ABS blend containing 10% ABS was investi-
gated further. SENT tests were done at different tempera-
tures over the complete test speed range (Fig. 3).
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Fig. 3. Influence of test speed on SENT results (maximum stress, fracture
propagation displacement, and fracture energy) for dispersed PC/ABS
blend (type I, 90/10) at different temperatures: (#) —60 °C; (H) 20°C;
(*) +60 °C.

At —60 °C, brittle fracture occurred at all test speeds and
the maximum stress decreased with test speed (Fig. 3a). At
this temperature, the brittleness increased at increasing test
speeds. At 20 °C ductile fracture occurred and maximum
stress now increased with test speed, as discussed earlier.
The values were also higher that those at —60 °C, which
suggest that the yield stress was reached here. At 60 °C the
maximum stress values were fairly independent of test
speed and lower than those at 20 °C. The values at 60 °C
are yield values too, and since the temperature is higher, the
yield stress is lower.

Of the fracture displacement the propagation displacement
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is shown (Fig. 3b). The propagation displacement is a
measure for additional deformation in the sample during
crack propagation. The propagation displacement shows a
strong effect on both temperature and test speed. At —60 °C
the propagation displacement is minimal over the whole test
speed range, which means that here this material fractures in
a brittle manner. At 20 °C the propagation displacement
results are complex. The values first decreased with increas-
ing test speed, up to about 0.1 m s~ test speed, then jumps
to a higher level and decreased again with further increase in
test speed. A similar complex behaviour is observed with
the 60 °C values. The high strain rate values for the 20 and
60 °C results cannot be explained by extrapolation of the
low strain rate values. It seems as if at high strain rates the
crack propagation process is different from that at low strain
rates. The 60 °C displacement values are higher than those
at 20 °C. This is logical since at 60 °C the yield stress is
lower.

The fracture energy at —60 °C decreases steadily with
strain rate (Fig. 3c¢). The 20 °C values seem to be fairly
constant up to 0.3 m s ' and increased at higher test speeds.
The 60 °C values decreased up to 0.1 m s~ ' and increased at
high strain rates. The fracture energies are now also larger
than those at 20 °C. The energy levels for the 20 and 60 °C
tests at high speeds were even higher than those at low
speeds. Test speed apparently affects the deformation
process.

The brittle-to-ductile transition temperature (7pq) was
studied for the dispersed PC/ABS (90/10) blend as a
function of test speed (Fig. 4). The T,y was determined
from propagation displacement results and the fracture
surface appear.

At low speeds the transition from brittle to ductile was
gradual. The first signs of ductility could be seen on the
fracture surface just behind the notch. With increasing
temperature the whole fracture surface becomes ‘ductile’.
The temperature range in which this transition took place
decreased with strain rate. In this transition zone the running
crack seemed to accelerate due to the release of elastic

40
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-80 . - - : r
0,0001 0,001 0,01 0,1 1 10 100
Clamp speed (nvs)

Fig. 4. Influence of test speed on transition temperatures for PC/ABS (90/10
blend): (M) Ty,q; (®) temperature below which mixed mode fracture occurs,
and above which shear lips can form.

energy stored in the crack initiation phase [13]. Here T4
is defined as the onset of ductile deformation.

At high speeds, with increasing temperature, the first
ductile signs were shear lips that formed along the specimen
surface. The plane stress situated at the specimen surface
enables the material to yield sooner than the material at the
core of the specimen. At a higher temperature, the material
in the middle of the sample behind the notch fractures also
in a ductile manner. The T4 is here also taken as when the
material behind the notch in the middle of the sample
fractures ductile. So over the studied test speed range the
T4 increases linearly with the logarithm of the test strain
rate (log &) (Eq. (3)). The pre-exponential factor A had a
value of 18.6.

Ade =A IOg & (3)

No unusual effects at high test speeds were observed. The
Tyq increase with test speed is the same as observed for PC
[13]. However, for PC the shear lip effect was not observed.

The effects of test speed on maximum stress, fracture
displacement, and fracture energy suggest a special effect
at high test speeds. Similar effects were also found for PP—
rubber blends [10] and SAN-rubber blends [12], though
more pronounced than for the PC/ABS material. These
strain rate effects in modified PP and SAN were attributed
to a thermal blunting process during crack propagation, as a
result of temperature increase in the zone ahead of the crack
tip. The brittle—ductile transition for PC/ABS however
increased steadily with test speed. This suggests that the
brittle—ductile transition is not influenced by a thermal
blunting process. The increased fracture energies at high
strain rates are as yet not fully understood.

