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SYNOPSIS 

The effect of quiescent annealing for brief periods at melt-processing temperatures (e.g., 
270°C) were designed to simulate certain conditions that can occur during molding or 
extrusion. I t  was found that significant changes in the phase morphology of polycarbonate- 
based blends can occur in less than 2 min under these conditions. Such morphological 
rearrangements are detrimental to the mechanical properties of multiphase blends of poly- 
carbonate with rigid polymers, viz., polystyrene, poly (methyl methacrylate), and styrene/ 
acrylonitrile copolymers and core-shell impact modifiers. 

INTRODUCTION 

The morphology of immiscible polymer blends is an 
important factor in determining their end-use per- 
formance.' The morphology developed during pro- 
cessing depends on the type of mixing device, in- 
terfacial tension between the phases, rheological 
characteristics of the components, processing con- 
ditions, etc. and reflects a dynamic balance be- 
tween phase deformation or break-up caused by the 
stresses imposed and phase coalescence or rear- 
rangement driven by the tendency to minimize sur- 
face energy. When a molten blend is in a quiescent 
or low-stress state, e.g., in a mold cavity, a large 
runner, or a manifold, this dynamic balance is al- 
tered and the morphology may become unstable. 
That is, phase rearrangement including phase co- 
alescence and growth may O C C U ~ . ~ - ' ~  Since such 
coarsening of the dispersed polymer phase structure 
will affect the properties of the blend, it is of interest 
to know about these changes that can occur in blend 
systems. 

A number of studies have reported the incorpo- 
ration of polymeric modifiers into bisphenol-A 
polycarbonate ( PC ) to improve certain mechanical 
properties, melt flow, or to reduce cost.'," Effects of 
melt annealing such blends at temperatures typical 
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of melt processing, however, have not been reported. 
It is clear that a t  these temperatures the morpho- 
logical changes can be rapid; hence, significant 
changes in mechanical properties may result from 
molding or extrusion processes that involve holding 
of the melt in a low-stress or quiescent state for any 
significant time. 

This laboratory has previously reported on aging 
phenomena in miscible PC blends.12 More recent 
work has dealt with thermal aging (near the Tg of 
PC) of impact-modified PC l3 and property-mor- 
phology relationships for ternary blends of PC with 
various brittle polymers (BPs) and impact modi- 
f i e r ~ . ' ~  To further understand the behavior of these 
blends as influenced by various heat fabrication 
conditions, this study examines the change in mor- 
phology of selected binary and ternary blends of PC 
that occur during brief periods at  melt-processing 
temperature in the absence of flow or stress. 

BACKGROUND 

Acrylonitrile-butadiene-styrene ( ABS ) polymers are 
commercially used to modify PC for improved melt 
flow and for increased impact strength of thick sec- 
tions or a t  low temperatures. In a recent study, 
modified PCs were prepared by incorporating an 
impact modifier and various rigid BP phases into 
PC using various mixing  protocol^.'^ Thus, it was 
possible to control the polymeric additive component 
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Table I Prediction of MBS Particle Location in PC/BP Blends14 

Two-Phase Matrix" 
713 - 723 

Polymer 1 Polymer 2 YZl 

Morphology 

Expected MBS Locus Experimental Resultb 

PMMA PC -1.00 
PS PC 0.27 
SAN14.7 PC -0.38 
SAN25 PC -0.35 

SAN34 PC 1.40 

MBS in PMMA (marginally) 
Trapped at 1-2 interface 
Trapped at 1-2 interface 
Trapped at 1-2 interface 

MBS in PC 

MBS in PMMA 
Trapped at 1-2 interface; some in PC 
MBS in SAN14.7 
Trapped at 1-2 interface; some in 

both PC and SAN25 phases 
MBS in PC and trapped at 1-2 

interface 

a MBS in polymer 3. 
Blends prepared by simultaneous mixing of the three components to obtain a PC/BP/MBS composition of (60/30/10). 

ratios independently, unlike in ABS, where the rub- 
ber to brittle polymer phase ratio and morphological 
structure are fixed. 

The choice of polymers was based on a number 
of considerations. An emulsion-made methacry- 
lated-butadiene-styrene (MBS) core-shell impact 
modifier was chosen because of the thermodynamic 
interaction of the poly (methyl methacrylate) 
(PMMA) shell with PC.15 The BPs were chosen to 
have various levels of interactions with PC and with 
the PMMA shell of the MBS modifier. Polystyrene 
(PS) is not miscible with either PC or PMMA, while 
PMMA is more nearly miscible with PC. Styrene- 
acrylonitrile copolymers ( SANS) were chosen that 
span the whole miscibility range [ 9-33% acryloni- 
trile (AN) J with PMMA." With this selection of 

Table I1 Polymers Used in This Study 

BP components, a wide range of phase morphologies 
was anticipated. 

