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Abstract

We investigate the influence of an asymmetricd®PBMMA block copolymer (bcp) on the morphology of melt-mixed immiscible binary
polymer blends containing poly(styrewe-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 asymmetri© &80 Elsevier Science Ltd. All rights
reserved.
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1. Introduction internal block of a bcp located at the surface of a droplet of

the minor phase has an important effect on the morphology
The droplet size distribution of the minor component in of an immiscible polymer blend. The segmental swelling

immiscible polymer melt blends is determined by the power ratio,o is [8—10]:

processes of breakup and coalescence of droplets because S

of the shear and elongational forces exerted by the contin- o, = ut

uous phase during the mixing process. Droplet breakup Sin

produces smaller droplet sizes and droplet coalescencewhere§ is the segmental swelling power of blogldefined

results in larger droplet sizes. Therefore, to obtain a more as the ratio of the block length in contact with the com-

finely dispersed morphology, which generally enhances patible blend component relative to the length in the neat

blend properties, it is necessary to enhance the breakupcopolymer.§ was deduced by thermodynamic arguments

)

process and inhibit the coalescence of droplets. [9,10] to be given hy:
The effect of a block copolymer (bcp) on the morphology
of immiscible polymer blends in melt mixing has been S= — — 2yN 2

studied theoretically [1-4] and experimentally [5-8], and

it is concluded that the bcp can induce a finer morphology of with P, the degree of polymerization for the compatible

an immiscible blend in two ways, viz.: (1) by decreasing the blend component), the degree of polymerization for the

interfacial tension between each phase which results incompatible bcp segment and the Flory—Huggins interac-

smaller droplet size after breakup; and (2) by inhibiting tion parameter between the two. This expression is valid for

coalescence of droplets due to the physical presence of the\ = P, i.e. under wet-brush conditionS,,: and S, are the

bcp at the interface between the two phases. swelling powers for the bcp segments external and internal,
In previous work [7,8], we reported that the segmental respectively, to the droplets of minor phase. Specifically, we

swelling power ratioq,) of the external block relative to the  found that the morphology of a melt-mixed polymer blend

of poly(styreneco-acrylonitrile) random copolymer (SAN)
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diblock copolymer (PMMAB-PS;Npyva = Npg), depends

on the value ofo, [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. When> 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; when < 0.4, the
morphology of the blend shows internal emulsification fail-
ure, where small micelles reside inside large droplets of
minor phase; when .2 > o, > 1.0, the blend system is
well emulsified and no coalescence is observed; when 1
o, > 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
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settingbi v = b3 g, and hence obtain:

[NZ(L/Py — x)VINA(U/P, — x)] @

It is interesting to note that, in the case of a symmetric
bcp, this expression reduces to:

o = [(VPy = x)VI(U/P; — x2)] ®)

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, fs, in asymmetric A/Ab-B/B blends at the isotropic
Lifschitz pointL, where the spontaneous interfacial curva-
ture vanishes:

_ +/Pa/Pg
T 1+ JPalPs

Considering, = No/N, 1 — f5 = Ng/N, the above relation
can be rearranged into:

Oy =

©

fa

N2
B -1

_ATB 10
NZ Pa 19

polymers, this assumption precludes taking into accountyhich agrees with Eq. (7) above, i.e. whgn= y, = 0, a

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 o, =
swollen on both sides of the interface, the spontaneous

curvature of the interface is proportional to (see Eq. (B3c)
of Ref. [12]):
Co ~ (bAUANZ — busNg) 3

whereb; anduy; are, respectively, the Kuhn segment length
and the second virial coefficient (excluded volume) ofithe

vanishing interfacial curvature
NR(UPDVIN(UP,)] = 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:

NoutS)ut
Nin Sn

whereNy: andN;, are the degrees of polymerization of the
block segment external and internal to the droplet, Spd
and S, are the corresponding segmental swelling factors,
now defined in terms of the monomer excluded volume as
S = Niy;, with u; = (UP; — xi). Eq. (11) provides a simple
scaling relation to delineate the limits of stable emulsifica-

requires o, =

1D

block. When the spontaneous curvature is zero, Eq. (3)tion for both symmetric and asymmetric bcps, based on the

indicates bauaN3z = b3ugN3, and hence it is natural to
define an asymmetry ratio:

or = (bAUsNA/bEUNB) (4

For long-chain polymers in a shorter chain solvent of degree
of polymerizationP, and with Flory—Huggins interaction
parametery, the second virial coefficient (the effective

excluded volume for the long-chain segments) is
u=vlUP -y )

where v is a volume parameter roughly of the order of
magnitude of the monomer volume. Thus we generalize
Eq. (4) to

o = [BANAvA(UPy — x)/[0ENE v (1P, — x,)] (6)

In the present circumstance, we simplify Eq. (6) further by

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;M,,/M, = 1.11), obtained
from Polymer Source Inc., PCHMA(M, = 385k;
My/M,, = 3.47) from Scientific Polymer Products Inc.,
and styrene—acrylonitrile copolymers (SAN) with 26 and
33% acrylonitrile content Ml, =153k and 130k, and
M,,/M, = 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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Table 1
Calculated values of Flory—Huggins paramete), (nterfacial tension ), and droplet siz€D) for the uncompatibilized blends

