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ABSTRACT: Poly(styrene- b-(ethylene-co-butylene)-b-methyl methacrylate) (P(S-b-EB-b-MMA) triblock 
copolymers containing various amounts of the elastomeric center block (6-38 wt 76 PEB) have been used 
to compatibilize polymer blends based on poly(2,6-dimethyl-l,4-phenylene ether) (PPE) and poly(styrene- 
co-acrylonitrile) (PSAN). From the dynamic mechanical analysis in combination with transmission electron 
microscopy detailed information about the location of the block copolymers is obtained, because the intermixing 
of the PS block with PPE and the PMMA block with PSAN changes the glass transitions of the main 
components. In all studied blends, the PS block penetrates into the PPE. In blends withPSANL0, acopolymer 
containing 20 wt % acrylonitrile, the PMMA block is mixed with PSAN, while this is not the case in blends 
with PSAN43 (43 wt % acrylonitrile). In blends with PSANBO the elastomeric center block (PEB) does not 
form a rubbery layer along the PPE/PSAN interface. Due to the large incompatibility between PEB and 
all other blend Components small rubber islands form at the PPE/PSAN boundary, giving rise to a'raspberry" 
type morphology. The location of these rubbery particles at the interface causes a considerable improvement 
of the mechanical interfacial strength. Stable bicontinuous morphologies are formed at PSAN:PPE ratios 
around 60:40. 

Introduction 

Block copolymers have found widespread interest as 
compatibilizing agents for immiscible polymer b1ends.l 
However, the use of poly(A-b-B) block copolymers as 
compatibilizers of poly(A)/poly(B) blends often does not 
result in an improvement of the mechanical phase adhe- 
sion, though the block copolymer is an efficient dispersing 
agent. The major reasons discussed in the literature for 
this observed deficiency is the formation of a "dry brush" 
situation at  too low molecular weights2 and the balance 
between compatibilizing efficiency and micelle forma- 
t i ~ n . ~ , ~  Figure l gives a schematic representation of these 
different situations of a block copolymer in an A/B blend. 
An efficient mechanical coupling will only be achieved if 
each block of the block copolymer intimately mixes with 
one of the blend components (wet brush). If the segments 
of the block copolymer and the blend components do not 
interpenetrate (dry brush), this may cause a weak me- 
chanical link despite the fact that the block copolymer 
reduces the surface tension. There has been some dis- 
cussion how the dry brush/wet brush balance is influenced 
by the ratio of block length and molecular weights of the 
blend  component^.^!^ While large block copolymers should 
act as more efficient compatibilizers, they also tend to 
form micelles a t  concentrations larger than the corre- 
sponding critical micelle concentration (Figure Both 
problems discussed should be avoidable, if a block 
copolymer poly(C-b-D) is used as a compatibilizer for poly- 
(A)/poly(B) blends, in which each block of the block 
copolymer is chemically different but thermodynamically 
miscible with one of the blend components. The negative 
enthalpic interaction between AIC and B/D enforces 
interpenetration and thus the wet brush situation. Ad- 
ditionally, the location of the CD block copolymer a t  the 
A/B interface is thermodynamically favored in comparison 
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to the formation of block copolymer micelles in either of 
the two phases. This situation has recently been treated 
theoretically by Braun et  ala7 

In previous workspg we have shown that such a system 
is realized in blends of PPE and PSAN2O using P(S-b- 
MMA) diblock copolymers of variable molecular weight 
as compatibilizer. In this system the PS block has a 
thermodynamic driving force to  enter the PPE domain 
( X S ~ E  = -0.1)'" while the PMMA block is miscible with 
PSAN copolymers, if the acrylonitrile (AN) content is 20 
w t  7% ( X P S A N ~ O ~ M ~  = -0.008).11 If the acrylonitrile 
content is larger than about 35 wt 96 the interaction turns 
positive (XPSAN43/PMm = +0.005).8J1 As a result the block 
copolymer locates a t  the interphase in the case of PSANBOJ 
PPE blends and penetrates into the blend c o m p ~ n e n t s . ~ ~ ~  
Nevertheless the mechanical strength of the blends as 
measured by stress-strain experiments on bulk samples 
remained unsatisfactory (see below).14 Recent experi- 
ments by Brown et al.5 on PPE/P(S-b-MMA)/PMMA and 
PS/P(S-b-MMA)/PMMA layers demonstrate an increased 
strength of the single layer. 

Thus another argument to explain the low ultimate 
mechanical properties in blends of a rubber toughened 
PSAN (matrix) with dispersed PPE and added P(S-b- 
MMA) diblock has been proposed: Both PPE and PSAN 
are amorphous polymers under the present conditions. 
Upon cooling a blend (with or without compatibilizer) from 
the melt, the high Tg component (PPE) freezes first. In 
the temperature range between the glass transitions of 
the two major components the respective thermal expan- 
sion coefficients are quite different. This may cause 
mechanical stresses a t  the phase boundary, which could 
give rise to the low ultimate mechanical properties of the 
blend. The results reported in the literature that tapered 
block copolymer systems are more efficient in terms of 
mechanical compatibi1izationl5J6 can also be rationalized 
along the same argument. 

Based on this consideration i t  is straightforward to use 
a compatibilizer which could avoid the formation of 
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"wet-brush" 
Figure 1. A-b-B block copolymern as additives to a binary A/B polymer: (a) homogeneous distrihlltion of the block copolymer in 
both components, (h) localization of the block copolymer at the A/B interface l(h-1) dry brush, (h-2) wet brush]; (c) block copolymer 
micelles in one or both blend conponents. 