The location of methyl methacrylate (MMA) - 
grafted emulsion rubber particles within the two- 
phase matrix formed by PC and the BP should 
theoretically be determined by interfacial forces, a t  
the melt-blending temperature, as described re- 
~ent1y.l~ Table I summarizes the location of the MBS 
particles as predicted by interfacial force consider- 
ations and the results found by experiment. Here, 
we designate the BP as component 1, PC as 2, and 
the MBS (PMMA shell) as 3. When the interfacial 
tensions satisfy the inequality 

Molecular 
Polymer Abbreviation Source (Designation) Weight 

Polycarbonate 

Poly(methy1 methacrylate) 

Polystyrene 

Poly( styrene-co-acrylonitrile) 
14.7% AN 

25% AN 

34% AN 

Methacrylated-butadiene-styrene 
impact modifier 

PC Dow Chemical Co. (Calibre 300-4) M ,  = 13,400 
M ,  = 36,000 

PMMA Rohm & Haas Co. (Plexiglas V811) M,, = 52,900 
M ,  = 105,400 

PS Cosden Oil and Chemical Co. (550P) M ,  = 100,000 
M ,  = 350,000 

SAN14.7 Asahi Chemical Co. M, = 83,000 

SAN25 Dow Chemical Co. (Tyril 1000) M, = 77,000 

SAN34 Asahi Chemical Co. M, = 73,000 

MBS Rohm & Haas Co. (Acryloid KM 680) Not applicable 

M, = 182,000 

M ,  = 152,000 

M ,  = 145,000 
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Aluminum Hold for 

Aluminum Foil 

Figure 1 
melt annealing. 

Schematic of the mold configuration used for 

the MBS particles or 3 will locate in phase 1 ( B P )  
at equilibrium. When the interfacial tensions satisfy 
the inequality 

the MBS particles or 3 will reside in phase 2 (PC) 
at  equilibrium. In eqs. ( 1 ) and ( 2 ) ,  the yi, are in- 
terfacial tensions while the Aij are spreading coeffi- 
c i e n t ~ . ' ~ * ~ ~ " ~  Whe n the following condition is satis- 
fied 

< 1  ( 3 )  
713 - 723 -1 < 

7 1 2  

the particles will be trapped at  the 1-2 interface by 
surface forces l4 when equilibrium prevails. 

As noted in Table I, the critical surface tension 
ratio predicts that the expected MBS particle lo- 
cation is at  the PC/BP interface in most cases. For 
SAN34 and marginally for PMMA as the BPs, the 
MBS particles are predicted to be in the PC and the 
PMMA phases, respectively. 

Based on these predictions and reported experi- 
mental observations, it is of interest to experimen- 
tally examine any morphological changes that occur 
during melt annealing at temperatures typically used 
for fabrication of PC blends. 

EXPERIMENTAL 

The materials used in this study are listed in Table 
11. They are all commercially available polymers. 
An emulsion-made MBS core-shell impact modifier, 
available from Rohm and Haas under the trade name 
Acryloid KM 680, was used for toughening. It con- 
tains about 80% by weight of a butadiene-based 
rubber and consists of 0.18-pm diameter particles 
that have a PMMA-based outer shell. More details 
of this rubber modifier have been given elsewhere." 
The following BPs were used PS, PMMA, and a 
series of SANS of varying AN contents. 

PC was dried for a minimum of 24 h at 105°C in 
an air-circulating oven while the various BPs and 
MBS modifier were dried at  75°C. Melt blending 
was carried out in a Killion single-screw extruder 
(D = 1 in, L/D = 30) at  270°C. The single-strand 
extrudate was pulled through a water bath and pel- 
letized. All ternary blends, PC/BP/MBS, used here 
were prepared by simultaneous mixing (one pass 
through extruder) to obtain the fixed composition 
of (60/30/ lo ) ,  while binary blends had variable 
compositions. The blended pellets were dried at  
100°C overnight prior to molding into Izod bars 
(ASTM-256) in an Arburg Allrounder 305 screw- 
type injection-molding machine whose barrel tem- 
perature was set at 270°C. 

