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SYNOPSIS

The morphology and the mechanical properties of polycarbonate (PC) blends with different
acrylonitrile-butadiene-styrene (ABS) materials were investigated. PC/ABS blends based
on a mass-made ABS with 16% rubber and large (0.5-1 um) rubber particles are compared
to blends based on an emulsion-made ABS with 50% rubber and small, monodisperse (0.12
um) rubber particles over the full range of blend compositions. The blends with the bulk
ABS showed excellent impact strength for most compositions, and those containing 50 and
70% PC exhibited ductile to brittle transition temperatures below that of PC. The blends
with the emulsion ABS showed excellent toughness in sharp notch Izod impact tests at
room temperature and in standard notch Izod impact tests at low temperatures near the
T, of the rubber. By melt blending the various ABS materials with a styrene-acrylonitrile
(SAN 25) copolymer, materials with lower rubber concentrations were obtained. These
materials were used in blends with PC to make comparisons at constant rubber concen-
trations of 5, 10, and 15%. The results of this investigation show that brittle ABS materials
can produce tough PC-ABS blends. It is apparent that small rubber particles toughen PC-
ABS blends at lower rubber concentrations and at lower temperatures than is possible with
large rubber particles. However, additional work is needed to understand the nature of
toughening in these PC-ABS blends with different rubber phase morphologies. It is of
particular interest to understand the exceptional ductility of some of the blends at low
temperatures. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Polycarbonate (PC) blends with acrylonitrile-bu-
tadiene-styrene (ABS) materials are commercially
important plastics that have been found to be useful
in many molding applications, particularly in the
automotive industry. These blends are successful
because they economically combine some of the best
properties of the components, e.g., excellent impact
strength (including improved notch sensitivity and
thick section toughness), high heat distortion tem-
perature, and relatively low melt viscosity for im-
proved processibility. Over the past 30 years, many
patents have been issued covering PC-ABS blend
technology. The first U.S. patent was issued to
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Grabowski® in 1964. More recent U.S. patents cover
various novel compositions, processes, and appli-
cations.z1®

There are two main types of ABS used in PC-
ABS blends.'® Mass or bulk ABS is made by poly-
merizing styrene and acrylonitrile monomers in the
presence of a dissolved butadiene-based rubber to
which some grafting occurs. As the styrene—acry-
lonitrile (SAN) copolymer is formed, phase sepa-
ration occurs followed by phase inversion, trapping
some SAN within the rubber phase. The resulting
rubber particles have SAN occlusions and are rel-
atively large (0.5-1 um). The amount of rubber that
can be incorporated into mass-produced ABS is
limited by viscosity to about 18% by weight. Emul-
sion-produced ABS is made by a two-step polymer-
ization. First butadiene is polymerized to form a
rubber; often it is a butadiene-based copolymer. Next
styrene and acrylonitrile are polymerized in the
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presence of the butadiene-based rubber particles to
produce the SAN-grafted rubber and the SAN ma-
trix. The resulting rubber particles are typically
small (0.1-0.5 um), although larger particles with
small SAN occlusions can be produced through
variations of this process. The emulsion process can
produce ABS materials with high rubber concentra-
tions. Often these high rubber content materials are
blended with SAN or other ABS materials to achieve
desired properties by varying the rubber concentra-
tion and particle size distribution.

A number of studies have been published on PC
blends with ABS.1"-38 Also blends of PC with related
materials such as SAN,**%2 methacrylate-buta-
diene-styrene (MBS) emulsion-made core-shell
rubber modifiers,”*®® and other impact modifiers®
have been investigated. Although several studies us-
ing commercial PC-ABS blends have been pub-
lished,?325¢ no direct comparisons of blends based
on emulsion versus bulk ABS appear to be available.

PC-ABS blends exhibit excellent mechanical
properties and provide processing advantages over
pure polycarbonate. Several studies report on trends
of impact strength and break strain with respect to
blend composition.}7192%23,29.30,3537Th e ohserved dif-
ferences in properties can be attributed in part to
ABS rubber composition and ABS rubber particle
type. Other factors affecting the phase morphology
and mechanical properties of PC-ABS and related
blends include PC molecular weight,* processing
conditions,??"35¢ and thermal history.5**%*5 Some
reports have focused on the fracture mechanisms
of PC-ABS and related blends, concluding that
both cavitational processes and shear yielding are
involved.242831,37-39,41,4548,49.55.58 egt variables that
can affect the mechanical behavior include strain
rate, temperature, section thickness, and notch ra-
dius. Variables affecting the intrinsic toughness of
a blend include composition, the component molec-
ular weight and properties, the domain size and size
distribution, molecular orientation, and the inter-
facial adhesion and molecular interactions between
the phases. Interfacial adhesion, resulting from the
segmental interactions between the PC and SAN
phases, 1s of critical importance in PC-ABS blend
toughening. Polycarbonate and SAN have been re-
ported to be partially miscible based on observed
shifts in the T,’s of the individual phases and on
theoretical calculations,*®*® but recently it has been
shown that the partial miscibility is limited, and the
shifts in T,’s can be mostly attributed to oligomers
partitioning between the SAN and PC phases 434
The interfacial adhesion between PC and SAN has

been found to be maximum at approximately 25%
AN in SAN,*4%6 which interestingly is close to that
used in most ABS materials. The level of PC-SAN
interfacial adhesion is sufficient such that useful
products can be formed without the aid of any com-
patibilizer contrary to experience with blends of ABS
with other polymers like nylon or polyester.