b) C) 
Figure 2. Possible morphologies of blends of PPE and PSAN 
containing P(S-b-EB-b-MMA) triblock copolymers: (a) block 
copolymer with elastomer block of intermediate length; (b) very 
short elastomer block (same behavior as P(S-b-MMA) diblock); 
(e) large elastomer block (large elastomer volume fraction) 
(macrophase separation). 
internal stresses at the interface. For this purpose we 
have synthesized poly(styrene-b-(ethylene-co-butylene)- 
b-methyl methacrylate) (P(S-b-EB-b-MMA)) block co- 
polymers via sequential anionic polymerization of stryrene, 
butadiene, and methyl methacrylate and subsequent 
hydrogenation of the butadiene hlock.17 If this block 
copolymer wouldlocateat the interface of aPPE/PSAN20 
blend, a thin elastomeric layer between the glassy blend 
components could form, resulting in an efficient reduction 
of the mechanical stresses below the glass transitions of 
PPE and PSAN. Figure 2 shows the extreme situations 
of blend morphologies that could he expected upon 
variation of the center block length. While a very long 
center blockcould result ina macroscopic phaseseparation 
(Figure Zc), avery short center block would represent the 
crossover to the dihlock situation (Figure 2b). Thus it 
might be expected that a block copolymer of intermediate 
lenpth would be most suited. In addition the tendencv 

As we have shown recently, the morphology of ABC 
triblock copolymers is governed not only by the volume 
fractions $A, $B, and $c hut also by the balance of the 
three binary interaction parameters XAIB, XBIC, and XA/C 
which also are related to the correspondinn interfacial 
ene~gies.'~JS In most reported triblockcopolher systems 
like in P(S-b-I-b-MMA)'g or P(S-b-I-b-VP)20-24 the in- 

~~~~ ~~~ 

compatibility of the two end blocks is larger than the 
incompatibility of one of the end blocks with the center 
block (XI3 > XI* or X 2 3 ) .  As a consequence the sequence 
of phase boundaries follows the block sequence, i.e. there 
are no AIC boundaries. In the case of P(S-b-EB-b-MMA) 
block copolymers the hydrogenated butadiene block 
dislikes the two end blocks more than these dislike each 
other: XPS/PEB - XPMMAIEB >> XPS,PMMA. As a consequence 
the system will tend to minimize the phase boundary PSI 
PEB and PMMAIPEB at the expense of creating PS/ 
PMMA boundaries. Newregular morphologies resultfrom 
this thermodynamic balance."J8 As will he discussed 
below, the same thermodynamic arguments can he applied 
to the hlends discussed here. To elucidate the influence 
of added SEBM triblock copolymers in detail, the present 
paper deals with dynamic mechanical and morphological 
studies in the following systems (Figure 3). In section A 
the main emphasis addresses the question whether the 
P(S-b-EB-b-MMA) block copolymers actually locate a t  
the interface and which morphologies result. As in the 
previous where P(S-b-MMA) dihlock copolymers 
have been used as compatibilizers, ternary blends with 
PPE and either PSAN20 (which is miscible with PMMA) 
or PSAN43 (which is immiscible with PMMA) will be 
compared for this purpose. 

In section B the PSAN20/PPE composition will be 
varied at relatively large amounts of block copolymer. In 
section C the influence of the length of the elastomeric 
center block of the block copolymer is studied with the 
limit of the P(S-b-MMA) diblock. Special emphasis is 
given to blends with a dispersed PPE phase. Preliminary 
experiments on the fracture behavior of the hlends 
compatibilizedwith the triblockcopolymer will he reported 
in section D. 

towardmicelleformationmightbeinfluenced by the cent& 
block. However. as will be discussed below. the actual Exwrimental Section 

I ~~~~ 
~ ~~~ 

morphology formed a t  the phase boundary in the present 
system differs considerably from the schematic picture 
given in Figure 2a. 

Materials. P(S-b-EB-b-MMA) trihlock copolymers were 
obtained hysequentialmionicpolymerization. Theexperimental 
details developed to avoid termination during the polymerization 
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c) 
Figure 3. Illustration of the blend compositions used in this 
study: (a) compositions PSAN/PPE 6040 without (A) and with 
15 (B, B’) and 30 (C, C’) w t  % added triblockcopolymer SEBM38 
[variation of styrene acrylonitrile copolymer (PSAN2O and 
PSAN43)l; (b) variation of PSANPOIPPE composition (a-f). (c) 
Variation of the triblock copolymers SEBM38, SEBM17, and 
SEBMG at two compositions (D, E). 

of the butadiene block in THF are reported elsewhere.” The 
P(EB-b-MMA) diblock copolymer used to toughen PSANBO (see 
section D) and the P(S-b-MMA) diblock copolymer SM97, were 
obtained in a similar way. All block copolymers have a narrow 
molecular weight distribution with no detectable homopolymer 
impurities. The polybutadiene block was hydrogenated by the 
reaction with diimine= using p-toluenesulfonic hydrazide as the 
diimine source. The thermal stability of the block copolymers 
has been studied separately.26 The detailed analytical results 
obtained for the P(S-b-EB-b-MMA) and P(EB-b-MMA) block 
copolymers are given in Table I. Number average molecular 
weights were determined osmometrically,n and the polydispersity 
and block copolymer purity, by GPC. Hydrogenation resulted 
only in a negligible increase of the p01ydispersity.l~ The PSANSO 

r . l . l . l . l . l . l . l . I . I . l . l . l . l . l . I . I . t  
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IO-’ 

-80 -40 0 40 80 120 160 200 240 
- temperature/”C- 

Figure 4. Dynamic mechanical analysis of ternary blends 
PSAN/PPE/SEBM38: (a) PSAN2O; (b) PSAN43. Compositions 
are according to Table 111. For data at temperatures up to about 
140-170 OC, dual cantilever (DC) geometry; At higher temper- 
atures, shear sandwich (SSW) geometry. The curves are shifted 
vertically for one decade. The ordinate scale is valid for the 
upper curve. 

and PSAN43 copolymers were kindly provided by BASF AG 
(Ludwigshafen). The materials were fractionated to remove low 
molecular weight components. Poly(2,6-dimethyl-l,4phenylene 
ether) (PPE) was prepared from 2,6-dimethyl-4-bromophenol 
according to the method described by Percec et al.% The PPE 
was endcapped to avoid the equilibration reaction and fraction- 
ated to remove low molar mass material. Details of the 
experimental procedures are given in ref 8. 

Table I1 summarizes the analytical data of the blend com- 
ponents and gives the glass transitions obtained by DSC (10 K 
min-l) and dynamic mechanical analysis at 1 rad s-I. 

The thermal stability of all components was checked carefully. 