Injection-molded bars were dried at 100°C over- 
night in a convection oven prior to carrying out the 

Table I11 
Impact Strength (ft-lb/in) of PC and Its Blends 

Effect of Melt Annealing on Izod 

Melt Annealed 
at 270°C 

AS- 
Material Molded 2 Min 10 Min 30 Min 

PC 
PC/MBS (90/10) 
PC/MBS (80/20) 
PC/PS (80/20) 
PC/SAN25 (70/20) 
PC/PMMA (60/30) 
PC/PS (60/30) 
PC/SAN25 (60/30) 
PC/PMMA/MBS" 
PC/PS/MBS 
PC/SAN14.7/MBS 
PC/SAN25/MBS 
PC/SAN34/MBS 

17.6 17.2 18.0 17.5 
13.8 13.4 14.3 13.7 
9.5 9.2 8.9 7.6 
2.0 0.5 0.4 0.2 
1.3 1.1 0.9 0.8 
1.1 1.0 0.9 0.8 
0.6 0.4 0.2 0.2 
1.1 0.8 0.7 0.6 
8.9 6.0 3.3 2.4 
2.3 1.4 1.2 0.8 
7.3 1.6 1.3 1.2 
8.7 1.6 1.2 1.0 
6.9 0.9 0.8 0.8 

'Composition of all ternary blends is (60/30/10) and they 
were prepared by simultaneous mixing of all components in a 
single-screw extruder. 
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PC/PS (80/20) 

(a) Core Region (Melt annealed at 270'C) 

Figure 2 
various melt-annealing times at  270°C. ( a ) ,  core region; (b) ,  skin region. 

SEM photomicrographs of fracture surfaces of P C / P S  (80 /20 )  blends for 

melt-annealing experiment. The dried bars were 
wrapped firmly with aluminum foil, then fitted into 
slots of a aluminum mold that was subsequently 
covered with aluminum foil and metal plates as 
shown schematically in Figure 1. Since the process- 
ing temperature for melt blending was set a t  270"C, 
the covered bars were annealed as a function of time 
at  270°C in a compression press that imposed a force 
of 620 psi on the mold assembly illustrated in Fig- 
ure 1. 

Prior to adoption of the above-mentioned ap- 
proach, molded bars covered with aluminum foil 

were placed directly in an air convection oven set 
a t  270°C. It was found that there was significant 
expansion of the specimen dimensions and concur- 
rent formation of voids that made this method un- 
acceptable. Even using the preferred technique of 
annealing in a mold under pressure, some voids de- 
veloped in the specimens. While satisfactory notched 
hod  measurements could be made, attempts to ob- 
tain tensile properties frequently resulted in pre- 
mature failure caused by voids. 

Notched Izod impact strengths were measured 
according to ASTM D-256 using a pendulum type 
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PWPS (80/20) 
(b) Skin Region (Melt annealed at 27OOC) 

Figure 2 (continued from previous page) 

tester. A minimum of five bars were tested for each 
data point reported. The standard deviation for Izod 
impact values was found to be about 5%. 

Thermogravimetric analysis ( TGA) was carried 
out on a Perkin-Elmer TGA-7 unit. Samples were 
heated in nitrogen at  4O0C/min to 270°C and iso- 
thermally annealed for 30 min, then subsequently 
heated at  a rate of 10"C/min up to 600°C. 

Dynamic mechanical properties at 3 Hz were 
measured in the single-cantilever bending mode by 
a Polymer Laboratories DMTA at a heating rate of 

2"C/min. The specimen cross-section was 12 X 3 
mm2 with a span of 8 mm. 

Blend phase morphology was examined by trans- 
mission (Hitachi HU11-E, TEM) and scanning 
electron microscopy (JEOL JSM-35C, SEM) . For 
the TEM observations, sample blocks of ternary 
blends cut from injection-molded bars were stained 
in a water solution of 2 wt % osmium tetroxide 
( Os04) for a t  least 48 h. Ultrathin sections were cut 
using a Reichert-Jung Ultracut Microtome at room 
temperature. Phase contrast was enhanced by sub- 
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PC/SAN25 (70/20) 

(a) Core Region (Melt annealed at 270°C) 

Figure 3 
various melt-annealing times at 270°C. ( a ) ,  core region; ( b )  , skin region. 

SEM photomicrographs of fracture surfaces of PC/SAN25 (70 /20 )  blends for 

sequent exposure of these sections to the vapor of 
an aqueous solution of 0.5 wt % ruthenium tetroxide 
(RUO4) for a maximum of 15 min." In most cases, 
the binary blends were only stained by RuO,. Mi- 
crotomed sections were cut perpendicular to the flow 
direction. Fracture surfaces created in a notched Izod 
test a t  room temperature were used for SEM obser- 
vation. In some cases, SEM observations were made 
after removal of the PC phase from a polished sur- 
face by etching with a 30 wt % aqueous solution of 
sodium hydroxide" for 20 min at 60°C to develop 

phase contrast. Prior to SEM examination, all sur- 
faces were coated with gold/palladium (60/40) us- 
ing a Pelco Model 3 Sputter Coater, then viewed at 
a beam voltage of 25 kV. Surface polishing was ac- 
complished using the microtome with a glass knife. 