The purpose of this study is to investigate the
morphology and the mechanical properties of PC-
ABS blends based on different types of ABS mate-
rials. First, binary blends of PC with SAN 25 and
two ABS materials representing extremes in rubber
content and rubber particle type are considered, viz.,
a bulk-made ABS with 16% rubber and an emulsion-
made ABS with 50% rubber. PC-SAN 25 blends
show the limiting case of 0% rubber content in the
ABS. The effect of rubber particle type in ABS is
examined by comparing blends of PC with three dif-
ferent materials where the rubber contents have
been made equal by dilution with SAN 25. At each
PC-ABS blend ratio, the mechanical properties are
presented as a function of rubber content in the ABS
phase. This approach allows some comparisons be-
tween different rubber particle sizes and distribu-
tions.

EXPERIMENTAL

Materials

Table I describes the materials used in this study
and gives their melt rheological characteristics.
Rheological properties of PC-ABS blends have been
described more fully elsewhere.!”1821:353¢ Tqgrque
measurements were recorded at 270°C and 60 rpm
in a Brabender Plasticorder with a 50-mL head and
standard rotors. Calibre 200-3 is a high-molecular-
weight polycarbonate, chosen to provide the best
mechanical properties and to minimize the effects
of degradation that might occur during processing.
Magnum 541 (ABS 541) is a bulk-produced material
containing 16% rubber by weight. The rubber par-
ticles in ABS 541 are polydisperse and typically 0.5
1 um in diameter. DP-611 (ABS 611) and graft rub-
ber concentrate (GRC) (ABS GRC) are emulsion-
produced ABS materials containing 40 and 50%
rubber, respectively. The rubber particles in ABS
611 are polydisperse comprising mostly small par-
ticles (0.1-0.3 um in diameter) with some larger ones
(approximately 1 um in diameter) that contain SAN
occlusions. The rubber particles in ABS GRC are
relatively monodisperse and small (0.12 um diam-
eter). Tyril 1000 (SAN 25), a high-molecular-weight



Table I Materials Used in This Study
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Brabender®
Molecular Torque
Polymer Designation Description Composition® Weight® (N -m) Source

PC Caliber 200-3 Polycarbonate of M, = 13,400 16.4 Dow Chemical
bisphenol A, 1, = 36,000 Co
MFI = 3

ARBS 541 Magnum 541 Mass-produced ABS 16% ruber M, = 59,000 3.6 Dow Chemical

25% AN in SAN M, = 140,000 Co.

ABS 611 DP-611 San-grafted 40% rubber n.a 10.5 Japan Synthetic
emulsion rubber, 25% AN in SAN Rubber
polydisperse

ABS GRC GRC SAN-grafted 50% rubber n.a 18.2 Dow Chemical
emulsion rubber, 25% AN in SAN Co.
monodisperse

SAN 25 Tyril 1000 Styrene— 25% AN M, = 717,000 2.4 Dow Chemical
acrylonitrile 1, = 152,000 Co.
copolymer

® Weight %.

Y n.a. = not available.

¢ Bradender torque recorded after 20 min at 270°C and 60 rpm.

copolymer containing 25% AN, was chosen to lower
the rubber concentration in ABS to a desired level.
The SAN component of each ABS material contains
close to 256% AN, assuring miscibility with SAN
25.8981 The ABS materials were selected from those
available after completing a series of exploratory
blends to determine their chemical compatibility
with PC.%2

Blend Preparation

Low rubber content ABS materials were made by
blending ABS with SAN 25. The ABS pellets of re-
duced rubber concentration were then molded into
test specimens or blended with PC. The PC-ABS
blends were prepared by blending PC with either a
virgin ABS or an ABS preblend; no blends were
made by simultaneous mixing of the three compo-
nents. Blends were prepared by melt mixing in a
Killion single-screw extruder (L/D = 30, 2.54 cm
diameter). Prior to melt blending or injection mold-
ing all polymers were dried in a vacuum oven over-
night at 75°C. Test specimens for mechanical prop-
erty evaluation were produced using an Arburg All-
rounder 305 screw injection molding machine. ABS-
SAN 25 blends were processed at 180°C unless oth-
erwise noted, and PC-ABS and PC-SAN blends
were processed at 270°C (mold temperature = 65°C).
Other molding parameters were held constant for
all blends.