3.2. Co-continuous PC/ABS

The co-continuous PC/ABS blend (50/50) (Blend II),
where ABS contained 15% PB, had a T,y of —15°C in
notched Izod [14]. In a SENT test at 1 m s ! and room
temperature this blend fractured in a ductile manner. The
influence of strain rate is now studied over the speed range
of 107*~10ms™" at room temperature (Fig. 5). With a
specimen length between the clamps of 35 mm, this results
in initial strain rates of 2.85 X 102855~ ".

The maximum stress in the SENT test increased with test
speed (Fig. 5a), especially for high clamp speeds. This effect
was also found for PC and PC/ABS with dispersed ABS
(Fig. 2), and is stronger than can be expected based on
Eyring Eq. (1). The yield stress of PC as measured in a
tensile test increases with strain rate and particular at high
strains [15], although not so strong as the maximum stress in
SENT (Fig. 5a). For PP the influence of strain rate on the
yield strength was stronger than for PC [10]. A high
maximum stress in SENT at high strain rates was also
observed in PA, PP, and SAN-blends [9,10,12].

The clamp displacement needed to fracture the specimen
is measured in the SENT tests (Fig. 5b). This fracture
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Fig. 5. Influence of test speed on SENT results (maximum stress, displace-
ment, and energy), co-continuous PC/ABS (Type II, 50/50) 15% PB in
ABS, at room temperature.

displacement was not gradually lowered with strain rate as
expected but increased even at clamp speed of 0.1 m s~ ' and
higher.

Displacement results were split into an initiation and
propagation part. Initiation displacement increased with
increasing strain rate, which means a more ductile beha-
viour with increasing strain rate. The propagation results
decreased first, then showed a jump at 0.01-0.1 ms ™' and
decreased again at higher test speeds. These results of the
co-continuous blend have a similar behaviour in this respect
as the dispersed blends (Fig. 3). A decreasing propagation
displacement is not unexpected since at higher speeds the
material behaves more brittle. However, the higher
propagation displacements at higher test speeds suggest a
change in deformation process. A possible explanation for
this effect is adiabatic heating [9,10].

The results for the deformation energies (Fig. 5c) showed
the same trends as for the displacement results (Fig. 5Sb) but
more clearly. The maximum in fracture energy could be
completely attributed to the maximum in propagation
energy. Initiation energy increased gradually from

0.01 m s, as did the maximum stress. Due to this increase
in initiation energy, fracture energy was very high at high
test speeds, even higher than low speed fracture energy.

Comparing fracture energies for co-continuous PC/ABS
(Fig. 5¢) with PC and dispersed PC/ABS (Fig. 2c), we see
that the co-continuous blend has a lower fracture energy
than PC in the ductile region, and compares with that of
dispersed PC/ABS. However, the transition from ductile
to brittle fracture occurs at a much lower temperature for
co-continuous PC/ABS than for PC and dispersed PC/ABS
[14].

The stress-whitened zone below the fracture surface had a
maximum thickness of about 3 mm and this is for all test
speeds. At high test speeds, the fracture surface shows a
delamination structure, as was found in the notched Izod
impact tests [14]. In the fracture surface with the size of
4 x 8 mm?, 2-3 circular (onion like) cracks are visible
which have a depth of about 1-2 mm. Failure of the layered
PC/ABS interface leads to the appearance of this feature on
the fracture surface. Delamination was observed just above
the brittle to ductile transition temperature and disappeared
at high temperatures and high rubber contents [14]. The
plain strain stress state was assumed to be less severe
under the latter conditions. Delamination was not observed
in dispersed PC/ABS blends.

Delamination was also influenced by test speed. With
increasing test speed, delamination developed, at least as
long as the fracture was ductile and at the same time the
propagation energy and propagation displacement
increased. However, it is the question whether this increase
in propagation energy and propagation displacement is due
to the delamination?. With ABS dispersed in PC, we did not
see delamination, although there the fracture energy and
propagation displacement increased with test speed too.
This suggests that the delamination does not contribute to
the fracture energy and propagation displacement. The high
fracture displacements and fracture energies at high test
speeds of the co-continuous blend might therefore be attrib-
uted to adiabatic heating. An adiabatic heating effect has
been previously suggested for ABS and other polymers
[9,10,12]. It is evident that at high strain rates the fracture
energy of PC/ABS is higher than can be expected from the
low strain rate data.

