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Abstract

We investigate the influence of an asymmetric PS-b-PMMA block copolymer (bcp) on the morphology of melt-mixed immiscible binary
polymer blends containing poly(styrene-co-acrylonitrile) random copolymer (SAN) and poly(cyclohexylmethacrylate) (PCHMA). By vary-
ing the SAN copolymer composition, the balance between the swelling of each block segment located at the interface between the two phases
is altered and the effect on blend morphology is studied. As in earlier studies using a symmetric bcp, we find that for a specified shear history,
there is a zone of effective emulsification of the blend bounded by regions of internal and external emulsification failure. However, the
locations of the boundaries between stable and unstable emulsification differ for an asymmetric versus a symmetric bcp. Thus the morphol-
ogy depends not only on the segmental swelling ratio but also on the difference in the effective size of each bcp segment. Scaling arguments
successfully correlate the limits of stable emulsification for both symmetric and asymmetric bcp.q 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The droplet size distribution of the minor component in
immiscible polymer melt blends is determined by the
processes of breakup and coalescence of droplets because
of the shear and elongational forces exerted by the contin-
uous phase during the mixing process. Droplet breakup
produces smaller droplet sizes and droplet coalescence
results in larger droplet sizes. Therefore, to obtain a more
finely dispersed morphology, which generally enhances
blend properties, it is necessary to enhance the breakup
process and inhibit the coalescence of droplets.

The effect of a block copolymer (bcp) on the morphology
of immiscible polymer blends in melt mixing has been
studied theoretically [1–4] and experimentally [5–8], and
it is concluded that the bcp can induce a finer morphology of
an immiscible blend in two ways, viz.: (1) by decreasing the
interfacial tension between each phase which results in
smaller droplet size after breakup; and (2) by inhibiting
coalescence of droplets due to the physical presence of the
bcp at the interface between the two phases.

In previous work [7,8], we reported that the segmental
swelling power ratio (s r) of the external block relative to the

internal block of a bcp located at the surface of a droplet of
the minor phase has an important effect on the morphology
of an immiscible polymer blend. The segmental swelling
power ratio,s r is [8–10]:

sr � Sout

Sin
�1�

whereSi is the segmental swelling power of blocki, defined
as the ratio of the block length in contact with the com-
patible blend component relative to the length in the neat
copolymer.Si was deduced by thermodynamic arguments
[9,10] to be given by:

S� N
P

2 2xN �2�

with P, the degree of polymerization for the compatible
blend component,N, the degree of polymerization for the
compatible bcp segment andx , the Flory–Huggins interac-
tion parameter between the two. This expression is valid for
N $ P; i.e. under wet-brush conditions.Sout andSin are the
swelling powers for the bcp segments external and internal,
respectively, to the droplets of minor phase. Specifically, we
found that the morphology of a melt-mixed polymer blend
of poly(styrene-co-acrylonitrile) random copolymer (SAN)
and poly(cyclohexylmethacrylate) (PCHMA), compatibilized
by a symmetric poly(methylmethacrylate-b-polystyrene)
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diblock copolymer (PMMA-b-PS;NPMMA ù NPS�; depends
on the value ofs r [8]. The morphology of the blends was
examined after melt mixing under high shear, which is
dominated by droplet breakup, followed by low shear,
which exhibits droplet coalescence. Whensr . 2:5; the
morphology of the blend system shows external emulsifica-
tion failure, in which very small micelles and large droplets
coexist in the continuous phase; whensr , 0:4; the
morphology of the blend shows internal emulsification fail-
ure, where small micelles reside inside large droplets of
minor phase; when 2:5 . sr . 1:0; the blend system is
well emulsified and no coalescence is observed; when 1.
sr . 0:4 the blend shows slow coalescence.

In this paper, we extend our earlier investigation to
explore the influence of the swelling balance on the
morphology of a melt-mixed blend containing an asym-
metric bcp. Here, we expect that, in addition to the monomer
interaction strength, the difference in chain length of each
block will influence the emulsification behavior.

First, we note that our derivation of Eq. (2) considers the
expansion of a polymer brush grafted onto a rigid wall. It
was pointed out to us [11] that, in modeling a copolymer
layer adsorbed to the interface between two immiscible
polymers, this assumption precludes taking into account
that the degree of swelling of each copolymer block is inter-
dependent. The swelling power of one block in one polymer
will be influenced by the swelling state of the other block
with respect to the other polymer. This issue is especially
important when the copolymer blocks are unequal in size.
Wang and Safran [12] have calculated the equilibrium struc-
ture of such a copolymer layer. When the copolymer is
swollen on both sides of the interface, the spontaneous
curvature of the interface is proportional to (see Eq. (B3c)
of Ref. [12]):

c0 , �b2
AuAN2

A 2 b2
BuBN2

B� �3�
wherebi andui are, respectively, the Kuhn segment length
and the second virial coefficient (excluded volume) of thei
block. When the spontaneous curvature is zero, Eq. (3)
indicates b2