Mechanical Testing

Izod impact testing was performed using a pendu-
lum-type tester. The impact strength data represent
average values of at least four test specimens. Stan-
dard deviations for these data are typically +5%,
but the variability is greater in ductile to brittle
transition regions. Standard notch test bars (thick-
ness = 3.18 mm) conformed to ASTM D 256. Sharp
notch specimens were prepared by pressing a new
razor blade into the center of the machined standard
notch. Low-temperature impact testing was per-
formed on bars with standard notches. Liquid carbon
dioxide was used to cool the bars, and a thermo-
couple implanted in a neighboring test specimen was
used to monitor the temperature. Tensile tests were
performed using an Instron model 1137, using spec-
imens that conformed to ASTM D 638 type 1. Mod-
ulus values were determined using a 25-mm exten-
someter and a crosshead speed of 5 mm/min. Tensile
strength and break strain measurements were made
at a crosshead speed of 50 mm/min. The tensile data
represent average values of at least four test speci-
mens. Standard deviations for the modulus data are
typically +5%, but for some materials the standard
deviations might be as high as +10%. Standard de-
viations for the tensile strength data are typically
less than +5%. The break strain data is more vari-
able, especially for highly ductile blends. Many of
the PC-rich blends exhibited break strains ranging
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from 25 to 140%. The low values for these specimens
might be attributed to imperfections that cause a
premature failure.

Microscopy

Ultrathin sections for transmission electron mi-
croscopy (TEM) were prepared using a Reichert-
Jung Ultracut E microtome having a diamond knife
and equipped for cryogenic operation. The details
of this procedure have been given elsewhere.®® Sec-
tions were taken from the center of an injection-
molded bar in a plane perpendicular to the direction
of flow. When microtoming ABS materials, the
specimen temperature was set to —40°C. When mi-
crotoming PC-SAN or PC-ABS blends, the speci-
men temperature was set to —10°C. The knife tem-
perature was set to —45°C for all samples. Sections
of ABS materials were vapor stained for 18 h over
a 4% aqueous solution of osmium tetroxide (0sQ,).
The OsO,-stained rubber particles appear black in
TEM. Sections of PC-SAN blends were vapor
stained for 8 min over a 0.5% aqueous solution of
ruthenium tetroxide (RuQ,). The RuQ,-stained PC
appears gray in TEM photomicrographs. Sections
of PC-ABS blends were first exposed to OsO, then
to RuO, as described above. The SAN phase remains
unstained in this procedure. This dual staining
technique allows simultaneous viewing of the PC,
SAN, and rubber phases. The RuO, was allowed to
warm to room temperature before staining because
temperature seemed to affect staining time. Finding
the optimal staining time is critical when using RuO,
to avoid artifacts from overstaining. A JEOL 200
CX transmission electron microscope was used.

EFFECT OF ABS TYPE IN PC-ABS BLENDS

The morphology and mechanical properties of bi-
nary blends of PC with two ABS materials, ABS
541 and ABS GRC, and SAN 25 were determined.
Polycarbonate blends with these three materials
represent extremes in rubber concentration and
rubber particle type and might provide some insight
into how these variables affect the behavior of PC-
ABS blends. The effect of rubber concentration in
ABS on PC-ABS blend properties will be considered
later.

Morphology

Figure 1 shows TEM photomicrographs for three
PC-SAN 25 blends. In the photomicrographs, the

PC phase appears gray, the rubber particles appear
black, and the SAN phase remains unstained. Poly-
carbonate forms the continuous phase in the 90/10
and the 70/30 compositions, and PC and SAN 25
form an apparently co-continuous phase structure
in the 50/50 blend. It should be noted that PC is
approximately seven times as viscous as SAN 25 at
270°C. In the PC-rich blends the shapes of the SAN
25 domains are elliptical with smooth boundaries.
In the 90/10 blend, the diameter of the SAN 25
domains ranges from 0.1 to 0.5 um, and at the 70/
30 composition, larger SAN 25 domains (1-5 um)
are found, although a notable population of small
domains (0.1-0.5 um) is also present throughout the
PC phase. Some small SAN domains also are present
in the PC phase at the 50 /50 composition. The black
specks in the PC phase of the 50 /50 blend are stain-
ing artifacts caused by overexposure to RuQ,.

Figure 2 shows photomicrographs for three PC-
ABS 541 blends. Polycarbonate appears to form the
continuous phase in the 90/10 and the 70/30 com-
positions, but PC and ABS 541 form a co-continuous
morphology in the 50/50 blend. In these blends the
shapes of the ABS domains are elliptical with
smooth boundaries. The rubber particles are con-
tained within the ABS domains, surrounded by a
clearly visible layer of SAN. In addition to the larger
ABS domains, small SAN domains without rubber
particles are present in the blends. At the 90/10 and
the 70/30 compositions, the ABS 541 domains ap-
pear to be larger than the domains in blends with
SAN 25.

