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Abstract

The fracture of thin (3.18 mm) and thick (6.35 mm) specimens of polycarbonate (PC), acrylonitrile—butadiene—styrene (ABS) and PC/
ABS blends with both standard and sharp notches was examined by standard 1zod and single edge notch three point bend (SEN3PB)
instrumented Dynatup tests. Ligament lengths were varied for SEN3PB samples and the corresponding fracture data were represented by
plotting the specific fracture energy/a) as a function of ligament lengti€}. The slope of these plots was found to be closely related to both
the 1zod impact strength and the size of the process (or stress whitened) zones surrounding the crack surface. Significant morphology
coarsening was seen in some PC/ABS (70/30) blends for thick (6.35 mm) injection molded parts; blends compatibilized with 1% of an SAN-
amine polymer exhibited well-dispersed, stable morphologies. The effects of blend composition, ABS type, sample geometry, PC molecular
weight, temperature, rubber concentration and reactive compatibilization on the fracture properties of these materials were examined.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction materials. Many recent articles have shown the benefits of
analysis of fracture data using a two parameter model, which
The commercial success of blends of polycarbonate (PC)analyzes the fracture energy per unit area as a function of the
with acrylonitrile—butadiene—styrene (ABS) materials is ligament size [10,16—26]. The use of this type of analysis
caused by a combination of factors such as improved has provided effective characterization of toughened poly-
processability relative to PC and high fracture toughness mer blends in previous reports from this laboratory [27,28].
in the presence of sharp cracks, in thick sections and atUse of thick samples with sharp notches under impact load-
low temperatures [1-15]. It is useful to characterize the ing conditions offers severe test conditions which better
fracture performance of PC/ABS blends in some detail. differentiate between super tough polymeric materials that
The theory of linear elastic fracture mechanics (LEFM) may have very similar 1zod impact values. This article
restricts analysis to materials with only small-scale yielding examines the effects of reactive compatibilization, blend
near the crack-tip. Because the plastic zone size is signifi-composition, sample geometry, temperature, and rubber
cantly larger than the size of test specimens in ductile engi- concentration on the fracture properties of PC/ABS blends.
neering polymers, measurement of meaningfylvalues is
often not realistic for such materials. Traditionally, the frac-
ture performance of engineering polymer blends has been2. Analysis of fracture data with varying ligament size
characterized by the Charpy or Izod tests. Although Izod
testing with a single ligament size offers a simple and Two mathematical approaches for analyzing fracture
convenient method for comparing many materials, the frac- behavior as a function of ligament size were introduced.
ture characterization of toughened polymers with varying Each is based on the idea first introduced by Broberg that
ligament sizes offers a more thorough description of the the region at the tip of a crack consists of an end region
crack formation and propagation behavior of these where actual fracture occurs and an outer region where
energy is plastically absorbed during crack propagation
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Izks)tlecinditions and sample geometry for various fracture methods

Test Test method Test velocity Stress condition t (mm) W (mm) Z (mm) Ligament = W — a (mm)
EWF SENT, DENT-Tensile (razor 1.7x 10 °m/s Plane stress 1.6 25 (25-50) 58 (20-70) 5-45; (0.2\A0.9)

Izod r(]Zoatﬁril)ever-impact (standard 3.5m/s Plane stress—strain 3.2 12.7 62 10.20\0.8

Vu Khanh nSOI;(;\rlgPB-impact (razor notch) 2.5, 3.0 m/s Plane stress—strain  3-6 10, 12 50, 90 2-10; @2-0.8)
This study SEN3PB-impact (razor notch) 3.5 m/s Plane stress—strain  3.2,6.4 12.7 5.4 2-10; (0.2-0.8)W

t | where the intercept at zero ligament lengthnisand the

;/( slope isBw,. For PC,w, has been experimentally shown to
Notch ‘lf:W—a be independent of notch geometry, specimen width, and
T~ ) w specimen length [17].
/\ a The fracture energy), of ductile materials with varying
P ligament sizes has been proposed by Vu Khanh [24-26] to

- . > follow a relationship of the form

U=GA + 1/2T,A% 4

Fig. 1. Schematic of test specimen geometry; values used in this study and
in the essential work of fracture, 1zod, and Vu Khanh methods are given in

Table 1 whereA = £t is the area of the ligament. The intercept of a

plot of U/A versusA or G; was called the fracture energy at
crack initiation while the ternT, related to the slope was
called a tearing modulus or the rate of chang&gofdefined
asG; + T,A) with crack extension.