IZOD IMPACT STRENGTH 

Table I11 summarizes the effect of melt annealing 
on notched Izod impact strength of PC and its 
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PC/SAN25 (70/20) 

(b) Skin Region (Melt annealed at 270'C) 

Figure 3 (continued from previous page) 

blends. As expected, melt annealing has no effect 
on the Izod impact strength of neat PC. For PC 
blends with MBS, the 90/ 10 composition gives ex- 
cellent Izod values for up to 30 min of exposure at  
270"C, but the impact strength of the 80/20 blend 
is reduced somewhat by continued melt annealing. 
For binary blends of PC with the various BPs, the 
impact strength decreases with melt annealing time. 
For ternary PC/BP/MBS (60/30/10) blends, a 
significant reduction of impact strength was ob- 
served after melt annealing at  270°C for only 2 min. 
The loss of impact strength is more gradual and 
moderate for the ternary blend containing PMMA. 

This result is interesting since PMMA should be 
less thermally stable a t  270°C than the various styr- 
enic polymers used. Evidently, other factors must 
be responsible for the sharp loss of impact strength 
of ternary blends after only 2 min of exposure at 
270°C. 

MORPHOLOGY 

SEM and TEM were used to characterize blend 
morphology. For PC blends containing 30% or more 
of the BPs, it has been observed that the dispersed 
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- (a) 2pm (b) 

Figure 4 SEM photomicrographs of fracture surfaces of PC/BP (80/20) blends after 
melt annealing at 26OOC for 30 min in an air oven without external pressure. (a ) ,  PC/PS; 
( b ) ,  PCISAN25. 

domains tend to have irregular  shape^.^,'^,^^^^^ PC / 
PS (80/20) and PC/SAN25 (70/20 or 78/22) 
blends were selected for investigation of domain 
structural changes during melt annealing. Figures 2 
and 3 show SEM photomicrographs of fracture sur- 
faces for PC/PS (80 /20 )  and PC/SAN25 (70/20)  
blends after various melt-annealing histories. Since 
injection-molded parts often have an oriented skin 
layer and a more isotropic core, both these regions 
were examined by microscopy. As seen in Figure 
2 ( a ) ,  the PS domains from the core region of the 
as-molded samples have diameters under 1 pm. Melt 
annealing at  270°C causes continuous and appre- 
ciable increases in domain size. Even after 2 min of 
melt annealing, some domains exceed 2 pm in di- 
ameter. The as-molded skin region appears to have 
a multilayer or laminated structure that is formed 
during molding. As seen from Figure 2 ( b )  , this ori- 
ented skin layer is dramatically restructured into 
more typical spherical domains after only 2 min of 
melt annealing. A similar change in phase mor- 
phology also occurs in PClSAN25 blends as seen 
in Figure 3. Thus, PS and SAN25 phases in PC show 
significant growth in domain size with melt-an- 
nealing time at  270°C. PS domains appear to grow 
more rapidly than those of SAN25, and the growth 
is greater in the skin region for both blends. An even 
more dramatic increase in BP domain size occurs 

for 30 min in an air oven. As pointed out earlier, 
this method of annealing was abandoned because of 
the excessive swelling of the specimens caused by 
void formation. 

These SEM photomicrographs of PC/BP blend 
fracture surfaces reveal another important fact: The 
fracture tends to propagate through the dispersed 
SAN25 domains in the PC matrix; however, the 
fracture seems to go around PS particles. Similar 
conclusions may be reached from Figures 2-4. This 
indicates better adhesion at the PC-SAN25 inter- 
face than at  the PC-PS interface, consistent with 
previous direct measurements of adhesion.22 

Melt Annealed at 270'C 

Q 
N 

PCIsAN(7R) core 

0 I . . . * .... I . . . . . - 
1 10 100 

Melt Annealing Time (min) 
when melt annealing is carried out without external 
pressure. Figure 4 shows the change in BP domain 
size after unconstrained melt annealing at 260°C 

~i~~~ 5 Effect of melt-annealing time at 2 7 0 0 ~  on 
growth of domain size of PC/PS (80/20) and PC/SAN25 
( 7 0 / 2 0 )  blends. 
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Figure 6 SEM photomicrographs of polished surfaces of PClSAN25 (70/20) blends 
after removal of the PC phase using a 30 w t  % aqueous solution of sodium hydroxide at  
60°C for 20 min. (a  ) , core region of as-molded sample; (b)  , core region of melt-annealed 
sample ( 2  min a t  270°C) ; (c) ,  skin region of as-molded sample; (d) ,  skin region of melt- 
annealed sample ( 2 min at  270°C ). 