Figure 3 shows photomicrographs for three PC-
ABS GRC blends. Polycarbonate forms the contin-
uous phase at the 90 /10 and the 70 /30 compositions,
but an apparent co-continuous morphology is
formed in the 50/50 mixture. For these blends, the
rubber particles appear agglomerated, and the ABS
domains have irregular shapes and jagged bound-
aries. The possible reasons for rubber particle ag-
glomeration will be discussed later. Also, because
ABS GRC has a high rubber content, the rubber
particles appear to fill the dispersed SAN domains,
and the SAN component is difficult to see in the
photomicrographs. The small SAN domains without
rubber particles do not appear to be present in these
blends.

Tensile Properties

Figure 4 shows the tensile modulus of PC blends
with SAN 25, ABS 541, and ABS GRC. The blend
moduli are intermediate to those of the pure com-
ponents, and only small deviations from additivity



INFLUENCE OF ABS ON PC/ABS BLENDS 1701

PC/SAN 25 (70/30)

(b) 1um

Figure 1 TEM photomicrographs of PC-SAN 25 blends at three compositions: (a) 50/

50, (b) 70/30, and (c¢) 90/10.

are noted. The modulus of ABS 541 is similar to
that of PC, but SAN 25 is more rigid and ABS GRC
is more flexible. The modulus of ABS materials is
related primarily to their rubber content.

Figure 5 shows the tensile strength of PC blends
with SAN 25, ABS 541, and ABS GRC. All values
shown are yield strengths except for PC-SAN 25
compositions of 0/100, 10/90, and 30/70, which did
not yield before fracture. For the PC-SAN 25 blends,
the tensile strength curve is complex in shape. Sim-
ilar data have been published by Keitz et .al.*® For
the PC-ABS blends, the tensile strength is nearly
linear with respect to blend composition.

Figure 6 shows the strain at break for these
blends. For the PC-SAN 25 blends, the break strain
remains comparable to that of SAN 25 (about 5%
elongation at break) at compositions with less than
30% PC and then gradually increases to the level of
PC (about 100% elongation at break) at composi-
tions with greater than 70% PC. Similar responses
are seen for the blends with the two ABS materials.
ABS GRC exhibits a much higher strain at break
than ABS 541, but the latter is about twice that of
SAN 25.

The results presented here are significantly dif-
ferent from those of Suarez et al.?® where the break



1702 LOMBARDO, KESKKULA, AND PAUL

PC/ABS 541 (50/50)
16% Rubber Content in ABS

(a) 1 um

PC/ABS 541 (70/30)
16% Rubber Content in ABS

® C Tam

PC/ABS 541 (90/10)

)

(c)

16% Rubber Content in ABS

1um

Figure 2 TEM photomicrographs of PC-ABS 541 blends at three compositions: (a) 50/

50, (b) 70/30, and (c) 90/10.

strain for a series of PC-ABS blends was observed
to be far below additivity and exhibited a minimum
between 25 and 50% PC content. The details of the
ABS material used by Suarez et al.?® were not re-
ported; but the PC used had a similar molecular
weight to that used here.

Impact Properties

Standard notch Izod impact strength data for the
same series of blends are shown in Figure 7. In the

PC-SAN 25 blends, the impact strength remains
below 200 J /m for blends comprising less than 85%
PC, then it increases sharply to about 1000 J /m at
90% PC and shows a slight maximum between 90
and 100% PC, as others have reported.*® The impact
strength for blends of PC with ABS 541 shows rather
complex behavior. The impact strength remains
comparable to ABS 541 (250 J /m) for compositions
with less than 20% PC, although a slight minimum
is observed at 10% PC. The impact strength in-
creases to an exceptionally high level of about 800
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PC/ABS GRC (70/30)
50% Rubber Content in ABS _

(b) - T

PC/ABS GRC (90/10)

5

gnd

(c)

0% Rubber Content in ABS

1um

Figure 3 TEM photomicrographs of PC-ABS GRC blends at three compositions: (a)

50/50, (b) 70/30, and (c) 90/10.

J/m for compositions with greater than 40% PC,
with a slight suggestion of a maximum at 90% PC.
The impact strength for PC blends with ABS GRC
increases monotonically from 350 J /m for ABS GRC
to 1000 J /m for PC. At PC concentrations greater
than 30%, the blends with ABS 541 are slightly
tougher than those with ABS GRC, and at PC con-
centrations less than 30%, the blends with ABS
GRC exhibit higher impact strengths than those
with ABS 541. The latter appears to reflect the

toughness of the ABS continuous phase. Again,
these results differ from those reported by Suarez
et al.®®

Polycarbonate shows high notched Izod impact
strength in thin sections with standard notches
(notch radius = 0.25 + 0.05 mm), but it is brittle
for thicker sections (> 6.2 mm) and for sharp
notches (e.g., formed by a razor blade). Figure 8
shows the differences in impact strength for speci-
mens with standard versus razor-sharpened notches
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formed from blends of PC with the two ABS ma-
terials. PC-SAN 25 (not shown) is not tough at any
composition in a sharp notch impact test. Blends of

LOMBARDO, KESKKULA, AND PAUL

4 ——
C
%= 3
o
)
S 2
3 ABS 541
3 |
O
= 1

ABS GRC

40 60

% Polycarbonate

80

100

Figure 4 Tensile modulus of PC blends with SAN 25, ABS 541, and ABS GRC.