AuAN2
A � b2

BuBN2
B; and hence it is natural to

define an asymmetry ratio:

sr � �b2
AuAN2

A =b
2
BuBN2

B� �4�
For long-chain polymers in a shorter chain solvent of degree
of polymerizationP, and with Flory–Huggins interaction
parameterx , the second virial coefficient (the effective
excluded volume for the long-chain segments) is

u� n �1=P 2 x� �5�
where n is a volume parameter roughly of the order of
magnitude of the monomer volume. Thus we generalize
Eq. (4) to

sr � �b2
AN2

AnA�1=P1 2 x1��=�b2
BN2

BnB�1=P2 2 x2�� �6�
In the present circumstance, we simplify Eq. (6) further by

settingb2
AnA � b2

BnB; and hence obtain:

sr � �N2
A�1=P1 2 x1��=�N2

B�1=P2 2 x2�� �7�
It is interesting to note that, in the case of a symmetric

bcp, this expression reduces to:

sr � ��1=P1 2 x1��=��1=P2 2 x2�� �8�
which is fully consistent with our previous treatment [9,10]
of the swelling balance based on Eq. (2). We may also note
here a recent theoretical analysis by Frederickson and Bates
[13] who derive an expression for the specific bcp compo-
sition, fA, in asymmetric A/A-b-B/B blends at the isotropic
Lifschitz point L, where the spontaneous interfacial curva-
ture vanishes:

fA �
��������
PA =PB
p

1 1
��������
PA =PB
p �9�

ConsideringfA � NA =N; 1 2 fA � NB=N; the above relation
can be rearranged into:

N2
A

N2
B

PB

PA
� 1 �10�

which agrees with Eq. (7) above, i.e. whenx1 � x2 � 0; a
vanishing interfacial curvature requires sr �
N2

A�1=P1��=�N2
B�1=P2�� � 1 (see Eq. (3)).

Making contact with our previous work, we note that, to
describe the asymmetry ratio of a bcp at the interface of a
droplet of minor phase, Eq. (7) can be recast in the form:

sr � NoutSout

NinSin
�11�

whereNout andNin are the degrees of polymerization of the
block segment external and internal to the droplet, andSout

and Sin are the corresponding segmental swelling factors,
now defined in terms of the monomer excluded volume as
Si � Niui ; with ui � �1=Pi 2 xi�: Eq. (11) provides a simple
scaling relation to delineate the limits of stable emulsifica-
tion for both symmetric and asymmetric bcps, based on the
requirement for approximately balancing the interfacial
curvature.

2. Experimental

The blend components used in this study are a 218k
PMMA-b-PS bcp (71k:147k;Mw=Mn � 1:11�; obtained
from Polymer Source Inc., PCHMA �Mn � 38:5k;
Mw=Mn � 3:47� from Scientific Polymer Products Inc.,
and styrene–acrylonitrile copolymers (SAN) with 26 and
33% acrylonitrile content (Mw� 153k and 130k, and
Mw=Mn � 2:23 and 1.95, respectively) supplied by Mitsui
Toatsu Chemical Inc. The weight ratio of the major to minor
component is 4:1 and 5% of bcp was added to the blend,
without changing the ratio of major and minor components.
The blend systems are designated major/minor/bcpa or
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major/minor/bcp where bcp and bcpa indicate, respectively,
symmetric and asymmetric bcp.

A Rheometrics RMS 800 rheometer was utilized for melt
blending of the blend components to provide a well-speci-
fied simple shear deformation. A powder prepared by co-
precipitation of bcp with the minor component was dry-
mixed with the major phase, and then compression-molded
at 2008C under vacuum to form discs. The disc-shaped
specimens were sheared at 2008C in parallel plate geometry
(7.9 mm diameter and 0.5 mm gap).

To observe the blend morphology, thin film sections were
analysed using a RMC MT-7000 ultramicrotome, and a
JEOL 100CX TEM, after staining with aqueous RuO4 solu-
tion. The PS segment of the bcp and the SANs are stained
with RuO4 such that the PS segment is seen as the darkest
regions, and the SAN phase is light gray. PCHMA is
unstained by RuO4. Therefore, microdomains of the bcp at
the droplet interface or as micelles can be detected.

NIH image software was used to calculate the statistical
sizes of the droplets from the TEM micrographs of the
blends. The measured droplet sizes were converted to the
weight average droplet size, which is defined as:

Dw � S�nD4�=S�nD3� �12�
More details of the experimental procedures were as
presented elsewhere [7,8].