To quantify the coarsening of the BP domains in 
the PC matrix, average effective domain diameters 
were computed from SEM photomicrographs. Be- 
cause of the solubility of PC in a number of organic 
solvents, it is difficult to selectively remove the BP 
domains that would be necessary to utilize image 
analysis techniques for a rigorous quantification of 
particle size. As a practical matter, we arbitrarily 
chose to count the largest 50 BP domains in each 
photomicrograph for the calculation of average do- 
main diameters. When the photomicrographs con- 
tained less than 50 BP particles, all B P  domains 

were counted. The weight average domain diameter, 
d,, was calculated from the definition 24 

( 4 )  

This average gives heavier weighting to the larger 
domains, which means that the pragmatic choice to 
count only the larger domains does not overly bias 
the estimate of average domain size. The average 
domain diameter so obtained is plotted as a function 
of melt annealing time at  270°C in Figure 5. In this 
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Figure 7 
blends. (a) ,  PC/PS  (80 /20 ) ;  (b) ,  PC/SAN25 (70 /20 ) .  

Effect of melt annealing at 270°C on apparent domain size distribution for PC 

and subsequent plots with a logarithmic time scale, 
the domain sizes given on the ordinate represent the 
values for as-molded samples. While PC/PS (80/ 
20) and PC/SAN25 (70/20) blends have similar 
B P  domain sizes before annealing, the PS domains 
exhibit more growth during melt annealing, probably 
owing to a higher interfacial tension at  the PC-PS 
interface in comparison to that at the PC-SAN25 
interface according to values calculated in a recent 

rep01-t.'~ No initial domain sizes are indicated for 
the skin regions since the morphology is too complex 
to be characterized so simply. The multilayer skin 
structure tends to quickly reorganize to form dis- 
persed domains of larger dimension than found in 
the core region. This is clearly shown in Figure 3 (b)  , 
where the complex oriented skin domain structure 
of PC /SAN25 blend relaxed very rapidly at  270°C, 
giving rise to large spherical SAN25 particles. Figure 
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Figure 8 TEM photomicrographs of as-molded and melt-annealed (30 min at 27OoC) 
PC/SAN34 (60/30) blends. Samples were microtomed from injection-molded bars per- 
pendicular to flow direction at  room temperature and stained with Ru04. 

6 also shows this transformation for a PC/SAN25 
blend via SEM photomicrographs of polished frac- 
ture surfaces from which the PC phase has been 
removed by extraction. Here, the complex cocontin- 
uous skin region [Fig. 6 ( c )  ] is relaxed within 2 min 
to produce spherical SAN25 particles with a broad 
size distribution. Figure 7 shows how the apparent 
domain size distribution in the core region changes 
with melt-annealing time. It is clear that melt an- 
nealing at 270°C both increases the average domain 
dimension and broadens its distribution. 

For PC/BP (60/30) blends, both irregular and 
elliptical shaped domains have been observed in as- 
molded specimens. However, the BP domains tend 
to develop into more spherical shapes during melt 
annealing and, of course, have a much larger size 
distribution due to domain coalescence. Figure 8 
shows a typical comparison of the morphology of a 
PC/SAN34 (60/30) blend as molded and after melt 
annealing at  270°C for 30 min. 

Figure 9 compares the morphology of as-molded 
and melt-annealed (a t  270°C for 30 min) samples 
of ternary PC/BP/MBS (60/30/10) blends. 
PMMA, PS, SAN14.7, SAN25, and SAN34 are the 
BP components used in these blends, and as men- 
tioned previously were selected because of their in- 
teractions with the PMMA graft layer of the core- 
shell modifier and with PC. While PS and SAN34 

are immiscible with PMMA; SAN14.7, SAN25, and 
PMMA homopolymer should be miscible with the 
PMMA graft.'6,25 Furthermore, SAN14.7 should 
have the strongest interaction as judged from the 
lower critical solution temperature (LCST) of its 
blends with PMMA." Polycarbonate is on the verge 
of miscibility with PMMA as shown by recent stud- 
ies, l5 and its adhesion to styrene-acrylonitrile co- 
polymers is greatest a t  about 25% AN,21 which sug- 
gests optimal thermodynamic interaction with 
SAN25 compared to the other styrenic polymers 
used here. For as-molded ternary blends containing 
PMMA, SAN14.7, or SAN25, the BP phase tends 
toward cocontinuity with the PC (darker) phase. 
For ternary blends involving PS and SAN34, how- 
ever, the BP phase seems to have about the same 
shape as found in the corresponding binary blends 
without the MBS modifier. 