In addition to the differences in interpretation of the slope
and intercepts of these similar linear plots, there are differ-
ences in the method of loading, sample geometry, and test-
ing rate in the approaches used by Mai et al. and Vu Khanh.
Table 1 compares typical testing parameters and sample
W = W, + W, D) geometries from the literature for the two methodologies;

, i ) ] sample geometry is schematically shown in Fig. 1. It should
~ For a given sample thickness Wk is proportional to the e emphasized that while there are similarities in the math-
ligament length{ andW, has a volumetric dependence and - ematical analysis of the data obtained from these tests, the
is therefore proportional té actual test conditions are very different; the EWF method
W = Ltw, + Eztﬁwp, ) uses very thi_n spec?mens which are tested at low rates in

uniaxial tension, while Vu-Khanh's methodology employs
where g is the plastic zone volumetric shape factor. The high speed loading of relatively thick specimens in bending
specific EWF (energy per unit area)is = WJ€t while which induces a triaxial stress state in the material. Clearly
w, = W84 is the specific non-EWF (energy per unit the fracture characterization of toughened polymers with
volume) equivalent to the energy dissipated in the plastic varying ligament sizes offers a more thorough description
zone. Therefore, a normalized expression for the total of the crack formation and propagation behavior of these
specific work of fracturew, is as follows: materials compared to Izod testing which uses a single
3) ligament size.
Many recent articles have shown the benefits of analysis
Thus, a plot ofa; versus€ should give a linear relationship  of fracture data using a two-parameter model

into two components, the essential and non-EWF, as
proposed by Mai and coworkers [16,21,30,31]. The essen-
tial work (W) is related to the formation and localized
deformation associated with crack extension, while the
non-essential work termVW) incorporates the plastic
work in the volume surrounding the crack region. The
sum of these two terms gives the total work of fractiuié) (

Wi = We + W €.

SAN
]
SAN PC 11 o= O
+ MWWWO—C—OMMWWW —— N 0O

Z S | /- \ I _PC
O N CH,CH,—N N —C—Owwww

] —\ __/

CH,CH,—N NH +

PC
. MWWWOH
SAN-amine Polycarbonate

Fig. 2. Schematic of the reaction of SAN-amine with bisphenol-A-polycarbonate to form SAN-g-PC[42].
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Table 3

ABS and ASA materials used in this study

Polymer Designation Description Soluble SAN Torque (N'm) Source

My, M

Magnumb541 ABS16 16% Rubber 140 000 59 000 3.9 Dow Chemical Company
25% AN in SAN

Lustran38 ABS38 38% Rubber 130 000 59 000 10.0 Bayer Corporation
30% AN in SAN

SAN-g ABS45 45% Rubber 90 000 35 000 12.7 Cheil Industries
25% AN in SAN

BL65 ABS50 50% Rubber 167 000 44 000 12.8 Sumitomo Naugatuck

Corporation

24% AN in SAN
Geloy ASA46 46% Acrylate rubber NA 9.6 GE Plastics
33% AN in SAN

2 Brabender torque taken after 10 min mixing at Z7@nd 60 rpm.

[10,17,18,21,26-28,30]. This study uses thick specimensenergy density in the following relationship

with sharp notches at high rates of loading in order to better

discern between super tough PC/ABS blends and elucidateU/A = Uo + Ugl, ©)
the importance of constituent materials and morphologies where uy has units of energy/volume and it presumably
on the fracture performance of these materials. As will be reflects plastic deformation energy in the process (or stress
shown, the specific fracture energy of the materials used inwhitened) zone surrounding the fracture surface. This
this study is more closely a function of ligament length than analysis method is introduced as an adaptation of the
area. By plotting the normalized fracture energy as a func- EwF concept to facilitate the performance evaluation of

tion of ligament length, it is recognized that the intercept super tough blends with thick parts and at high speeds.
and slope may not be equal @ and Bw, since the test

conditions and sample geometries employed do not conform

exactly to the yielding criterion required in the EWF analy- 3. Compatibilization of PC/ABS using SAN-amine

sis. Therefore, we have defined the intercepg =

limgy_o(U/A), simply as the limiting specific fracture Reactive compatibilization of polymer blends by the in
energy, and the slopey = d(U/A)/d€, as the dissipative  situ formation of block or graft copolymers reduces

30 — 7T 7T —
F 16% rubber in ABS —4— H-PC ]
Brabender 270°C, 60 RPM H-PC/ABS38
+1%SAN-amine | 1
— —e— H-PC/ABS38
€ r —¥— ABS38
=
= 20 |
[«}]
=}
o
e
o
= %PC
o 100
2
o 10 -
2
o
m 70
0
0 S U N TR S S RS S S S NS ST S B S S S
0 5 10 15 20 25

Time (minutes)

Fig. 3. Brabender torque versus time for H-PC, ABS38, and H-PC/ABS38 (70/30) blends with and without SAN-amine compatibilizer mixe€aatd?d0
rotor speed of 60 rpm (16% rubber in ABS phase).
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Fig. 4. Schematic of Dynatup single edge notch three point bend (SEN3PB) experimental configuration (10 kg tup at a test velocity of 3.5 m/s) [28].