The most sensitive component is the PMMA block. Substantial 
depolymerization of the PMMA block occurs at temperatures 
above 245 OC.% 

Conditions for blend preparations were the same as in our 
previous work8 The blends were prepared by coprecipitation of 
the mixture of the components from dilute solution (1.2-1.5% 
w/v in THF). The f i e  powders obtained by this procedure were 
carefully dried under vacuum (50-80 OC) for several days and 
then put into a melt press which allows the preparation of the 
samples under vacuum. The samples were kept at 240 “C for 45 
min. By this technique bubble-free specimens were obtained. In 
our previous study we have demonstrated that this annealing is 
sufficient to approach the equilibrium structure without com- 
plications related to significant degradation? 

Methods. Dynamic mechanical measurements were per- 
formed on a Rheometrics Solids Analyzer RSAII in the tem- 
perature step mode at a constant frequency of 1 rad s-l and a 
delay time of 1 min before each measurement. Strains were kept 
small enough to ensure linear viscoelastic behavior. To cover 
the mechanical behavior in a wide range, the blends were tested 
with two different test geometries: dual cantilever (DC) (45 mm 
X 6 mm X 2.3 mm) for the modulus range with E‘ > 108 Pa and 
shear sandwich (SSW) (2 X (2 mm X 5.5 mm X 55 mm)) in the 
region with G’ < lo7 Pa. In the SSW geometry samples were 
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Table I. Analytical Results of the Block Copolymers. 
PS PSb-B) PIS-b-B-b-MMA) 

88 (osmosis) 96 225 
SBM17 100 (GPC) 1.05 (148) 1.06 (205) 1.10 0.48 0.17 

108 (osmosis) 145 238 

64 (osmosis) 175 245 
SBM38 57 (GPC) 1.04 (135) 1.07 (189) 1.08 0.24 0.38 

PB P(B-b-MMA) 
M. MdM. M. MdM. WPB 

BM63 (55) (GPC) 1.09 (84) 1.10 0.63 

PS P(S-b-MMA) 
M. MdM. M. MJM. WPS 

SM97 97 (GPC) 1.12 (180) 1.13 0.47 
92 (osmosis) 205 

aAnaly&ical results of the unhydrngenated blnck copolymers and their PS and P(S-b-B) pre~rsors which were isolated during anionic 
polymerization. SBM = poly(styrene-b-butadiene-b-methyl methacrylate); BM = poly(butadiene-b-methyl methacrylate). In the text the 
corresponding hydrogenated block copolymers are denoted as SEBM and EBM. The polybutadiene block of the copolymers consists 
predominantly of 1.2-vinylic structures (-90 mol % IS-units). GPC THF; in brackets, molecular weights of the hlnck copolymers and 
precursors appear somewhat b o  low due to PS calibration. wps, WPB = weight fraction of PS and PB determined from 'H NMR. 

Table 11. Characteristics of Blend Components 

polymer M. MdM. w, DSQ E"& tan8,d 
T,I'C 

PSAN20 (166)' 1.60 0.8gd 110 110 113 

PSAN43 (45)' 1.40 0.57d 111 114 116 
PPE-I1 (105)' 2.0 215 216 227 

16ff 

9W 
a GPC in THF. b GPC in CHCI,: PS mlihmt.ion. (. Msmhrnne ~~ ~ ~~~ ~~~~ ~~. ~~~ . ~ ~ . ~  ". ~ . ~ 

oBmmis in CHCls. Weight fractionof styrenedetermined fromele- 
mental analysis. e DSC: hearing rate = 10 K mi". I Temperature of 
the maximum of the E and tan  6 peaks at a frequency of 1 rad s. 

Table 111. 
(a) Blends with PSAN20 

blend WD-. WI* PSAN20 PPE-II SEHM38 

I 

A 0 0 60 40 0 
B 0.101 0.096 51 34 15 
C 0.263 0.205 42 28 30 

(b) Blends with PSAN43 
blend wp- wpg PSAN43 PPE-I1 SEBM38 

A' 0 0 60 40 0 
B' 0.101 0.096 51 34 15 
C' 0.263 0.205 42 28 30 
a WP- = weight fraction of PMMA on the basis of PMMA and 

PSAN wpg = weight fraction PS on the basis PS and PPE. 

annealed in the instrument at 240 OC to allow good mechanical 
contact between the plates and the sample. 

Stress-strain experiments and fracture tests were make on 
a home-built stressstrain apparatus. Dumbbell-shaped samples 
with an efficient zone of 25 mm X 5 mm X 1 mm were used. The 
strain rate was 1 mmimin-l at an initial sample length of 25 mm. 

Transmission Electron Microscopy. Ultrathin sections (50 
nm) were cut at room temperature from the specimen used for 
mechanicaltesting with a Reichert Ultramicrotome FC4equipped 
with a diamond knife. Contrasting was performed by exposing 
the ultrathin sections on gold grids to RuOI vapor according to 
the method of Trent et d.lg By variation of the exposure time 
(l(t30 min) at 32-35 OC, different contrasts between the phases 
could he achieved (see below). Bright field imaees were taken 
at an acceleration voltage of 80 kV. 

Results and Discussion 
A. PSAN43 and PSAN20 in Ternary  Blends with 

PPEandP(S-bEB-bMMA). Accordingtothe original 

60 SO 100 120 140 160 180 200 - 1.rnlm"lYrU.C - 
Figure S. Direct ramparison of the loss tangent (tan 6 )  in the 
range of the PSAN glass transition T8,psI~, in hlends containing 
30 UT SEBM3R. The lower curve is shifted by one decade. 

PUMA EB a) 

XPSAN43PPE If 0.22 
XPSAN4YPMMA -* 0.0°5 

Figure& Morphologicalarrangements ofthe SEBM38triblock 
copolymerinPPE/PSAN43 hlends: (a) PMMAcoressurrounded 
by a PEB layer with a PS shell which is mixed with the PPE (b) 
and (c) PMMA-PEB-PS layer surrounding small PSAN43 
inclusions or large PSAN43 particles. 