After melt annealing at 270°C for 30 min, coars- 
ening and coalescence of the BP domains was ob- 
served for all ternary blends. This change reduces 
the PC-BP interfacial area and tends to cause MBS 
particles to accumulate a t  this interface for most of 
the ternary blends. When PMMA is the brittle 
polymer, the MBS particles are located within the 
PMMA phase in the as-molded material and remain 
there during melt annealing. There is some evidence 
for agglomeration of MBS particles within the 
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(a) PC/PMMA/MBS 

As-molded 1 Melt annealed 

(b) PC/PS/MBS 

1 Pm 
. 

1 m 

- . 
1 Pm Melt annealed 1 Pm As-molded 

Figure 9 TEM photomicrographs of as-molded and melt-annealed (30 min at  270°C) 
PC/BP/MBS (60/30/ 10) blends. Samples were microtomed from injection-molded bars 
perpendicular to the flow direction at room temperature and stained with Os04 and RuOl. 
BP: ( a ) ,  PMMA; (b) ,  PS; ( c ) ,  SAN14.7; (d) ,  SAN25; ( e ) ,  SAN34. 

PMMA phase during this step as seen in Figure 
9 ( a ) .  The PC and PMMA phases have a strong ten- 
dency for cocontinuity. It is important to note that 
PC and PMMA are nearly miscible, as shown re- 

~ent1y.I~ The presence of MBS particles can greatly 
modify the rheological properties'* and thereby favor 
such morphologies. Annealing at  processing tem- 
perature (270°C) does not change the overall lo- 
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(c) PC/SAN14.7/MBS 

Melt annealed - 
(d) PC/SAN25/MBS 

Melt annealed . 
1 Pm As-molded 

Figure 9 (continued from previous page) 

cation of the MBS particles but does seem to cause 
them to undergo some agglomeration in the PMMA 
phase. 

Ternary blends containing SAN14.7 show similar 
morphological behavior as ternary blends containing 
PMMA. The MBS particles tend to be located 
within the SAN14.7 phase in the as-molded blend, 
evidently because of the miscibility of their PMMA 

shell with this SAN." After melt annealing, some 
MBS particles are located at  the PC-SAN14.7 in- 
terface. An analysis of surface forces predicts the 
MBS particles to be located at the interface in this 
system at  equilibrium. As found for PMMA, the 
tendency for PC-SAN14.7 cocontinuity appears to 
disintegrate during melt annealing. 

For ternary blends containing PS, the MBS par- 



1258 CHENG, KESKKULA, AND PAUL 

(e) PCISAN3WMBS 

- - 
1 w As-molded 1 Pm Melt annealed 

Figure 9 (continued from previous page) 

ticles accumulate mostly at the PC-PS interface26 
and the PS domains appear to grow considerably 
due to particle retraction and coalescence during 
melt annealing. When the BP  is SAN25, the PC- 
SAN25 cocontinuity tends to disintegrate and the 
MBS particles concentrate mainly at the PC- 
SAN25 interface. When SAN34 is the BP  phase in 
the ternary blend, MBS particles concentrate a t  the 
PC-SAN34 interface while some agglomerate in the 
PC phase. In general, annealing tends to cause the 

Melt Annealed at 270% 

s3 
d) PClSAN3UMBS 

1 10 100 

Melt Annealing Time (min) 
Figure 10 Comparison of growth of SAN34 domains 
in binary and ternary PC blends during melt annealing 
at 270°C. 

distribution of MBS particles to become consistent 
with the equilibrium location predicted from surface 
force analysis as summarized in Table I and reported 
in detail e1~ewhere.I~ 

Figure 10 compares the BP  domain size in ternary 
PC /SAN34 / MBS blends with the corresponding 
binary blends without MBS particles as a function 
of melt-annealing time. It is interesting that the 
SAN34 phase size always appears larger when MBS 
particles are present. The measure of domain size 
used here is the weight average dimension defined 
by eq. ( 4 )  where the dimension is the diameter of 
circular particles or the long dimension of elliptical 
particles [a few irregularly shaped particles were ig- 
nored-see Figs. 8 and 9 (e )  -for simplicity]. 