interfacial tension, introduces a steric hindrance to coales- 4. Experimental
cence and can improve the interfacial adhesion between
phases. Chemical schemes for the compatibilization of 4.1. Materials
polyamide blends using maleated rubber modifiers are
well known [32—41]; however, the absence of functional  Details of the PC and SAN polymers employed in this
chain ends on PC does not provide a straightforward routearticle are shown in Table 2. The designation for each
for compatibilization of its blends. The formation of SAN- commercial PC is based on its relative molecular weight;
g-PC copolymer at the PC/SAN interface is accomplished e.g., very high molecular weight polycarbonate (VH-PC).
through the chemical scheme shown in Fig. 2 [42]. The Commercial SAN copolymers containing 32.5% AN
SAN-amine polymer is synthesized by reacting a styrene/ (SAN32.5) and 25% AN (SAN25) were used; the function-
acrylonitrile/maleic anhydride (67/32/1) terpolymer with alized SAN-amine polymer was described in a previous
1-(2-aminoethyl) piperazine in a reactive processing article [42]. Table 3 describes the characteristics and suppli-
scheme. The SAN-amine polymer is miscible with the ers of the ABS and the acrylate—styrene—acrylonitrile
SAN matrix of ABS and reacts with PC as shown. The (ASA) materials used in this article; each is designated by
graft copolymer formed was shown to reduce the SAN the type of material followed by its as-received rubber phase
dispersed phase particle size for different blend composi- concentration. The ABS and ASA materials employed in
tions, AN contents of the SAN, PC molecular weights and this article represent different rubber concentrations
processing conditions [42—44]. The purpose here is to (16%—-45%), AN contents (24%-32%), rubber types
examine the effects of reactive compatibilization on the (acrylate- and butadiene-based elastomers), and manufac-
morphology dependent fracture properties of PC/ABS turing processes (bulk and emulsion polymerization). All
blends. materials were dried in a vacuum oven af@dor at least

12 h before melt processing. Fig. 3 shows Brabender torque

as a function of time for H-PC, ABS38 diluted to 16%

i ! Gate-end ! Far-end j rubber, and 70/30 blends of these materials with and without
: ' 1% SAN-amine. As seen in Fig. 3, the melt viscosity of PC/
24 mm 34 mm ABS blends can be significantly lower than for PC which is
130 mm

an important processing advantage of these materials.

Fig. 5. Schematic of injection molded fracture bar indicating gate and far Ble.nds were prepared by melt mixing at 40 rpm in aKill-
end fracture specimens; thicknesses of 3.18 mm and 6.35 mm were used.iOn single screw extrude.(D = 30, 25.4 mm diameter)
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Fig. 6. Fracture energy as a function of ligament area for (a) ABS45 (45% rubber) and (b) H-PC/ABS38 (70/30) with 16% rubber in the ABS phase for thin
(3.18 mm) and thick (6.35 mm) samples with a sharp notch.

outfitted with an intensive mixing head. Low rubber content variability is greater near transition regions. Standard
ABS materials were made by blending virgin ABS with notch test bars (thicknesss 3.18 mm) conformed to
SAN25 or SAN32.5, corresponding to the AN content of ASTM D 256. Liquid carbon dioxide was used to cool
the ABS material to be diluted. The ABS pellets of reduced samples for low temperature impact testing and a thermo-
rubber concentration were then molded into test specimenscouple implanted in a neighboring test specimen was used to
or blended with PC. PC/ABS blends were prepared by monitor the temperature.

blending PC with either a virgin ABS or a diluted ABS.
ABS materials were processed at 200while PC/ABS
blends were processed at 2Z0 There was no significant

difference in the morphology or properties of blends Instrumented impact tests were made using a Dynatup
prepared by pre-blending compared with those mixed in a Drop Tower Model 8200 with a 10 kg weight at a fracture
one step process. Test specimens for mechanical propertyelocity of 3.5 m/s as shown in Fig. 4 [28]. The single notch,
evaluation were produced using a 75 ton Arburg Allrounder three-point bend (SEN3PB) specimen geometry is described
305 screw injection molding machine. in Table 1 and Fig. 1. Between 24 and 36 samples (one half
Izod impact testing was performed using a TMI 15J gate-end and one half far-end specimens as shown in Fig. 5)
pendulum type tester. The impact strength data representwvere tested with original ligament lengths between 2 and
average values of at least six test specimens. Standardl0 mm, (0.2—0.8)W. A sharp notch was made by pressing a
deviations for these data are typically5%, but the fresh razor blade cooled in liquid nitrogen into the root of

4.2. SEN3PB methodology
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Fig. 7. Fracture energy as a function of ligament length for (a) ABS45 (45% rubber) and (b) H-PC/ABS38 (70/30) with 16% rubber in the ABS phase for thin
(3.18 mm) and thick (6.35 mm) samples with a sharp notch.

the notch. Fracture energy was calculated from the inte- were prepared using a Reichert-Jung Ultracut E at a sample
grated area under the load-deflection curves. Although temperature of-10°C using a knife temperature 6f45°C.