idea P(S-b-EB-b-MMA) triblock copolymers could locate 
at the phase boundary in PPE/PSAN20 blends and cover 
the PPE domains with a thin elastomeric layer. To check 
whether this actually happens, blends with both PSAN20 
and PSAN43 are studied. Because the PMMA block is 
miscible with PSAN20, while it is immiscible with 
PSAN43, a different behavior can be expected for the two 
copolymers.8 Blends with relatively large amounts of 
SEBM38 were studied. This allows the analysis of the 
glass transition of all components. 

Figure 3a and Table IIIa,b summarize the blend 
compositions used for this purpose. All blends containing 
PSAN43 were opaque while blends containing PSAN20 
were only slightly turbid (not as transparent as corre- 
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Figure 7. T E M  micrriErapha of ternary W A N 4 3  PPE'SERM38 blends (ultrathin sections stained with RuO,: (dark) PPE (bright) 
PSAN): (a) overview image nf hlend composition H' (51:34:15); (b) detailed image (larger magnification) of composition B (5k3415); 
(e) overview image of hlend composition C' (42:28:30); (d) detailed image (larger magnification) of composition C' (422830). Key 
I = core shell micelles; 2 = core shell inclusions; 3 separate blnck copolymer layer at the PSAN43IPPE phase boundary (without 
penetration of the hlaek copolymer into the phases). 

sponding blends containing P(S-b-MMA) dihlocks). Due PSAN20 interface as in the case of added diblock. 
to the similar refractive indices of PSAN20 and PPE this Characteristic differences are observed in blends con- 
only means that the triblockcopolymerisnot macrophase taining PSAN43 (Figure 4b). While the glass transition 
separated in the ternary blend. Figure 4a,b shows the related to the mixed PPE/PS phase shows the same 
results of the dynamic mechanical analysis for the two concentrationdependence, theglass transitionofPSAN43 
series. In blends with PSAN20 addition of the triblock does not change upon addition of the block copolymer. 
copolymerslightly increases the PSAN20glass transition. Moreover, a shoulder a t  high temperatures indicates a 
The weight fraction of PMMA, WPMMA = m P M M d ( m P M M A  separate glass transition of the PMMA block in the blend 
+ mPSAN) ,  is 0,O.l. and 0.26. For a homogeneously mixed containing 30 wt % of SEBM38. Figure 5 shows the 
PSANZO/PMMA phase the expected increase of the glass enlarged section of the (tan 6)/T curve a t  the PSAN glass 
transition AT, a t  WPMMA = 0.26 is on the order of 4 K,9 transition for the two blends containing3Owt ?& SEBM38 
which is in good agreement with the observed value (A?', to illustrate explicitly the differences between the two 
= 5 K),indicatingaratherhomogeneousmixingofPSAN20 different PSAN copolymers. Similar observations have 
with the PMMA block. been made with added diblock copolymer.8 The glass 

The lowering and the shape of the PPE glass transition transition of the PMMA block in the pure triblock 
has been used as a sensitive measure of the segment copolymer (high fraction of syndiotactic diads) according 
distribution of the PS block in the PPE phase! As can to DMA is 130 "C (E",..; 134 "C a t  tan &). 
be seen in Figure 4 the PPE glass transition shifts to lower Another important observation relates to the glaes 
temperatures. HomogeneousbinaryblendsofPSand PPE transition of the PEB block. In blends with PSAN43 the 
of the same composition (WPPE = m p p d ( m p s  + mppd) PEB glass transition (tan am-) is located around -22 OC, 
would have glass transitions of 213 and 198 0C.9330.3L The a value which is the same as in the pure triblock (-24 
respective values of the blends are 217 and 209 OC with 0C)L4J2 or the P(EB-b-Mh4A) diblock with a PEB matrix 
a broad should toward lower temperatures. This indicates (-22 0C).'4 In contrast the PEB glass transition is shifted 
a considerable but not completely homogeneous mixing to -33 "C in the blends with PSAN20. As is discussed 
of the PS block with PPE. The PS block has a molecular elsewhere,3* this lower T, as compared to that of the bulk 
weight of 57k. The behavior of a P(S-b-MMA) dihlock of elastomer is indicative for isolated confined PEB micro- 
comparable PS molecular weight is very ~ i m i l a r . ~  Both domains, whose flexible chains are linked to the glassy 
the analysis of the PPE and the PSAN20 glass transition matrix. The fact that this is not observed in the blends 
show that the block copolymer is only located at  the PPE/ with PSAN43 indicates that the PEB domains are not 
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Figure R. TEM micrograph of ternary PSANZO;PPEiSEBM38 blends (ultrathin sections stained with RuOd. (a) Blend composition 
M : R 4 l f i  (rtaininr technioue B: see Fimre 9hl: fbriehtl PSAN20 (dark) PPE. PEB microdomains are detectable as reeular indents 

.L~% d 
_ . ~  ~ ~ ~~” ~~~~ ~ -. 

along t h e  PPI? I’SANLO phase hnundary. 11,) and‘;?, Rlcnd cn&mi t i& 51:3?15 isminine technique A. w e  Figure 9a1 enhanced 
contrast at the phase hwndary. lower 11,) and higher t r .  magnification. id) Hlend compoiition C *‘:2X:OO Istaming technique A): 
enhanced contrast at the phase boundary. 

isolated particles with good phase adhesion to the glassy 
matrix. Asimilarloweringoftheglasstransition in blends 
of diblocks with one identical homopolymer has been 
observed hyBabandCohen:x7 Theyattributed theeffect 
to the effect of interfacial tension. 

From the dynamic mechanical data we thus expect the 
following characteristic features for the morphology of 
PSAN43/PPE blends with SEBM38 (Figure 6): SEBM38 
should be present as lamellae or extended layers. In 
analogy to the behavior of P(S-b-MMA) diblock copoly- 
mers where micelles with a PMMA core and a shell of 
mixed b-PSIPPE were dispersed in the PPE, the trihlock 
could be arranged in the PSAN43IPPEISEBM38 blend 
(Figure 6a). In addition the block copolymer could form 
a layer a t  the PSAN43/PPE boundary. This follows from 
the larger incompatibility between PSAN43 and PPE 
as compared to that between PSAN43 and PMMA 

quence a layer made out of the PMMA and the PEB block 
could surround the PSAN43 domain. The PEB phase 
thus forms as extended layer (which explains the higher 
T,) to avoid a high energy PPE/PMMA interface 
(XPPE/PMM* = +0.5). The PS blocks are mixed with PPE. 