PROPERTY A N D  MORPHOLOGY 
RELATIONSHIPS 

As-molded, ternary PC /BP/MBS blends were 
found to be quite tough. The least tough ternary 
system is the one based on BP  = PS, which has an 
as-molded impact strength of 2.3 ft-lb/in. Figure 11 
schematically summarizes the morphologies ob- 
served for these as-molded ternary blends and the 
changes that occur as a result of melt annealing at  
270°C. Significant morphological changes occur 
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BP - 

PMMA 

PS 

PC/BP/MBS (60/30/10) melt annealed 
at 270'C for 30 minutes * 

SAN14.7 

As-molded blend Annealed blend Morphology Change 

SAN25 

SAN34 

MBS particles agglomerate 
in PMMA phase. 

appears to disintegrate. 
PC-PMMA cocontinulty 

MBS particles accumulate 
at PC-PS interface. 
PS domains appear to 
coalesce. 

MBS particles tend to 
accumulate at 
PC-SAN14.7 interface 
and In SAN14.7 phase. 
PC-SAN14.7 co-continuity 
appears to disintegrate. 

MBS particles accumulate 
at PCSANPS interface. 
PC-SAN25 cocontinulty 
disintegrates slgniflcantly. 

MBS particles accumulate 
at PC-SAN34 interface and 
In PC phase. 
SAN34 domalns appear to 
coalesce. 

Figure 11 
due to melt annealing at 270°C for 30 min. 

Schematic of morphology change of ternary PC/BP/MBS (60/30/10) blends 

even after relatively short melt-annealing times. 
There are also corresponding changes in blend 
properties. Figure 12 shows the loss in impact 
strength for ternary blends when the BP is PMMA 
and SAN25. The least severe decline in toughness 
is seen for blends based on PMMA, while blends 
based on the other BPs become quite brittle after 
only 2 min of melt annealing at 270°C. 

The profound changes that occur in the domain 

morphology during melt annealing are due to several 
factors. First, the relaxation of the highly oriented 
skin layer produces spherical B P  particles. Second, 
in the core region dispersed particle coalescence and 
growth take place. Here, the relative viscosities of 
the component polymers and their interfacial ener- 
getics play a role. Figure 11 of ref. 14 gives compar- 
ative rheological information about the polymers 
used that indicated relatively small viscosity differ- 



1260 CHENG, KESKKULA, AND PAUL 
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Melt Annealed at 270'C . 
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E O  Y 

1 10 100 
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Figure 12 Notched Izod impact strength of PC/BP/ 
MBS (60/30/10) blends as a result of melt annealing at 
270°C. 

ences between the BPs in comparison to PC and 
KM680. Surface energy effects have been pointed 
out by the data in Table 1. 

To properly evaluate changes in mechanical 
properties that occur during melt annealing at 
270"C, it is essential to understand the chemical 
stability of each of the blend components. In the 
absence of water and oxygen, PC is quite stable a t  
270°C for times much longer than those used 
here.27*28 Likewise, PS and its copolymers with ac- 
rylonitrile should be adequately stable for the times 
and temperature of interest here.29 PMMA, on the 
other hand, is noted for its tendency to 
depolymerize 27; however, commercial grades like 
those used here are actually copolymers designed to 
mitigate this problem to some extent. A TGA trace 
shown in Figure 13 ( a )  documents the behavior of 
the commercial PMMA used here, There is a small 
loss in mass of about 6% on isothermal heating at  
270°C for 30 min followed by more severe decom- 
position at much higher temperatures. Note that 
noncommercial PMMA materials are generally 
much less stable.30 

Figure 13 (b)  shows a TGA analysis of the MBS 
modifier. During holding at 270°C for 30 min, it loses 
only about 1.5% mass, most of which is probably 
MMA from the shell. A greater concern for the MBS 
modifier is thermal crosslinking of the butadiene- 
based rubber core.29 

Dynamic mechanical analysis was used to more 
explicitly explore this aspect of the chemical stability 
of KM 680 at 270°C. Figure 14 shows the dynamic 
mechanical properties of as-molded KM 680 and af- 
ter heating for 30 rnin at  270°C. There are some 
obvious changes in the dynamic mechanical prop- 

erties that occur as a result of this heat history. It 
is significant to note that the temperature at which 
tan 6 of the rubber peak reaches its maximum has 
shifted upward by only 7°C (from -6l"C), indicat- 
ing that the butadiene-based core remains elasto- 
meric. Above the rubber phase Tg, the modulus re- 
mains as low if not lower than the as-molded mod- 
ifier. These facts suggest that the various changes 
that occur at 270°C probably do not greatly impair 
the effectiveness of KM 680 to act as an impact 
modifier. In line with this, it is interesting to note 
in Table I11 that the properties of PC/MBS binary 
blends are only slightly changed by melt annealing. 
Accordingly, it appears that the dramatic changes 
in the ternary blend ductility are mostly caused by 
morphological changes during melt blending. 