Izod impact testing of these super tough materials resulted The butadiene rubber phase of the ABS was stained
in partial breaks with significant unbroken ligaments, (black in TEM photomicrographs) by exposing microtomed
Dynatup testing of SEN3PB samples led to complete breakssections to the vapor of a 2.0% aqueous solution of 260

or hinged ligaments that were generally 0.25 mm or smaller room temperature for 18 h. The PC phase of the blends was
in length. The test apparatus and methodology are describedgreferentially stained (gray in TEM photomicrographs) by
in more detail in previous articles from this research group exposing the ultra-thin sections to the vapors of a 0.5%

[27,28]. aqueous solution of Rufat room temperature for 9 min
after staining with Os@ The dual staining technique
4.3. TEM analysis provides effective contrast between all three phases in the

blend: PC, SAN and rubber. Staining with RuGefore
Transmission electron microscopy (TEM) was used to OsQ, resulted in poor phase contrast; the presence of
examine the morphology of the melt processed blends of RuQ, seems to reduce the effectiveness of Qa®a stain-
PC/ABS and PC/ABS/SAN-amine. Injection molded speci- ing agent. Blends of PC with ASA were stained in a one step
mens were microtomed with a diamond knife perpendicular process which provided contrast between all three phases by
to the plane of flow in the center of the test sample. The exposing ultra-thin sections to the vapors of a 0.5% aqueous
cryogenically microtomed sections, about 20 nm thick, solution of RuQ at room temperature for 8 min. The use of
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Table 4

Fracture properties of polycarbonate materials

6.35 mm Specimens

3.18 mm Specimens

Standard notch Sharp notch

Sharp notch

Standard notch

Ductile—britttee Stradhafracture parameters

Izod impact Strengtn (J/m) 1zod impact strength (J/m)

I1zod impact strength (J/m)

Ductile—brittle

transition

I1zod impact strength (J/m)

PC

transition

Ug (MI/m®)

Uo (KJI/m?)

temperature®C)

temperature®C)

4.5

>60
>60
>60
>60

50
45

245
225
200
145

95
90
85
75

—42
-40
-30
-10

VH-PC 1000
H-PC
M-PC
L-PC

4.3

980
880
790

25

40

G. Wildes et al. / Polymer 40 (1999) 7089-7107

25

30

RuGQ, to stain acrylate-based rubber has been reported else-
where in the literature [45,46]. TEM imaging was done on a
Jeol 200CX microscope operating at 120 keV.

5. Fracture evaluation of PC/ABS blends
5.1. Effect of sample thickness

Fig. 6(a) and (b) show the fracture response as a function
of ligament aread = £t, for ABS45 and H-PC/ABS38 (70/
30) blends at two different sample thickness. These two
plots suggest that the intercepyis relatively independent
of sample thickness for the test methodology and specimen
geometry used in this article. However, as seen in Fig. 6(a),
the slope is decreased by a factor of three when the speci-
men thickness is doubled. Figs. 7(a) and (b) show that plots
of fracture energy versus ligament lengfh= W — a, rather
than area result in a slope that is relatively independent of
sample thickness compared to plots of fracture energy as a
function of ligament area. This suggests that the fracture
energy for these materials and testing conditions is more
truly a function of ligament length than ligament area.

5.2. Effect of PC molecular weight

The fracture characteristics of the PC materials used in
this article are given in Table 4. Increased PC molecular
weight results in higher impact strength for 3.18 mm and
6.35 mm specimens with both standard and sharp notches.
Thin (3.18 mm) samples with a standard notch are super
tough at room temperature while all samples with a sharp
notch have lzod impact strengths less than 100 J/m. Thick
specimens (6.35 mm) failed in a brittle manner for both
standard and sharp notch samples; samples with standard
notches exhibited Izod impact strengths approximately
five times higher than those with sharp notches. The fracture
surface of thick specimens showed that samples with stan-
dard notches had a larger rough area near the original crack
tip; the greater surface roughness could account for the
higher impact energies observed. The limiting specific frac-
ture energyu,, and the dissipative energy density, were
calculated by plottindJ/A as a function of ligament length
for specimens 6.35 mm thick. All four PC materials resulted
in plots of U/A versus€ with zero slope, i.eug = 0; Ug
ranged from 4.5 for the highest molecular weight to
2.5 kJ/nf for the lowest molecular weight PC.