Theseconsiderations based on thedynamicmechanical 
data and thermodynamic arguments are supported by 
TEM. Figure 7a-d shows the morphology of these PPE/ 
PSAN43/SEBM38 blends. Dueto the staining conditions 
PPE is dark and PSAN43 light. The contrast along the 
phase boundaries is enhanced.” The lower magnifications 

(XPSANClIPPE 0.22; XPSAN&3/PMMA =z 0.005). AS a COnSe- 

(Figure 7a,c) show large pure PSAN particles with sizea 
of several microns. Increasing the amount of SEBM38 
slightly reduces the size of the PSAN43 particles. The 
PPE phase shows the presence of a large amount of 
PSAN43 inclusions in the submicron size. At the higher 
magnifications all structural details proposed from the 
DMA analysis are observable. Besides core shell micelles 
[ l l ,  the PSAN43 inclusions both in the PPE phase [21 
and a t  the phase boundary between the PPE and the large 
PSAN43 particles show a layered structure with a con- 
tinuous PEB layer along the phase boundary 131. The 
system avoids any PPE/PSAN43 phase boundary. This 
morpbology considerably differs from corresponding 
blends with P(S-b-MMA) diblock copolymers, where no 
enrichment of the block copolymer close to the PPEI 
PSAN43 phase boundary was ob~erved .~  The presence of 
the elastomeric center block influences the blend mor- 
phology. The structure of the PPE phase explains the 
considerable lowering of the PPE glass transition in the 
presence of the block copolymer. Starting from the phase 
boundary, the PS chains can penetrate nearly homoge- 
neously into the PPE phase. 

In blends with PSAN20 a completely different mor- 
phology is realized. As already deduced from the dynamic 
mechanical data (shift of T g ( p ~ ~ ) ,  isolated PEB micro- 
domains are expected.3z Parts a 4  of Figure 8 show the 
morphology of blends containing different amounta of 
SEBM38 a t  the same PSAN2OPPE ratio (60:40). Parta 
a and b of Figure 8 show different magnifications of 
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1 PSANZO I 
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Figure 10. Influence of the morphology on the dynamic 
mechanical behavior in composites consisting of a glassy matrix, 
a rigid filler,, and an elastomer according to Ishida and Jay? (A) 
elastomer dispersed in the glassy matrix without connection to 
the rigid filler: (B) rigid filler covered by the elastomer. 

*I 
Figure 9. Schematic representation of the morphology of 
PSANZOiPPEiSEBM38 alloys with a large amount of block 
copolymer, as visualized by TEM (a) (staining technique A) 
enhanced contrast of the PEB phase boundary, no contrast 
hetween PPE and PSAN20; (h) (staining technique B) strong 
contrast between PSAN20 and PPE, no contrast between 
PSAN20 and PEB and no enhanced contrast at the PSAN20/ 
PEB phase boundary; (e) two-dimensional pearl string mor- 
phology of the PEB microdomains along the PSANZOiPPE 
interface; (d) three-dimensional reconstruction of the morphology 
of PSANZOiPPEISEBM38 blends (raspberry morphology); (e) 
analysis of the PEB microdomain dimensions. 

ultrathin sections, where the PPE is stained to a larger 
extent than PSAN and the phase boundary shows no 
enhanced contrast. A distinction between PEB and 
PSAN20 cannot he made. The boundary of the PPE 
particles hasaverypeculiar structure with regular indents. 
These regular indents which have dimensionson the order 
of 60 nm are the result of the formation of isolated PEB 
microdomains located at the PPE/PSANphase boundary. 
Using the same staining conditions as for the micrographs 
shownin Figure7, no contrast hetweenPPE andPSAN20 
is formed (Figure 8c,d). However, the phase boundary is 
stained, and the PEB domains are detectable as a pearl 
string along the PPEiPSANZOphase boundary. Asimitar 
enhancedcontrast formation atthe boundarywas observed 
in the pure block copolymers:l8 While in the lamellar 
SEBM38 the PEB/PMMA boundary was not stained, the 
phase boundary in SEBM17, where cylinders of PEB are 
formed at the PS/PMMA interface, was clearly detected. 

Figure 9 gives a schematic representation of the mor- 
phology in thesePPEiSEBMIPSAN20 blends. In Figure 
9a,h the different staining conditions which give rise to 
the different pictures are shown schematically. The 
presence of isolated PEB microdomains can he recognized 
by the regular indents (Figure 8a,b). Without comple- 
mentary pictures like Figure 8c,d and the dynamic 
mechanical analysis it would he impossible to reconstruct 
the morphology. However, staining method B (Figure 9h) 

I 

Finnre 11. Dvnamic mechanical hehaviar of blende C and C' ~ ~~ ~~~ ~~~ ~~~~~~ ~~~ ~~ 

(see Table Illjconmining PSAN20 and PSAN43. respectively. 
Dual cantilever geometry at 1 rad 8.'. 

Tmhla IVS 

w t %  SEBM38 SEBMl7 
no. PSAN20 PPE-I1 SEBM WPW wps WW wps 

a n 7n xn 1 nnw 1 n 1.71 - ._  _ _  - - 
b 14 56 30 0.449 0.114 0.429 0.205 
C 28 42 30 0.289 0.149 0.273 0.255 
d 42 28 30 0.213 0.204 0.200 0.340 
e 56 14 30 0.169 0.340 0.158 0.607 
f 70 0 30 0.140 1 0.130 1 

PSAN WPS = weight fraction PS on the basin PS and PPE. 
a w p m  = weight fraction of PMMA on the basis of PMMA and 

has the advantage that the PPE/PSAN phase boundary 
shows up with sharp contrast, thus allowing the detection 
of the PEB domains as regular indents. In the case of 
staining method A the phase boundary often appears 
rather diffuse. Thus the detection of smaller PEB 
microdomains as they could he expected in blends with 
SEBM17 and SEBMG would he impossible. 