PC with ABS 541 show that sharp notch impact
strength is improved as more ABS is incorporated
into the blend. A blend of PC with 10% ABS 541
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Figure 5 Tensile strength of PC blends with SAN 25, ABS 541, and ABS GRC. All
values are yield stresses except those denoted by (B), which are ultimate stresses.
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Figure 6 Break strain of PC blends with SAN 25, ABS 541, and ABS GRC.

exhibited an impact strength of 400 J /m. For com- standard notch but at a slightly reduced impact
positions with more than 20% ABS 541, the data strength level. PC-ABS GRC blends containing at
for sharp notches follow the same trend as for the least 5% ABS are very tough in sharp notch tests,
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Figure 7 Standard notch Izod impact strength of PC blends with SAN 25, ABS 541,
and ABS GRC.
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falling just below the standard notch results. For
blends with less than 5% ABS GRC, however, the
sharp notch impact strength abruptly falls below
100 J/m. Similar results have been published by
Cheng et al.%®

As the testing temperature is lowered, PC un-
dergoes a transition from ductile to brittle behavior.

Increasing the PC molecular weight reduces the
ductile to brittle transition temperature®®; the PC
used here exhibits this transition at about —25°C.
The ductile to brittle transition temperature of rigid
polymers can be improved (lowered) by rubber
modification. The extent of improvement is, in
principle, limited ultimately by the T, of the rubber

1200 —
— - PC/ABS 541 a -
£ 1000 |-
3 : r
< 800 | SNoten® i
=)
g 600
o
«~ 400
O
g
g 200
0 1 1 2 | L 1 1 ] 1 i
0 20 40 60 80 100
% Polycarbonate
1200 ¥ 1 T | ! ] T T T
. - PC/ABS GRC b
£ 1000 )
3 L
£ 800 |
g i Standard
e 600 Notch -
"U')' -
5 400 .
g- -
E 200
O - 2 ] 2 ] 1 ] 1 ] 2

40

60 80 100

% Polycarbonate
Figure 8 Standard notch and sharp notch Izod impact strength of PC blends with ABS

541 and ABS GRC.



modifier, although a number of factors can prevent
reaching this extreme. The dynamic mechanical data
in Figure 9 show that the T, of the rubber in ABS
541 is —68°C and that the T, of the rubber in ABS
GRC is —55°C. The tan 6 peak in ABS 541 is sig-
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nificantly smaller than that of ABS GRC because
of the much lower rubber content of the former.
Figure 10 shows standard notch Izod impact
strength data as a function of temperature for PC-
ABS 541 and PC-ABS GRC blends containing 50,
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Figure 9 Dynamic mechanical thermal properties at 1 Hz of ABS 541 and ABS GRC.
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Figure 10 Low-temperature Izod impact strength (standard notch) for blends of PC

blends with ABS 541 and ABS GRC.

70, and 90% PC. The ductile to brittle transition
temperature is defined as the midpoint between the
lowest temperature at which all specimens failed in
a ductile manner and the highest temperature at
which all specimens failed in a brittle manner. For
the PC-ABS 541 blends, the 90/10 composition
shows no improvement over the value of —25°C for
PC, but the 50/50 blend becomes brittle at about
—35°C, and the 70/30 blend becomes brittle at about
—40°C. All three PC-ABS GRC blends show lower

ductile to brittle transition temperatures than the
PC-ABS 541 blends. At 90% PC the transition is
at about —50°C, and for the blends with 50 and 70%
PC, the transition temperature as defined above ap-
pears to be about —60°C, which is 5°C below the
reported T, of the rubber (at 1 Hz) in ABS GRC.
It should be noted that the PC-ABS GRC blends
exhibit lower ductile to brittle transition tempera-
tures than the PC-ABS 541 blends despite the
higher T, of the rubber in ABS GRC.



The results of this section indicate that the type
of ABS material significantly affects the mechanical
properties of PC-ABS blends. Rubber content
clearly must be an important factor, but other vari-
ables including rubber particle size and morphology
also must be considered.

ABS 541
15% Rubber Content, T=180°C

ABS GRC
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EFFECT OF RUBBER PARTICLE TYPE IN
ABS MATERIALS

Constant rubber concentration in ABS materials
below 15% was achieved by blending ABS 541, ABS
611, or ABS GRC with SAN 25. Comparisons are

ABS 611
15% Rubber Content, T=180°C

ABS GRC

Figure 11 TEM photomicrographs of ABS materials made by blending ABS with SAN
25 to achieve a 15% rubber concentration. (a) ABS 541 at 180°C, (b) ABS 611 at 180°C,
(c) ABS GRC at 180°C, and (d) ABS GRC at 240°C.
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made at equal rubber concentrations regarding the
effect of rubber particle type on the morphology and
the mechanical properties of these materials.