The values ofu, obtained here are similar to related
parameters reported in other studies; Paton and Hashemi
[17] reported a plane-strain specific work of fracture of
3 kJ/n? and a specific work of fracture initiation of 4.3 kJ/
m? using the EWF method. Plati and Williams [47], and
later Singh and Parihar [48], reported values of 4.8 and
6.13 kJ/nf, respectively using thel-integral technique.
Each of these testing methods characterizes the plane-strain
fracture response of materials; therefore, calculations were
done to confirm that the tests described in this article were
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Fig. 8. 1zod impact strength of PC/ABS16 (70/30) blends as a function of temperature for VH-PC, H-PC and M-PC using thin (3.18 mm) samples with a
standard notch.

also done under plane-strain conditions. The load versustemperature using thin (3.18 mm) samples with a standard
time data from the Dynatup was used to estimate the strainnotch. As seen in Fig. 8, higher PC molecular weights lead
rate during testing, approximately 150's the effective to higher impact strengths and lower ductile—brittle transi-
yield stressoy = 79 MPa at this rate was calculated using tion temperatures in these blends. Although the impact
an Eyring plot for PC [49]. Using a published value of the strength of the neat PC materials was higher than the corre-
stress intensity factor oK. = 2.24 MPa ni? from Ref. sponding PC/ABS16 (70/30) blend for thin (3.18 mm)

[50], the minimum specimen thickness defined by samples, all PCs were brittle in thick (6.35 mm) sections
) while the blends werdgough. H-PC was chosen for all
tmin = 2.5(Ka/ay) (6) further blend studies because of its combination of low
temperature toughness and lower melt viscosity compared

for plane-strain fracture conditions as recommended by

ASTM is calculated to be approximately 2 mm. Thus, the

use of the 6.35 mm specimen thickness assures plane-strain

fracture for PC as used in this article. 5.3. Effect of ABS material on PC/ABS blend properties
Fig. 8 shows the Izod impact strength of PC/ABS16

(70/30) blends with three different PCs as a function of  Table 5 shows the impact fracture characteristics of the

to VH-PC.

Table 5
Fracture property comparison of ABS and ASA materials

3.18 mm 6.35 mm
Standard notcni Standard notch Sharp notch
Plane strain fracture parameters

Polymer Izod impact strength (J/1.., Izod impact strength (v Uo (KJI/m?) Ug (MI/m®)
ABS16 340 235 22 0
ABS38 540 270 155 1.0
ABS45 550 340 10.0 2.7
ASA46 540 340 16.6 1.9
ABS50 520 340 10.2 2.6
ABS16 235 22 0
ABS38 65 6.8 0
ABS45 80 8.6 0
ASA46” 85 8.9 0

2 Properties of the ABS or ASA materials indicated after blending with appropriate SAN copolymers to obtain a final rubber content of 16% by weight.
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Table 6
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1000 T — T T T
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2 800 [ =
- I ABS45
-— r =
D A/A—-'—
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g ooy ]
@ . ABS38
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g 4001 ABS16 ]
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N 200 [ H-PC/ABS (70/30)
i Thickness = 3.18 mm |
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Fig. 9. Izod impact strength of H-PC/ABS (70/30) blends for thin (3.18 mm) samples with a standard notch.

Fracture properties of H-PC/ABS38 blends with 16% rubber in the ABS phase

H-Pc/ABS38 blend

3.18 mm

6.35 mm

Standard notch

Standard notch

Sharp notch

Ductile—brittle

Izod impact Strength (J/m)

Ductile-brittle

1zod impact Strength (J/m)

Plane strain fracture parameters

transition transition
temperature°C) temperature°C) Ug (KI/m?) Ug (MI/m®)
100/0 —-40 980 >60 225 4.3 0
70/30 —24 785 10 675 18.7 4.4
50/50 -18 775 -10 440 195 3.4
0/100 250 55 65 6.8 0
100 —— e,
| H-PC/ABS38 (100-X/X)
Thickness = 6.35 mm
— Sharp notch
e 80 30% ]
5 ]
=
<
S 60 -
> 50%
=
g 40 _
w J
o
2 e
= 100%
§ 20 ~
m -
E Ak A AA 4 LA AAA AA A 0 %
0 ' : 1 L L L
0 5 10 15

Ligament length, £ (mm)

Fig. 10. Dynatup fracture energy for H-PC/ABS38 blends as a function of ligament length for thick (6.35 mm) samples with a sharp notch.
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Fig. 12. Dynatup fracture energyfA) of H-PC, ABS38 and H-PC/ABS38 blends with 16% rubber in the ABS phase for thick (6.35 mm) samples with a sharp
notch and a ligament length of 10 mm.