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Figure 12. Dynamic mechanical analysis (tan b andE”) of ternary 
blend (a-f) PSAN20PPE; x:y)/SEBM38 (7030) dual cantilever 
(E” > lo7 Pa) and shear sandwich (3G” = Err < lo7 Pa) geometry. 
For detailed compositions, see Table IV. Data for different 
experiments are shifted vertically for one decade. The ordinate 
axis is valid for the upper curve. 
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Figure 14. Glass transition (E””) of the mixed PSAN2OI 
PMMA phase in ternary blends containing SEBM38 and 
SEBMl7 as a function of the PMMA weight fraction wpm 

(A) (PSANBOPPE; x:y)/SEBM17 (7030). The dashed curve 
corresponds to the Gordon Taylor equation, using the parameters 
( T , m ,  T@MMA),K) which describe corresponding binary blends 
of PSAN2O and PMMA. 

( = m p ~  + m p s ~ ) ) :  (a) (PSAN2O:PPE; x;y)/SEBM38 (7030); 

PEB phase or PEB matrix to isolated, highly constrained 
microdomains is associated in both cases with a lowering 
of the elastomer glass transition. The reason for the 
formation of isolated PEB particles in contrast to an 
extended PEB layer surrounding the dispersed PPE phase 
(Figure 2) is the high surface energy between PEB and PS 
or PMMA, respectively. Direct comparison of blends with 
PSAN43 and PSANBO (Figures 7 and 8) shows that the 
block copolymer is a more efficient emulsifier in the latter 
case. The dynamic mechanical properties can be compared 
to the behavior of composites consisting of a glassy polymer 
matrix, a dispersed filer, and a dispersed rubber. 

According to Ishida and Jays the dynamic mechanical 
response a t  the same overall composition depends on the 
distribution of filler and rubber particles (Figure 10). In 
case A (Figure 10A) filler and rubber are dispersed 
independently in the glassy matrix; there is a direct 
connection between the filler and the matrix. Case B 
describes the situation where the rubber completely covers 
the filler. At  constant composition theory predicts that 
the modulus a t  the elastomer glass transition drops more 
strongly in case B compared to case A due to an increased 
mechanical damping. Figure 11 shows the direct com- 
parison of ternary blends with PSANBO and PSAN43 at 
the same overall composition for the blend containing 30 
wt % SEBM38. The PSAN43 blend shows a more 
pronounced PEB glass transition and a considerable lower 
storage modulus between Tg(PEB) and Tg(psm). Above the 
Tg(PSAN) the higher melt modulus of PSAN43 compared 
to PSANBO dominates the response. The same results 
are obtained for blends containing 15 wt 5% SEBM38, while 
no difference exists below Tg(psm) in binary blends without 
block copolymer. This corresponds to a complete coverage 
of the PPE filler particles by an elastomer layer. 

Obviously, the raspberry morphology, where the glassy 
filler and the glassy matrix are directly connected (Figure 
9) has the same characteristics as the situation described 
by Figure 1OA with direct contacts of matrix (PSAN) and 
filler (PPE). 

B. Variation of the Blend Composition at Constant 
Fraction of P(S-b-EB-b-MMA). Figure 3b shows the 
blend compositions studied in the present section. P(S- 
b-EB-b-MMA) (30 wt %) triblock copolymers SEBM38 
and SEBM17 were used. The detailed compositions are 
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microdomains can he recognized 8s regular indenb along the PPE domains 

listed in Table IV. Due to the relatively large amount of 
block copolymer it is poasible to study the PEB glaas 
transition. The overall content is 11.4 wt % in the case 
of SEBM38 and 5.1 wt % in the case of SEBMl7. In the 
latter case the measurements a t  low temperatures were 
made at 10 rad s-' to reduce the noise. 

Figure 12 shows the E and tan 6 data for PSAN20/ 
PPE/SEBM38 blends (a-0. Independent of the blend 
composition. the PEB glass transition is located around 
-33 "C. The glass transition of both the PPElPS and the 
PSAN20IPMMA mixed phases show the expected 
behavior: T p t p p ~ , ~ )  is analyzed from the maximum of tan 
6. The experimental data are close to the values expected 
for a homogeneous binary PPEiPS mixture (Figure 13). 
As explained in the preceding section, the slightly higher 
experimental values in the case of the ternary blends can 
be explained on the basis of the relatively low molecular 
weight of the PS block? For SEBM17 with a PS block 
molecular weight around look, the agreement between 
the present experimental data and the values expected 
for a completely homogeneous intermixingof PS and PPE 
is better. 

Figure 14shows thecorrespondinganalysis ofthe PSAN/ 
PMMA glass transition. In this case the loss modulus 
maximum E"m" has been used as the measure for 
T g t p ~ ~ ~ p ~ ~ , .  Againthe dataare in reasonable agreement 
with the values expected for a homogeneous PSAN/PMMA 
mixture. The DMA of the different blend compositions 
a-f shows that for block copolymers SEBM38 and 
SEBM17 the same structural principles are valid. Ob- 

Table V. 
SEBM38 SEBMl7 SEBMB 

PSAN20 PPEII SEBM WMW wpg wp- wvps rvslnu wps 

Composition D 
60 40 20 0.112 0.107 0.104 0.194 0.110 0.184 

Composition E 
80 20 5 0.023 0.057 0.021 0.107 0.030 0.101 

a up- = weight fraction of PMMA on the basis of PMMA and 
PSAN; wpg = weight fraction PS on the hasis PS and PPE. 

viously, the block copolymers are all located at the phase 
boundary. The PS and PMMA blocks are mixed into the 
PPE and PSAN20 phases, respectively, while the PEB 
block forms isolated microdomains, as indicated by the 
low Ts. Figure 15a.b shows TEM micrographs of blends 
containing SEBM17 and SEBMG at two different mag- 
nifications. Thestaining conditionswereidenticaltothcae 
used for Figure 8a,b. As expected from the dynamic 
mechanical data, the same morphological features in 
PSAN20/PPE/SEBM38 blends are observed. Even for 
the blend with SEBMG, where the PEB block has a 
molecularweightof onlyabout 10k, themodulatedsurface 
can be recognized. The estimated size of the PEB 
microdomains is on the order of 5-10 nm. Because of the 
low rubber content in the blend (about 1 wt %) the PEB 
glass transition cannot be determined by DMA. 