Morphology

Figure 11 shows TEM photomicrographs of three
different ABS materials containing 15% rubber. The
different rubber particle types and sizes are evident
from the photomicrographs. The rubber particles in
these materials remain well dispersed during melt
blending with SAN 25 at 180°C, but the rubber par-
ticles in ABS GRC are agglomerated at higher pro-
cessing temperatures. Figure 12(d) shows the ag-
glomerated rubber particles in ABS GRC after ex-
trusion blending at 240°C.

Rubber Particle Agglomeration

Aoki® reported that a low degree of grafting could
cause rubber particles to agglomerate in ABS. He
also discussed that there is a critical grafting degree
required to prevent agglomeration and that this
value will change with particle size. At a constant
degree of grafting, the effective covering of the rub-
ber particle by the grafted SAN decreases as the
particle size decreases. Rough calculations and ex-
perimental results support the speculation that ag-
glomeration in ABS GRC is caused by a low degree
of grafting.?

Although it is possible to produce a material like
ABS GRC with rubber particles that do not agglom-
erate, one was not available for this study. In prac-
tice, aggregated rubber particles can provide a tech-
nological advantage. For example, several patents
discuss rubber particle aggregation and grafting de-
gree in relation to the mechanical properties and
the aesthetic qualities of ABS materials and PC-
ABS blends.?81!

Mechanical Properties

Table II shows that mixtures of SAN 25 with ABS
541 and ABS 611 are tough at rubber concentrations
greater than 10%. However, mixtures with ABS
GRC are not tough at rubber concentrations at or
below 15% where the rubber particles are well dis-
persed. When the rubber particles are agglomerated,
these mixtures exhibit improved impact strength at
15% rubber content. These results suggest that the
presence of some larger rubber particles is beneficial
in enhancing the toughness of ABS. At 10 and 15%
rubber content, mixtures of SAN 25 with both ABS
541 and ABS 611 exhibit similar impact strengths,
indicating that a combination of small and large
particles is effective for toughening.

The data in Table II show that rubber particle
type does not affect the modulus or tensile strength
of the ABS materials, but the break strain seems to
be consistently lower for the well-dispersed ABS
GRC particles. The break strain data follow the
trends of the impact strength results.

Table II Mechanical Properties of ABS Materials Containing Different Rubber Concentrations

Rubber Processing Izod Impact Tensile Break

Base ABS Content Temperature Strength (J m™), Modulus Strength Strain
material (wt %) (°C) Standard Notch (GPa) (MPa) (%)
No ABS 0 180 24 3.54 70 3.7

(100% SAN 25)

ABS 541 5 180 51 3.16 67 7.0
ABS 611 5 180 19 2.98 70 6.1
ABS GRC 5 180 20 2.98 65 6.2
ABS GRC 5 240 26 3.00 61 5.1
ABS 541 10 180 175 2.65 57 9.1
ABS 611 10 180 150 2.47 60 8.8
ABS GRC 10 180 30 2.65 55 7.4
ABS GRC 10 240 44 2.64 51 10.1
ABS 541 15 180 310 2.25 47 9.3
ARBS 611 15 180 317 2.23 54 11.0
ABS GRC 15 180 33 2.32 47 7.3
ABS GRC 15 240 82 2.23 42 16.3




EFFECT OF RUBBER PARTICLE TYPE IN
PC-ABS BLENDS

The effect of rubber particle type on the morphology
and the mechanical properties of PC-ABS blends
at three different blend compositions (50/50, 70/
30, and 90/10) are considered. The ABS materials
having constant rubber concentrations discussed in
the preceding section were used to prepare PC-ABS
blends. At each PC-ABS ratio, the morphology and

PC/ABS 541 (50/50)
5% qubf_r Content in ABS

.

(a) 1um
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the mechanical properties of the blends are explored
as a function of rubber concentration in the ABS
phase. The effect of rubber particle type is separated
from the effect of rubber content by making com-
parisons at equal rubber concentrations.

50/ 50 Blends

Figure 12 shows TEM photomicrographs of 50/50
blends of polycarbonate with ABS materials con-

PC/ABS 611 (50/50)
5°_A Rubber C_ontent in ABS

BN : N

(b) | | o

PC/ABS GRC (50/50)

(c)

5% Rubber Content in ABS

1um

Figure 12 TEM photomicrographs of 50/50 blends of PC with ABS materials containing
5% rubber. (a) PC-ABS 541, (b) PC-ABS 611, (¢) PC-ABS GRC.
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taining 5% rubber. In all three blends, PC and ABS
phases form a complex co-continuous morphology.
The SAN phase contains isolated PC domains, and
the PC phase contains many small SAN occlusions.
The principal PC and SAN phases in the ABS-541-
based blend appear larger than those in the ABS-
611-based and ABS-GRC-based blends. In the ABS-
541-based and the ABS-611-based blends, the rubber
particles are well dispersed throughout the principal
SAN phase. In the ABS-GRC-based blend, however,
the rubber particles form small aggregates that are
evenly dispersed throughout the principal SAN
phase. All three PC-ABS blends have individual
rubber particles located within some of the occluded
SAN domains. The ABS-611-based blend shows
more rubber particles within the occluded SAN do-
mains than the other PC-ABS blends show, and the
ABS-GRC-based mixture contains both agglomer-
ated particles and individual particles within some
occluded SAN domains.