Only PC/PMMA/MBS blends maintain their 
toughness during the early stages of melt annealing 
(Table I11 and Fig. 12). The most obvious feature 
that distinguishes the PMMA-containing blend 
from the others is the extent to which the MBS 
particles migrate into the interfacial region during 
melt annealing. For blends based on PMMA, the 
MBS particles are entirely located in the PMMA 
phase and do not migrate to the interface during 

01 . ' ' . ' . ' ' . ' 1  
0 100 200 300 400 500 600 

Temperature ('C) 

lsothenal at 
27OC for 30 mln 

\ i  
I 1  

KM 680 
0 . ' - ,  1 

0 100 200 300 400 500 600 
Temperature ('C) 

Figure 13 TGA traces of PMMA and KM 680. Samples 
were annealed at 270°C for 30 min in nitrogen, then heated 
at 10°C/min up to 600°C. 



EFFECT OF MELT ANNEALING ON PC BLENDS 1261 

0.4 

0.3 
cg 

0.2 

0.1 

9.6 

9.2 

8.8 

8.4 iLl a 
0 
A 

8.0 

7.6 

7.2 

6.8 

-1 50 -1 00 -50 0 50 100 150 

Temperature ('C) 

Figure 14 
at 270°C for 30 min. 

Dynamic mechanical properties of KM 680 as-molded and after melt annealing 

melt annealing. For ternary blends based on all other 
BPs, melt annealing causes significant migration of 
the MBS particles to the PC-BP interface. Appar- 
ently, location of the MBS particles a t  the PC-BP 
interface is undesirable for good toughness. This is 
an interesting observation since previous work 
showed that blends of high-impact PS and ABS have 
good toughness when similar PMMA-grafted rubber 
particles were located a t  the interface between 
them.31 The absence of any toughening of the BP 
phase by MBS particles may be an important issue 
here. 

Another factor that can influence properties is 
the change in morphology of the PC and BP phases 
that occurs during melt annealing. The conse- 
quences of this can be seen most clearly by exam- 
ining the changes in morphology and ductility of 
binary blends. Such effects are illustrated in Figure 
15 for PC/PS and PC/SAN25 blends. There is a 
reduction of notched Izod impact strength that oc- 
curs simultaneously with the growth of domain size 
for both systems. The decrease in impact strength 
for blends with PS is rapid. This is most probably 
due to the disappearance of the oriented skin layer 
of the molded bars and the poor interfacial adhesion 

of PS to PC. The changes in the PC / SAN25 blends 
are less dramatic, however. Overall, the as-molded 
binary blends with the smallest domain size distri- 
bution have the best impact strength. 

CONCLUSIONS 

Injection-molded binary blends of PC with a number 
of BPs and ternary blends containing an MBS mod- 
ifier were annealed quiescently a t  270°C to simulate 
conditions of no flow or low stress that may occur 
in molds, runners, and manifolds when these ma- 
terials are melt processed. Changes in blend mor- 
phology and toughness were found to occur as a re- 
sult of melt annealing. 

A significant change in blend morphology occurs 
in less than 2 min of melt annealing a t  270°C. In 
binary blends, the dispersed BP phase shows sig- 
nificant enlargement when viewed in the plane per- 
pendicular to the flow direction. The ternary blends 
containing the MBS impact modifier also show ap- 
parent domain growth and other more complex be- 
havior. For the ternary blends where the BP phase 
is PMMA, SAN14.7, or SAN25, the PC and BP 
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Figure 15 Relationship between change of domain size 
and Izod impact strength of binary PC blends after melt 
annealing at 270°C. ( a ) ,  PC/PS (80/20); (b) ,  PC/ 
SAN25 (70/20). 

phases tend to form cocontinuous structures in the 
as-molded materials. This cocontinuity is lost during 
melt annealing as the B P  phase progressively be- 
comes more spherical and grows in size. The location 
of the MBS particles may also change during melt 
annealing. When the dispersed phase is PMMA or 
SAN14.7, the MBS particles agglomerate but remain 
distributed in the BP phase. In all other cases, the 
MBS particles tend to relocate to the interface be- 
tween PC and the B P  phase. In the latter cases, the 
notched Izod impact strength is significantly reduced 
even after 2 min at  270°C. If the MBS particles re- 
main in the B P  phase, the loss of impact strength 
is much more gradual. Evidently, the abrupt loss in 
impact strength is primarily due to the depletion of 
the impact modifier in the brittle phase. The possible 
contributions of degradation of the polymeric com- 

ponents were also considered, but the experimental 
results indicate that the major reason for loss in 
toughness during melt annealing is morphological 
changes. 
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