Table 7
Comparison of PC/ABS and PC/ASA (70/30) blends with 16% rubber in the ABS phase

3.18 mm 6.35 mm

Standard notch Standard notch Sharp notch
Blend (70/30) Ductile—brittle Izod impact strength (J/m) Izod impact strength (J/m) Plane strain fracture parameters
(16% rubber transition
in ABS) temperature°C) Uo (KI/mP) Ug (MI/m?®)
H-PC/ABS16 -23 770 535 11.2 55
H-PC/ABS38 —24 785 675 18.7 4.4
H-PC/ABS38 —26 775 670 18.9 4.4
(+1%SAN-
amine)
H-PC/ABS45 —-29 790 725 16.7 55
H-PC/ASA46 —-24 900 745 13.6 5.1

§00 g 1000 ——————————
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T
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Fig. 13. Ductile—brittle transition temperature as a function of rubber Fig. 14. Izod impact strength as a function of rubber content in the ABS
content in the ABS phase for H-PC/ABS38 (70/30) blends using thin phase for H-PC/ABS38 (70/30) blends using thin (3.18 mm) and thick
(3.18 mm) samples with a standard notch. (6.35 mm) samples a standard notch.
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Fig. 15. Fracture energy as a function of ligament length for H-PC/ABS38 (70/30) blends with varying rubber concentrations in the ABS phase for thick
(6.35 mm) samples with a sharp notch.
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Fig. 16. Dissipative energy density, of far-end and gate-end specimens (6.35 mm thick, sharp notch) as a function of rubber content in the ABS phase for H-
PC/ABS38 (70/30) blends using thick (6.35 mm) samples with a sharp notch.

different ABS and ASA materials used in this study. As
previously discussed, each material has a different rubber
concentration and morphology. For comparison, two sets of
fracture properties are reported for these materials, the as-
received materials and these materials diluted with the appro-
priate SAN to a fixed (16%) rubber concentration. As might be
expected, the materials with high rubber contents have some-
what higher 1zod impact strength values for both 3.18 and
6.35 mm specimens. The mass produced ABS16 has the high-
estu, while the high rubber content emulsion materials have
higher values ofy;. At a fixed rubber content of 16%, only
ABS16 shows high values ofimpact strength for thick samples Fig. 17. Schematic of SEN3PB fracture specimen indicating oStand

(6-_35 mm) and was the only material to exhibit any Stress inner,s, stress whitened zone sizes measured after cryo-fracturing one half
whitening near the fracture zone. of the sample.
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I e e —— (6.35 mm) with sharp notches. Blends of H-PC with 30%
. H-PC/ABS38 (70/30) : and 50% ABS38 exhibited superior toughness at all liga-

Thickness = 6.35 mm
L ] ment lengths compared to unblended H-PC and ABS38.
However, to effectively compare the extent of toughening

i provided by different ABS and ASA materials, each mate-

[ Izod
Standard notch

E Dynatup ] rial .was diluted with _SAN tp give the same rubber concen-
E Gate end Sharp notch | tration before blending with H-PC. The effect of blend
2B ] composition on the fracture properties of blends of H-PC

1L i with ABS16, ABS38, ABS45 and ASA46 at a fixed rubber

content of 16% in the ABS phase are compared in Fig.
11(a)—(c). Fig. 11(a) shows the thick (6.35 mm) specimen
Izod impact strength as a function of ABS content in H-PC
0 b Ferend y ] blends. While 70/30 blends of H-PC with ABS16, ABS45,
0 10 20 30 40 ABS38, and ASA46 are all super tough, blends with ABS45,
o . ABS38, and ASA46 have superior fracture properties for
% Rubber in ABS phase blends with 50% PC. As seen in Fig. 11(c), very tough
Fig. 18. Outer stress whitened zone sigeas a function of rubber content ~ blends with corresponding high values of can be
in the ABS phase for H-PC/ABS38 (70/30) blends using thick (6.35 mm) produced from H-PC and ABS materials that are brittle or
samples with standard and sharp notches. semi-brittle under the test conditions used in this study and
haveuq = 0. I1zod values seem to be more dependent on the
Izod impact strength of blends of H-PC with ABS16, slope,ugy, than the interceptu,, of U/A versus£ plots.
ABS38, and ABS 45 using thin (3.18 mm) samples are However,u, does clearly affect impact strength as seen by
shown in Fig. 9. While all three blends have similar room comparing the various ABS materials shown at 0% PC in
temperature impact strength, the blends with higher rubber Fig. 11(a)—(c).
content ABS materials have superior low temperature Addition of ABS38 to H-PC reduced the room tempera-
toughness compared to the blend with ABS16; the blend ture 1zod impact strength and increased the ductile—brittle
of H-PC/ABS45 (70/30) was ductile te 70°C which was transition temperature for thin (3.18 mm) samples, but
the limit of the CQ cooling apparatus used in this study. significantly increased the 1zod impact strength, decreased
ABS50 was not used for blending with PC because it has the ductile—brittle transition temperature and increased
been previously shown to severely degrade PC at processindoth uy anduq for thick (6.35 mm) samples. Fig. 12 clearly