3. Results and discussion

3.1. Uncompatibilized blends

For the uncompatibilized melt-mixed SANx/PCHMA and
PCHMA/SANx blends, as thoroughly demonstrated in our
previous studies [7,8], the droplets of minor phase break up
into smaller droplets at high shear rate, and when the shear
rate is subsequently stepped down to a low value, the small
droplets coalesce into larger droplets. The coalescence of
droplets is known to occur via droplet collision followed by
drainage and rupture of the film between droplets [14,15].
The weight average droplet sizes analyzed by the image

analysis software are shown in Table 1. The measured
droplet sizes are larger than the theoretical droplet sizes
calculated based on the Taylor equation [16]:

D � 4G�hr 1 1�
_ghm

19
4
hr 1 4

� � whenhr # 4 �13�

Here,D is the maximum stable diameter of the droplet,G is
the interfacial tension,h r is the relative viscosity, which is
the ratio of the viscosity of droplet (hd) to that of matrix
(hm) and _g is the shear rate. The Taylor equation is derived
assuming each phase is a Newtonian fluid, and considering
only breakup of a single droplet. Even for Newtonian
liquids, Eq. (13) is found to be accurate only for viscosity
ratios close to unity [17,18]. Based on experimental obser-
vation, Grace has proposed the following equation:

log
hm _gD

2G

� �
� 20:5062 0:0994 loghr 1 0:124 log2 hr

2
0:115

log hr 2 log hr;cr
(14)

which predicts slightly larger values,DGrace, for our blends,
also listed in Table 1, but still much smaller than those
observed.

For a mixture of two non-Newtonian polymers, with a
high concentration of minor phase (20%) as in our experi-
ments, the Taylor equation is not expected to predict an
accurate droplet size. The discrepancy between the
predicted droplet size and the measured values may origi-
nate from the coalescence of droplets due to the high
volume fraction of the minor component [6], or from the
non-Newtonian characteristic and elasticity of the blend
components [19]. Mighri et al. [19] recently investigated
the influence of elasticity ratio (kr) on breakup of droplets
in simple shear. Here, the elasticity ratio is the ratio of the
Maxwell relaxation time of the droplet (ld) to that of the
matrix (lm) where the Maxwell relaxation time is defined as
l � N1=2h _g2

; and N1 is the first normal stress difference.
Mighri et al. [19] found that the droplet size increases with
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Table 1
Calculated values of Flory–Huggins parameter (x ), interfacial tension (G), and droplet size�D� for the uncompatibilized blends

SAN26/PCHMA SAN33/PCHMA PCHMA/SAN26 PCHMA/SAN33

gÇ (s21) 50 1 50 1 20 1 20 1
hm (Pa s)8 1420 7210 1340 6130 4260 12900 4260 12900
hd (Pa s) 2910 12900 2910 12900 2080 7210 1920 6130
h r 2.05 1.75 2.17 2.10 0.49 0.56 0.45 0.48
x 0.0236 0.0236 0.0473 0.0473 0.0236 0.0236 0.0473 0.0473
G (mN/m) 1.73 1.73 2.44 2.44 1.73 1.73 2.44 2.44
DTaylor (mm) 0.022 0.21 0.032 0.35 0.019 0.13 0.027 0.18
DGrace 0.036 0.30 0.057 0.62 0.019 0.12 0.026 0.17
N1 (kN/m2) 250/470 8.3/17 15/470 4.8/17 470/250 17/8.3 470/150 17/4.8
Dcorr (mm) 0.10 0.84 0.18 1.8 0.05 0.29 0.06 0.37
Dw,exp (mm) 0.45 1.11 0.61 1.5 0.35 0.93 0.76 1.2



increase ofkr when kr . 0:37; and levels off at approxi-
mately 3.5 times the Taylor value whenkr . 4: An empiri-
cal correction was performed to the calculated droplet sizes
based on the experimental results of Mighri et al. [19], using
the measured normal stresses for each of the blend compo-
nents (Table 1). The corrected droplet sizes,Dcorr, are listed
in Table 1, and are substantially closer but still smaller than
the experimental data, particularly for the PCHMA/SANx
blends for which the matrix elasticity is higher than that of
the droplet. The remaining discrepancy may be due to the
effect of droplet coalescence [6].