Figures 8a.b and 15a-d allow the comparison of the 
emulsifying efficiency of the different block copolymern 
SEBM38, SEBM17,andSEBMGatthesameoverall blend 
composition. All blends have a bicontinuous morphology 
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Figure 16. Dynamic mechanical analysis of blends PSAN20/PPE/SEBM (80205) .  Combined set of dual cantilever and ahear 
sandwich data at 1 rad a+: (a) ( tan  6) T. tb) WIT. The data for the different blends are shifted vertically by one decade. The ordinate 
axis is valid for the upper curve. 

with typical diameters of the PPE domains on the order 
of50-100nm. Thus themajorpartofthePPEisaccessible 
to the PS blocks emerging from the PEB microdomains. 
This already has been deduced from the changes of the 
PPE glass transition. Figures 8a.b and 15a also show that 
the PSAN forms larger domains (500 nm to 1 Fm). No 
homogeneous intermixing of the PSAN chains with the 
PMMA block is possible on this length scale. In general 
thestructuresarelarger thanin correspondingblendswith 
P(S-b-MMA) diblock copolymers (see below). This also 
explains why these blends with P(S-b-EB-b-MMA) tri- 

blocks are slightly turbid. In the case of added diblock 
we never observed such an irregular bicontinuous distri- 
bution of the microphases. As a general trend the system 
tendstoattaina homogeneousintermixingof PSand PPE. 
In thecaseof blendswithSEBM6 themorphologyismuch 
more homogeneous. The emulsifying Characteristics of 
SEBMG are closer to those of a P(S-b-MMA) diblock. 

C. Ternary Blends with Small  Amounts of Block 
Copolymer. So far only blends with a PSANPPE ratio 
of 6040 have been considered in the morphological studies 
a t  a large level of added block copolymers. I t  has been 
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Figure 18. Schematic representation of the dimensions and the 
Structure of a PPE domain in ternary PSANZOIPPEISEBM 
blends in the case of a PSAN20 matrix. 

Table VI. Glass Transitions (“C) Tor PS/PPE Mixed Phnse 
in Ternary PSAN/PPE/SEBM (80205)  Blends 

fCamooaition E\ 

SEBM 38 SEBM 17 SEBM 6 

expected 218 212 212 
experimental 220 214 215 

shown that this composition tends to  result in a bicon- 
tinuous morphology. In the following section blends with 
a PSANPPE ratio of 8020 with a small amount (5 parts 
per hundred) of various block copolymers are studied to 
check whether thesamemorphologicalfeaturesare present 
in the case of a dispersed PPE phase with a considerably 
smaller amount of block copolymer. 

Blends of composition E (see Figure 3c, Table V) were 
prepared using the triblock copolymers SEBM38, SEB- 
M17, and SEBM6 and a diblock coplymer SM 97 which 
has approximately the same length of the PS and PMMA 
block as the triblock copolymers. Figure 16a,h shows the 
dynamic mechanical analysis (tan 6 and E”) of the blends 
containing the triblock copolymers in comparison to the 
blend without block copolymer. Due to  the small fraction 
of elastomer K1.8 wt % ) no attempt to  analyze the PEB 
glass transition has been made. The DMA data show that 
T g ( p s ~ ~ )  is not influenced by the addition of the block 
copolymer. The expected shift of T E ( p s ~ ~ ) ,  which would 
he observed if PMMA and PSANZO segments are mixed 
homogeneously, is below 1 deg. However, penetration of 
the PS block into the PPE phase results in a detectable 
reduction of the PPE glass transition. 

Table VI compares the experimental value of the glass 
transition with those expected for a completely homoge- 
neous mixture. The data show that independent of the 
triblock the PS/PPE phase is rather homogeneously mixed. 
For SEBM38 and SEBM17 a slight broadening of the 
transition isobserved, indicatinga broader segmentdensity 
gradient.g Parts a--c of Figure 17 show the corresponding 
TEMmicrographs. The blend with SEBM38 (Figure 178) 
nicely shows the pearl string morphology characteristic 
for the isolated PEB microdomains along the PSAN/PPE 
interface. The diameters are on the order of 15-30 nm. 
The same morphology is also present in the blend with 
SEBM17 (Figure 17h) with a smaller PEB domain. If 
SEBMG is used as compatibilizer (Figure 1 7 ~ ) .  the 
micrograph does not allow a detection of the elastomer 
domains. This is not surprising because the elastomer 
content is only 0.3 wt % (1.8 wt % in the SEBM38 blend, 
0.8 wt % in the SEBM17 blend). However, the different 
morphology of the blend containing SEBMG as compared 
to the blend containing the dihlock copolymer (Figure 
17d) indicates that the PEB still forms individual micrc- 
domains along the phase boundary. 

PSAN20 

0.1 rnmhnin 
20 

1 1.05 ++ 1.1 

20 I ‘ O L  0 1 1.05 ++ 1.1 

1 1.05 ++ 1.1 
Fignra 19. Stress strain behavior of pure PSANZO (a, top), 
technicalgrade ASA (h, middle), and PSAN2Otoughened by the 
addition of a P(EB-b-MMA) dihloek copolymer (PSAN2V = 
PSAN20 + EBM63 (7030)) (e, bottom). The rubber content in 
ASA and PSAN20‘ is the same. 

The blend with the SM97 diblock copolymer (Figure 
17d) shows very homogeneous regular particles with 
diameters in the range 5C-150 nm.9 In contrast the PPE 
particles in the blends with the SEBM triblocks have a 
highly irregular shape. The longest distance to the PSAN 
phase boundary is not more than 25-50 nm; however the 
overall size of a PPE particle is on the order of 1-2 pm in 
the case of SEBM38, ahout 0.5-1 pm in the case of 
SEBM17, and 0.34.6 pm in the case of SEBMG as 
emulsifier. Inthelastcase thesurfaceisleaarugged.Figure 
18 gives a schematic representation of a PPE domain in 
a ternary PSANZO/PPE/SEBM blend in the case of a 
PSAN20 matrix, summarizing the characteristic dimen- 
sions as taken from the micrographs. 