Outer stress whitened zone size

temperature [51]. shows the synergistic effect of blending H-PC with ABS38
containing 16% rubber in the ABS phase. H-PC/ABS38
5.4. Effect of blend composition blends exhibited greater toughness at all temperatures

compared to the wunblended materials using thick
The fracture characteristics of H-PC, ABS38 and H-PC/ (6.35 mm) samples. A more detailed analysis of the frac-
ABS38 blends are shown in Fig. 10 for thick samples ture properties of H-PC/ABS38 blends with a fixed rubber

6 T T = T T T T T
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Dynatup, gate end o ®
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Sharp Notch . °
[ ]
4 -
E
-
=
et [ ]
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Outer stress whitened zone size, S (mm)

Fig. 19. Dissipative energy densityg] versus. outer stress whitened zone sg&eysing thick (6.35 mm) samples with a sharp notch.
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Fig. 20. Dissipative energy densityyf as a function of rubber content of the ABS phase for H-PC/ABS38 (70/30) blends with 1% SAN-amine compatibilizer
using thick (6.35 mm) samples with a sharp notch.

content of 16% in the ABS phase is summarized in Table with SAN32.5. Fig. 13 shows that for thin samples with a
6. standard notch increasing the rubber concentration in the

ABS phase above the critical rubber concentration (10%)
5.5. Effect of ABS type on the fracture properties of PC/ABS gradually decreases the ductilebrittle transition tempera-
(70/30) blends ture of the blend. Decreasing the rubber concentration
below 10% in the rubber phase significantly increases the
ductile—brittle transition temperature to over°60for H-
PC/SAN32.5 (0% rubber).

Fig. 14 shows that for room temperature toughness there
is a critical rubber concentration in the ABS phase. For thick
(6.35 mm) samples with a standard notch, this critical
rubber concentration was found to be 10% rubber in the
ABS phase (3% total rubber in the blend), while thin
(3.18 mm) samples with a standard notch were tough even
at 5% rubber in the ABS. At the critical rubber concentra-
tion for thick samples, the gate end of the specimen exhib-
ited tough behavior with significant stress whitening but the
far end of the specimen was only semi-tough and showed
areas of brittle fracture. The ductile—brittle behavior for
thick specimens is also shown in Fig. 15 by plotting
Dynatup fracture energy as a function of ligament length.
The slopeuyy, of theU/A versus? plot for H-PC/ABS38 (70/

30) as a function of rubber concentration is shown in Fig.
16; this parameter seems closely related to 1zod impact
strength asuy is zero until the critical rubber content is
reached where there is a step change in value followed by
a gradual increase with rubber concentration.

Many tough polymeric materials exhibit a stress whitened
zone, which surrounds the fracture surface. The size of this
stress whitened zone can be measured perpendicular to the
fracture surface; however, the extent of stress whitening in
5.6. Effect of rubber content in ABS the interior of thick specimens is not necessarily the same as

seen on the surface of the sample because of volumetric

The rubber concentration in the ABS phase of H-PC/ constraints on the material during loading. In thick speci-
ABS38 (70/30) blends was varied by pre-blending ABS38 mens like those used here, plane strain conditions tend to

Table 7 compares the fracture behavior of H-PC blends
with different ASA and ABS materials at a fixed blend
composition of 70% PC and with a total rubber concentra-
tion of 4.8%. To produce a mixture with this rubber concen-
tration, blends of H-PC/ASA and H-PC/ABS with 70%
H-PC were diluted with SAN to give a rubber concentration
of 16% rubber in the ABS and ASA phase. At this fixed
blend composition and rubber content, the emulsion-made
ABS and ASA materials exhibit superior toughness when
blended with PC. Blends of H-PC with ABS45 at this low
total rubber concentration (4.8%) had both the lowest
ductile—brittle transition temperature and the highest value
of uyg. Blends of ABS16 with H-PC are also very tough;
however, this mass-made ABS leads to lower fracture
energies for thick specimens compared to blends of
ABS38, ABS45, and ASA46 with H-PC. The use of
butyl acrylate rubber instead of butadiene rubber in
ASA materials significantly improves weatherability but
might be expected to result in inferior impact properties
under certain conditions because of the highgiof the
rubber phase. However, the blend of H-PC with ASA46
exhibited the highest impact strength for thin (3.18 mm)
samples, similar ductile—brittle transition temperatures as
blends of H-PC with ABS, and excellent thick specimen
fracture characteristics.
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Fig. 21. Fracture energy as a function of ligament length for (a) H-PC/ABS38 (70/30) and (b) H-PC/ABS38 (70/30) using 1% SAN-amine compatibilizer, wi
10% rubber in the ABS phase for thick (6.35 mm) samples with a sharp notch.