3.2. Compatibilized blends

For the blend systems studied, the swelling factors,Si ; of
each segment of the bcp are calculated using Eq. (12) and
the interfacial asymmetry ratio,s r, is calculated from Eq.
(13). The results are shown in Table 2. The morphologies of
the SAN26/PCHMA/bcpa blend, sheared at a high rate
followed by step down to a low rate, are shown in Fig.
1(a) and (b), respectively. Small droplets of minor
PCHMA component are produced in the SAN matrix at
high shear rate (Fig. 1(a)). When the low shear (1 s21) is
applied for 20 min consecutively, the droplets show very
little coalescence into larger droplets and remain predomi-
nantly as small droplets (Fig. 1(b)). This suggests that the
droplets are well stabilized by the bcp located at the inter-
face for which the asymmetry ratiosr � 0:46 (Table 1).
However, the SAN33/PCHMA/bcpa blend system, which
has a very smallsr � 0:05; shows severe internal emulsifi-
cation failure [2,3] as evidenced by the fact that micelles
exist inside the minor phase droplets even at high shear rate

where more interfacial area is available for the bcp (Fig. 1(c)
and (d)). The internal emulsification failure occurs because,
whenNoutSout/NinSin is very small the spontaneous interfacial
curvature generated by the bcp segments is in the opposite
direction (convex toward the minor phase) and much larger
than that of the droplets formed by the mixing process.

For the PCHMA/SAN26/bcpa blend system, which has
the inverse composition to SAN26/PCHMA/bcpa, the
droplet size distribution is similar at high and low shear
rates indicating little coalescence into larger droplets (Fig.
2(a) and (b)). There is no evidence of external or internal
emulsification failure. This suggests that a stable curvature
is formed by the bcp segments, which is consistent with the
computed asymmetry parameter of the system�sr � 2:18�:
The morphology of the blend PCHMA/SAN33/bcpa, which
has a very large asymmetry ratio�sr � 19:1�; shows exter-
nal emulsification failure, viz. at low shear, droplet coales-
cence occurs such that large droplets of minor phase coexist
with small micelles in the continuous phase together with
large minor phase droplets (Fig. 2(c) and (d)).

Thus, we find that, as for the symmetric bcp, the asym-
metric bcp exhibits internal and external emulsification
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Table 2
Segmental swelling factors,Si ; and asymmetry ratios,s r, of blends contain-
ing a PS-b-PMMA block copolymer (bcpa)

Major/minor/bcp Sout Sin Sout/Sin Nout/Nin s r

SAN26/PCHMA/bcpa 13.7 15.6 0.88 0.48 0.44
SAN33/PCHMA/bcpa 1.60 15.6 0.10 0.48 0.05
PCHMA/SAN26/bcpa 15.6 13.7 1.14 2.08 2.18
PCHMA/SAN33/bcpa 15.6 1.60 9.8 2.08 19.1

Fig. 1. TheTEM micrographsof: (a) SAN26/PCHMA/bcpa shearedat 20 s21 for 20 min; (b) SAN26/PCHMA/bcpa shearedat 1 s21 after shearing at 20 s21, both for
20 min; (c) SAN33/PCHMA/bcpa sheared at 20 s21 for 20 min; and (d) PCHMA/SAN33/bcpa sheared at 1 s21 after shearing at 20 s21, both for 20 min.



failure, respectively, at very small and very large values of
the interfacial asymmetry factor (Eq. (13)). When we super-
pose data for the present blend containing an asymmetric
bcp with those earlier obtained [8] for blends containing a
symmetric bcp on a plot ofSout(Nout/Nin) versusSin, as shown
in Fig. 3, we find that the boundaries delineating emulsifi-
cation failure for the blends containing asymmetric bcp

agree with those for the blend containing a symmetric
bcp: viz.sr , 0:4; internal emulsification failure, 1. sr .
0:4; unstable emulsification, 2:5 . sr . 1; stable emulsifi-
cation, andsr . 2:5; external emulsification failure. It is
interesting to point out that Leibler [2] found in the dry-
brush limit �Si , 1� that emulsification failure occurs for
an asymmetric bcp when the ratio of block molecular
weights is less than 0.45 or greater than 2.2, which seems
quite consistent with our observation under wet-brush
conditions that stable emulsification occurs when:

0:4 #
Nout

Nin

Sout

Sin
# 2:5 �15�

4. Conclusions

We have investigated the boundaries between effective
emulsification and emulsification failure in melt mixing of
immiscible polymer blends containing either an asymmetric
or a symmetric bcp. Our observations for both classes of
copolymer can be interpreted in terms of an interfacial
asymmetry ratio derived from a theoretical treatment of
the spontaneous interfacial curvature of a diblock copoly-
mer film at the interface between immiscible monomeric
liquids by Wang and Safran [12].
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Fig. 2. The TEM micrographsof: (a) PCHMA/SAN26/bcpasheared at 20 s21 for 20 min; (b) PCHMA/SAN26/bcpasheared at 1 s21 after shearing at 20 s21, both for
20 min; (c) PCHMA/SAN33/bcpa sheared at 20 s21 for 20 min; and (d) PCHMA/SAN33/bcpa sheared at 1 s21 after shearing at 20 s21, both for 20 min.

Fig. 3. The coalescence diagram based on the revised expression for the
swelling power balance (Eq. (15)). Open symbols are from previous studies
(Refs. [7,8]):S V, stable emulsion;K O, external emulsification failure;
andA B, internal emulsification failure.
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