Table III lists the tensile properties of the PC-
ABS blends. The tensile modulus and the tensile
strength increase with decreasing rubber content,
but no significant differences are observed between
blends at equal rubber concentrations. Strain at
break appears to decrease as the rubber content in
the ABS is reduced. All of the PC-ABS blends with
5% rubber in ABS showed considerable scatter. In
PC-SAN 25 blends, the break strains range from 30
to 60%. The values of break strain for the ABS-541-
based blends are consistently lower than those for
blends using the other two ABS materials. Some
specimens of ABS-541-based blends broke at about
25% elongation, but some broke above 100%. In the

PC-ABS (50/50) blends, the type of rubber particle
does not significantly affect the blend modulus or
tensile strength, but it does appear to influence the
strain at break.

Figure 13 shows the Izod impact strength of PC
blends with different ABS materials at room tem-
perature. At 15% rubber content in the ABS, the
standard notch impact strength is around 800-1000
J /m, and the sharp notch impact strength is about
600-800 J /m. As rubber content is decreased, blend
ductility is reduced, but these materials remain ex-
ceptionally tough at rubber concentrations above 8%
in ABS. The standard notch data show that the
ABS-611-based and the ABS-GRC-based blends are
consistently 200 J/m tougher than the ABS-541-
based blends in the transition region between 5 to
10% rubber content. The sharp notch data show

similar trends.
Figure 14 shows the standard notch Izod impact

strength for PC-ABS (50/50) blends at three dif-
ferent rubber levels as a function of temperature.
The blends based on ABS materials containing 5%
rubber drop to below 200 J/m at 0°C. The blends
with 10% rubber differ in low-temperature impact
strength depending on the ABS type. The ABS-
GRC-based blends remain significantly tougher than
the ABS-based and the ABS-541-based blends be-
tween 0 and —15°C, but none exhibit ductile to brit-
tle transitions as low as the high molecular weight
PC. For blends with 15% rubber in the ABS com-
ponent, the ABS-GRC-based blend is significantly
tougher at low temperatures between —20 and
—35°C. The ABS-GRC-based blend exhibits a duc-
tile to brittle transition temperature lower than PC
(—25°C), but the ABS-541-based blend and the

Table III 50/50 Blends of PC with ABS Materials Containing Different Rubber Particle Types and

Concentrations
50/50 Blend of PC Rubber Content Modulus Tensile Strength Break Strain
with ABS Based on of ABS (wt %) (GPa) (MPa) (%)
No ABS 0 2.77 73 47
(100% SAN 25)
ABS 541 5 2.62 65 83
ABS 611 5 2.60 64 71
ABS GRC 5 2.59 63 72
ABS 541 10 2.39 58 56
ABS 611 10 2.46 62 109
ABS GRC 10 2.42 56 112
ABS 541 15 2.18 54 89
ABS 611 15 2.26 59 120
ABS GRC 15 2.18 51 119




ABS-611-based blend are less tough at this temper-

ature. However, blends based on ABS 541 are:

tougher in the —20 to —30°C temperature range than
those based on ABS 611.

70/ 30 Blends

Figure 15 shows TEM photomicrographs of 70/30
blends of polycarbonate with ABS materials con-
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taining 5% rubber. Polycarbonate forms the contin-
uous phase in all three blends at this composition.
In the ABS-541-based blend, the SAN component
forms two distinct domain size populations: small
spherical domains (0.1-1 um) and large irregular
domains (1-10 um). Most of the rubber particles
are contained within the large SAN domains. In the
ABS-611-based and the ABS-GRC-based blends,
most of the SAN domains are spherical, with a broad

1200 LA l v l Ls I T
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g 1000 (- Standard .
2> . Notch ]
£ 800 [ -
gj L J
® 600 (- =
& | ABS 541 |
v 400 G ABS 611 7]
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0 4 8 12 16
Rubber Content of ABS (%)
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S e -
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& I ]
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Figure 13

Izod impact strength as a function of rubber concentration in ABS for 50/

50 blends of PC with ABS 541, ABS 611, and ABS GRC.
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PC/ABS 611 (70/30)
5% Rubb Content in ABS

&

PC/ABS GRC (70/30)
5% Rubber Content in ABS

Figure 15 TEM photomicrographs of 70/30 blends of PC with ABS materials containing
5% rubber. (a) PC-ABS 541, (b) PC-ABS 611, (¢) PC-ABS GRC.

size distribution (0.1-2 um), but some are elongated.
In the ABS-611-based blend, the rubber particles
are well dispersed and evenly distributed among the
SAN domains. In the ABS-GRC-based blend, both
aggregates of rubber particles and a few individual
particles are observed within the SAN, but they do
not appear to be as well distributed as the rubber
particles in the ABS-611-based blend with PC.