exist in the interior of the sample while the surface experi- in this range. These seemingly contrary observations can be
ences plane stress conditions. The relationship between thexplained by the fact that while the outer stress whitened
outer © and inner §) size of the stress whitened zone is zone size §) increases, the inner size of the zor®) (is
schematically shown in Fig. 17 where one half of the nearly constant for rubber concentrations greater than
SEN3PB specimen was fractured after cooling in liquid 10%. Therefore, both the fracture energy and the total
nitrogen to expose the cross-sectional area of the samplevolume of stress whitened material change only nominally
Fig. 18 shows the outer stress whitened zone strag a above the critical rubber concentration. The relationship
function of rubber concentration for both standard and sharp between these parameters is shown in Fig. 19 with a linear
notch thick (6.35 mm) samples. The size of the stress dependence afy on the outer stress whitened zone size of
whitened zone was measured as the maximum width of thick (6.35 mm) Izod specimens.

the zone perpendicular to the crack on the outer surface of

the specimen as shown in Fig. 17. Fig. 18 shows a similar 5 7 Effect of reactive compatibilization

dependence on rubber content as that seen in Figs. 15 and 16

with the same critical rubber concentration (10%). Above  Comparison of Figs. 20 and 16 shows that incorporation
10% rubber, the stress whitened zone size increases almosdf 1% SAN-amine in a 70/30 blend of H-PC/ABS38 signif-
linearly with rubber concentration, while the impact icantly improves the fracture toughness of the far end of the
strength andy, are relatively independent of rubber content injection molded sample. The difference in fracture
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Fig. 22. TEM photomicrographs showing the morphology of the (a) far-end and (b) gate-end of injection molded bars for uncompatibilized H-PGBABS38 (7
30) blends with 10% rubber in the ABS compared to (c) far end and (d) gate-end of H-PC/ABS38 (70/30) blends with 10% rubber in the ABS compatibilized
using 1% SAN-amine.

properties between the far and gate ends of thick (6.35 mm)phase was well dispersed in the thin samples and the gate-
samples for blends with 10% rubber in the ABS phase is end of the thick samples as shown in Fig. 22(b). This
seen in Fig. 21(a) and (b). This difference was thought to be suggests that ABS can be well dispersed in PC without
the result of morphological rearrangements in the mold the aid of a compatibilizer, but the poor dispersion seen in
during the filling and cooling cycles. The effect of reactive Fig. 22(a) results from the morphological instability of
compatibilization using the previously described SAN- uncompatibilized PC/ABS blends. The morphology of the
amine polymer on the morphology development and compatibilized blend is much more stable.

stability of PC/SAN was examined in two previous articles

[43,44]. Although compatibilized and uncompatibilized

blends exhibited similar morphologies and properties for 6. Conclusions

thin (3.18 mm) samples, there were significant differences

for thick injection molded specimens. Figs. 22(a)—(d) show  The fracture of thin (3.18 mm) and thick (6.35 mm)
the dramatic difference between the morphology of the far specimens of PC, ABS and PC/ABS blends with both stan-
ends of the injection molded 6.35 mm samples for compa- dard and sharp notches was examined by standard Izod and
tibilized and uncompatibilized H-PC/ABS38 at the critical single edge notch three point bend (SEN3PB) instrumented
rubber concentration (10% in the ABS phase). The ABS Dynatup tests. Ligament lengths were varied for SEN3PB
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Fig. 22. continued

samples and the corresponding fracture data were repre- The incorporation of 1% of an SAN-amine compatibili-
sented by plotting the specific fracture energy/A) as a zer produced tough samples for both far and gate-end
function of ligament length{). Blends of PC with ABS or ~ samples at the same rubber concentration. TEM analysis
acrylate—styrene—acrylonitrile (ASA) were found to be of the blend morphology confirmed that the lowered
super tough for thick and thin samples with both standard fracture toughness in the far-end of the uncompatibilized
and razor notches. These blends had higher fracture energgpecimens was because of the formation of large ABS
values at zero ligament length, interceptu,, and dissipa- domains caused by coalescence during the injection mold-
tive energy densities, slope ug, compared to either PC or  ing cycle; both the gate and far-end of the compatibilized
ABS materials. Neat PC materials with higher molecular blend had small, well dispersed ABS domains. Izod impact
weight have larger intercepts but they remain independentenergy andiy were shown to be directly proportional to the
of ligament length, i.e., the slope ag remains 0. For PC/  stress whitened zone size surrounding the fracture surface
ABS (70/30) blends, a critical rubber concentration of 10% of the samples. The presence of a stress whitened zone
in the ABS phase (3% total rubber in the blend) was found seems to be a necessary but not sufficient requirement for
where the far-end of thick (6.35 mm) injection molded bars a material to exhibit a significanty; there were some
were brittle (i3 = 0) and the gate-end was tough (> 0); blends with a stress whitened zone huyt = 0, while

Uq increased with increasing rubber content above this criti- there were no blends with a positivg without a stress

cal value. whitened zone.
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