3.2.1. Infrared temperature measurements

Strong deformations at high test speeds are expected to
increase the temperature of the deformation zone. To obtain
an indication of the temperature rise in the deformation zone
ahead of the notch tip, an infrared camera was used to
monitor the temperature development during SENT tests
at different test speeds. The used infrared camera takes 30
frames s ~'. For lower test speeds, the fracture process can
be monitored completely. For test speeds of 0.1 m's~' and
higher, fracture of the specimen is fast and takes place in the
interval between two frames. With this camera, having a
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Fig. 6. Temperature effects of PC fracture in SENT tested at 10> m s ! and at room temperature.

spot size of 100 pwm, the temperature very near the fracture
surface (1-20 wm) could not be determined.

Frames of fracture at 10 > ms~' are shown for PC in
Fig. 6. The specimens showed far from the notch zone a
small rise in overall temperature of a few degrees, indicating
that also outside the notch zone some plastic deformation
occurs. This rise in temperature outside the notch zone did
not change with test speed. The deformation zone was
concentrated into two lobes, located symmetrically along
the fracture plane. These lobes are somewhat smaller at
higher test speeds. Just ahead of the notch, a zone was
visible where temperature was higher. The point of highest
temperature in the deformation zone was located at some
distance ahead of the notch or running crack. The infrared
images showed also clearly that a running notch in a ductile
mode was less sharp than the machined notch and thus
blunting was taking place during fracture.

For the co-continuous PC/ABS blend heating pattern
similar to PC was seen (Fig. 7). The size of the zone of
increased temperature (deformation zone) seen ahead of
the notch appeared for co-continuous PC/ABS to be some-
what less extensive than for the pure PC specimens. This
agrees with the lower fracture energies found for co-contin-
uous PC/ABS compared to pure PC.

The maximum measured temperatures increased slightly
with test speed for PC and PC/ABS, from 45 to a maximum
of 55 °C (Fig. 8). These temperatures are much lower than
the 7, of the SAN (120 °C) or the PC phase (150 °C). The
effect of speed on temperature is not strong and much less
than that observed for PP and rubber modified PP [10].

The test speed seems to increase the zone size (Fig. 9).
This is remarkable, as one would expect normally a decrease
in deformation zone size with increasing strain rate.

The observed increase in temperature leads to a decrease
in drawing stress and more yielding can take place. More
plastic deformations in the notch blunts the notch and even
more yielding can take place. This deformation being a self-
amplifying process can result in a delocalisation of the
deformation ahead of a running crack and higher energy
absorption during fracture of the material. In the layer next
to the fracture surface (0-20 wm thick) the deformation is
usually stronger than further away, but the temperature there
can unfortunately with this method not be measured.

4. Conclusions

The maximum stresses, the fracture propagation
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Fig. 7. Temperature effects of co-continuous PC/ABS fracture in SENT tested at 107> m s ™' and at room temperature.
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displacements and the fracture energies at high strain rates
were higher than was expected based on low strain rate
results. Also the size and the temperature of the deformation
zone increased with strain rate. This suggests that at high
test speeds a more delocalised deformation process is taking
place. This delocalisation might well be the result of either
lowering of drawing stress due to the increased temperature
and/or notch/crack blunting. The blunting of the notch
results in a reduction of the constraint ahead of the tip,
leading to more deformation and more material taking
part in the deformation. The rate effect was somewhat larger
for PC than for co-continuous PC/ABS blend. Since notch
tip radius has a stronger effect on the toughness of PC than
on PC/ABS blends [16], toughness of PC will also be more
affected by notch blunting. Looking into more details of the

fracture propagation displacement data, at high strain rates
a change in fracture process seems to take place.

Infrared measurements of the temperature rise during
SENT testing showed that the temperature in the deforma-
tion zone ahead of the notch increased. The observed
temperature rise was limited and the glass transition
temperature of either PC or SAN was not reached. However,
the temperature directly at the fracture surface could not be
determined with the camera having a spot size of 100 wm.
The rise in temperature of the material ahead of the notch
and crack must have an effect on the deformation behaviour.

The strain rate had a strong effect on the brittle—ductile
transition temperature. The Tyy increased linearly with the
logarithm of the strain rate by a factor of 18.6. At high test
speeds no deviation was observed from this trend. This
suggests that thermal blunting can have an effect on ductile
fracture, but not on the brittle—ductile transition.
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