D. Ultimate Properties of PSAN/P(S-hEB-h 
MMA)/PPE Blends. Two types of experiments were 
performed to test whether the SEBM triblock copolymer 
has a positive effect on the ultimate tensile properties. 
First, simple stressatrain experiments were performed. 
However, due to the brittleness of untoughened PSAN20 
noinformation about the weaknessor StrengthofthePPW 
PSAN20 interface could be obtained. To  elucidate the 
influence of block copolymers as mechanically effective 
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Figure 20. Stress strain behavior of PSANZOVPPE blends: (a)  without block copolymer (60:40); (b) with low molar mass diblwk 
copolymer SMR (for synthesis and characterization see ref 9) (60:4020); ( c )  with high molar mass diblwk copolymer SM97 (604020); 
(d) with SEBM38 (M):4020). Photographs show a typical specimen. CL, , ch 
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interfacial agents in PSAN/PPE blends, a rubber tough- 
ened PSAN has been used. Because technical ABS or 
ASA grade polymers cannot be subjected to the method 
of blend preparation used in this study, PSAN20 was 

rubber toughened by the addition of 30 wt 96 of P(EB- 
b-PMMA) diblock copolymer (detailed characterization, 
see Table 1). Addition of this diblock copolymer to 
PSAN20 results in an efficient toughening of PSAN 
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islands and not with a surrounding rubbery layer. Due to 
this morphology the block copolymer not only improves 
phase adhesion, but the small PEB microdomains located 
a t  the PPE/PSAN phase boundary obviously play a 
dominating role in changing the fracture behavior. 

It is reasonable to assume that the small PEB micro- 
domains with a perfect phase adhesion to both major blend 
components act as stress centers and help to initiate stable 
crazes. These would absorb a lot of energy before fracture. 
The extended stress whitened areas observed in the blends 
with added SEBM38 support this interpretation. Though 
the triblocks are less effective emulsifiers in terms of the 
size of the dispersed particles, this has no negative effect 
on the mechanical response. It even may be an advantage, 
because the resulting rubber covered PPE domains have 
characteristic dimensions on the order of 1 pm. 

The data show that a new design of block copolymer 
compatibilizers successfully combines high modulus (low 
rubber content) with toughness. In addition low tem- 
perature toughness should be improved due to the lowering 
of the elastomer glass transition, which is another inter- 
esting aspect of these spatially confined elastomer chains, 

P(A-b-E-b-B) triblock copolymers with an incompatible 
elastomeric (E) center block may be successful for com- 
patibilizing other glassy polymer blends. On the basis of 
the present results studies are in progress to clarify the 
role of block copolymer composition and molecular weight 
on the blend properties. 

(PSAN20t = PSANZO + EBM63 (7030)). Under the 
experimental conditions of the stress-strain experiment 
the material is comparable to technical grade of ASA 
(Figure 19a,b). 

In a first set of experiments this rubber toughened 
PSAN20t (PSAN20 + EBM63 70:30) was used in blends 
with PPE and additional block copolymer. Figure 20 
shows that the blends of high molecular weight PPE with 
toughened PSAN20t with and without added P(S-b-MMA) 
diblock copolymers of two different molecular weights 
remain brittle despite the fact that the block copolymer 
efficiently locates a t  the PSANBOIPPE phase b o ~ d a r y . ~  

Only addition of the block copolymer with the elasto- 
meric center block improves the ultimate properties. In 
comparison with blends containing only diblock copolymer 
extended areas of strain whitening indicate efficient craze 
generation (Figure 20). Characteristic specimens are also 
shown in Figure 20. In all other blends brittle fracture is 
observed. 

In a second set of experiments an experimental setup 
has been designed for small scale laboratory testing where 
a deformation mode analogous to standard fracture tests 
has been used (Figure 21). A sample is subjected to large 
deformations in the bending mode. At constant sample 
geometry, the area under the stress deformation curve is 
proportional to the fracture energy.36 In comparison to 
the simple stress-strain testing, this setup is less sensitive 
to small surface defects of the samples. Due to the limited 
time resolution of the data aquisition, a relatively small 
deformation rate was chosen. Comparison of neat PSAN20 
with technical grade ASA shows that the test allows a 
clear distinction between brittle and tough materials. 
Figure 21  shows typical experimental curves of this test. 
The areas indicated on the figure are the average of three 
tests. Reproducibility turned out to be rather good. 
According to these results the fracture energy of the 
technical grade ASA which contains about 28 wt % of 
acrylate rubber is about 3 times as large as that of pure 
PSAN20. The PSANBO/PPE blend without block copol- 
ymer is even more brittle than the pure PSANBO. Upon 
addition of a P(S-b-MMA) diblock copolymer with large 
blocks about the same values are obtained for the PPE/ 
PSAN blend as for the pure PSAN. Addition of SEBM38 
results in a drastic increase of the fracture energy. The 
area is increased by a factor of 18 compared to the case 
of PSANZO/PPE blend. The area under the force defor- 
mation curve is even 2.5 times as large as that for the 
technical grade ASA, though the overall rubber content 
in the PSAN20/PPE/SEBM38 blend is only 6.8wt % while 
the ASA has a much higher rubber content. The specimen 
with SEBM38 as compatibilizing agent also shows craze 
formation in these blends where PSANSO (not PSAN20t!) 
has been used. 

Conclusions and Outlook 

It  has been shown in the preceding sections that the 
elastomeric center block of P(S-b-EB-b-MMA) triblock 
copolymers has a dominating influence on the morphology 
and the mechanical response of PSAN2OIPPE blends 
compatibilized by these triblock copolymers. As in blends 
with P(S-b-MMA) diblock copolymers the triblock co- 
polymer locates a t  the interface of the blend. Due to the 
thermodynamic driving force the PS and the PMMA 
blocks efficiently intermix with the blend components PPE 
and PSANBO, generating a wet brush situation (see Figure 
I). Due to the strong incompatibility of the elastomeric 
center block to all other components the PPEIPSANBO 
phase boundary is covered with small ellipsoidal rubber 
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