Table IV shows the tensile properties of PC
blends with different ABS materials at the 70/30
composition. The tensile modulus and the tensile
strength increase with decreasing rubber content,
but no significant differences are observed between
blends at equal rubber concentrations. The ABS-
541-based blends at 5 and 10% rubber content in
the ABS show slightly higher modulus values, but
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Table IV 70/30 Blends of PC with ABS Materials Containing Different Rubber Particle Types and
Concentrations
70/30 Blend of PC Rubber Content Modulus Tensile Strength Break Strain
with ABS Based on of ABS (wt %) (GPa) (MPa) (%)
No ABS 0 2.48 67 105
(100% SAN 25)
ABS 541 5 2.46 65 100
ABS 611 5 2.38 64 125
ABS GRC 5 2.34 63 116
ABS 541 10 2.44 61 116
ABS 611 10 2.30 62 112
ABS GRC 10 2.19 59 115
ABS 541 15 2.16 58 100
ABS 611 15 2.21 59 120
ABS GRC 15 2.09 55 117

these are not significantly different from values for
blends using the other ABS materials. The vari-
ability most likely is a result of orientation differ-
ences in the injection-molded test specimens. All of
the blends at this composition exhibited break
strains in excess of 100%. The strain at break for
these blends were not affected by the changing rub-
ber concentration or rubber particle type.

Figure 16 shows the Izod impact strength of PC
blends with different ABS materials at the 70/30
composition. At 15% rubber content in the ABS,
the standard notch impact strength is approximately
850 J/m, and the sharp notch impact strength is
about 550 J /m. As the rubber content in the ABS
is decreased to 5%, the blends remain tough at 800
J/m and 400 J/m for standard notch and sharp
notch, respectively. As the rubber content is de-
creased further, the blends become brittle. However,
at about 3.5% rubber in ABS, the blends remain
exceptionally tough. The ductile to brittle transi-
tions are sharper for the 70/30 blends than for the
50/50 blends. For the standard notch impact data,
the transition for ABS-541-based blends occurs at
about 3% rubber content, but the transition occurs
at approximately 1.5% for the blends based on ABS
611. For ABS-GRC-based materials, the transition
is at 2.5% rubber content. Again the same general
trends are observed in the sharp notch data, al-
though the blends become brittle at slightly higher
rubber contents.

Figure 17 shows low temperature Izod impact re-
sults for PC-ABS (70/30) blends at three different
rubber contents. For this composition, the effect of
ABS or rubber particle types is not great. The ductile

to brittle transition temperature is 5°C at 5% rubber,
—25°C at 10% rubber, and —35°C at 15% rubber.

A series of experiments, comparable to those in
sections on 50/50 and 70/30 blends, was carried
out on blends of 90/10 PC-ABS ratios.®* The results
indicated that no significant benefits accrued with
these blends, particularly because the critical prop-
erties of sharp notch Izod impact strength and duc-
tile to brittle transition temperature were not suf-
ficiently improved in comparison to PC.

SUMMARY

The effects of different ABS materials on the mor-
phology and the mechanical properties of PC-ABS
blends are reported. In the first section important
differences are shown between PC-ABS blends
containing a mass-made ABS with 16% rubber con-
tent and large particles (0.5-1 um) and those con-
taining an emulsion-made ABS with 50% rubber
content and small particles (0.12 um). The blends
made with the emulsion-produced ABS show lower
modulus and tensile strength, but they exhibit ex-
cellent toughness in standard and sharp notch Izod
impact tests at room temperature and in standard
notch Izod impact tests at low temperatures near
the T, of the rubber. These results can be attributed
in part to the high rubber content of the ABS, but
rubber particle size, composition, and distribution
also might play a role.

The effect of rubber particle type was separated
from the effect of rubber content by comparing
properties of blends with PC based on different ABS
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Figure 16 Izod impact strength as a function of rubber concentration in ABS for 70/
30 blends of PC with ABS 541, ABS 611, and ABS GRC.

materials at equal rubber concentrations in the ABS
phase. The results of this investigation show that
brittle ABS materials can produce tough PC-ABS
blends at compositions where PC-SAN 25 blends
are brittle. It is also concluded that small rubber
particles toughen PC-ABS blends at lower rubber
concentrations and at lower temperatures than is
possible with large rubber particles. Interestingly,
ABS-GRC-based blends are consistently tougher

than ABS-541-based blends at equal rubber concen-
trations despite the T}, of the rubber in ABS 541
being more than 10°C less than the T, of the rubber
in ABS GRC.

In general, the blends based on ABS GRC have
better low-temperature impact properties. ABS-
GRC-based materials are primarily distinguished by
the small, uniform emulsion particles. However, it
is somewhat speculative to attribute all these effects
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that single reason because other factors associated

with morphology, component molecular weight,

gr
it

afting degree, etc., might be involved as well. Also,
is important to note that the true effects of the

small GRC rubber particle size are masked to some
extent by the agglomeration of these particles.
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