SAN26/PCHMA SAN33/PCHMA PCHMA/SAN26 PCHMA/SAN33
3 (sY 50 1 50 1 20 1 20 1

m (Pas)8 1420 7210 1340 6130 4260 12900 4260 12900

nq (Pas) 2910 12900 2910 12900 2080 7210 1920 6130

e 2.05 1.75 2.17 2.10 0.49 0.56 0.45 0.48

% 0.0236 0.0236 0.0473 0.0473 0.0236 0.0236 0.0473 0.0473
I (mN/m) 1.73 1.73 2.44 2.44 1.73 1.73 2.44 2.44
Drayior (M) 0.022 0.21 0.032 0.35 0.019 0.13 0.027 0.18
Darace 0.036 0.30 0.057 0.62 0.019 0.12 0.026 0.17

Ny (kN/m?) 250/470 8.3/17 15/470 4.8/17 470/250 17/8.3 470/150 17/4.8
Deorr (M) 0.10 0.84 0.18 1.8 0.05 0.29 0.06 0.37
Duexp (1em) 0.45 1.11 0.61 15 0.35 0.93 0.76 1.2

major/minor/bcp where bep and bepa indicate, respectively, analysis software are shown in Table 1. The measured
symmetric and asymmetric bcp. droplet sizes are larger than the theoretical droplet sizes

A Rheometrics RMS 800 rheometer was utilized for melt calculated based on the Taylor equation [16]:
blending of the blend components to provide a well-speci-
fied simple shear deformation. A powder prepared by co- p = _ M+
precipitation of bcp with the minor component was dry- 7'/77m(1—9nr + 4)
mixed with the major phase, and then compression-molded 4
at 200C under vacuum to form discs. The disc-shaped
specimens were sheared at 200n 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 Ry gdIu-
tion. The PS segment of the bcp and the SANs are stained
with RuQ, such that the PS segment is seen as the darkes
regions, and the SAN phase is light gray. PCHMA is
unstained by Ru® Therefore, microdomains of the bcp at
the droplet interface or as micelles can be detected. NmyD

NIH image software was used to calculate the statistical OQ(T
sizes of the droplets from the TEM micrographs of the

whenn, =4 (13

Here,D is the maximum stable diameter of the dropléis

the interfacial tensiomny, is the relative viscosity, which is
the ratio of the viscosity of droplet) to that of matrix
(mm) andy 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
tratios close to unity [17,18]. Based on experimental obser-
vation, Grace has proposed the following equation:

) = —0.506— 0.0994 logn, + 0.124 lodf 7,

blends. The measured droplet sizes were converted to the - 0115 (14)
weight average droplet size, which is defined as: log n; — log 7y ¢
_ 4 3
Dy, = 3(nD")/X(nD") 12 which predicts slightly larger valueBg,ce for our blends,
also listed in Table 1, but still much smaller than those

More details of the experimental procedures were as

presented elsewhere [7,8]. observed.

For a mixture of two non-Newtonian polymers, with a
high concentration of minor phase (20%) as in our experi-

3. Results and discussion ments, the Taylor equation is not expected to predict an
accurate droplet size. The discrepancy between the
3.1. Uncompatibilized blends predicted droplet size and the measured values may origi-

nate from the coalescence of droplets due to the high

For the uncompatibilized melt-mixed SANPCHMA and volume fraction of the minor component [6], or from the
PCHMA/SANX blends, as thoroughly demonstrated in our non-Newtonian characteristic and elasticity of the blend
previous studies [7,8], the droplets of minor phase break up components [19]. Mighri et al. [19] recently investigated
into smaller droplets at high shear rate, and when the shearthe influence of elasticity ratiok() on breakup of droplets
rate is subsequently stepped down to a low value, the smallin simple shear. Here, the elasticity ratio is the ratio of the
droplets coalesce into larger droplets. The coalescence ofMaxwell relaxation time of the droplefa§) to that of the
droplets is known to occur via droplet collision followed by matrix (A ;) where the Maxwell relaxation time is defined as
drainage and rupture of the film between droplets [14,15]. A = N;/2ny2, and N, is the first normal stress difference.
The weight average droplet sizes analyzed by the imageMighri et al. [19] found that the droplet size increases with
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increase ofk, whenk, > 0.37, and levels off at approxi-  Table 2

mately 3.5 times the Taylor value wh&n> 4. An empiri- Segmental swelling factorS,, and asymmetry ratiosy,, of blends contain-

cal correction was performed to the calculated droplet sizes™? @ PSe-PMMA block copolymer (bcpa)

based on the experimental results of Mighri et al. [19], using major/minor/bcp Sout Sn SWSn NowNn oy

the measured normal stresses for each of the blend compo=

nents (Table 1). The corrected droplet siBg,,, are listed =~ SAN26/PCHMA/bcpa 13.7 156 0.88 048 0.44
in Table 1. and bstantially cl but sl ller th SAN33/PCHMA/bcpa 160 156  0.10 0.48 0.05
in Table 1, and are substantially closer but still smaller than ooy asanz6ibepa 156 137 1.4 208 218
the experimental data, particularly for the PCHMA/SAN  pcHmA/SAN33/bcpa 15.6 160 98 208 19.1

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]. where more interfacial area is available for the bep (Fig. 1(c)
and (d)). The internal emulsification failure occurs because,
3.2. Compatibilized blends whenN,,Su/NinSy is very small the spontaneous interfacial
curvature generated by the bcp segments is in the opposite
For the blend systems studied, the swelling factgrsf direction (convex toward the minor phase) and much larger
each segment of the bcp are calculated using Eqg. (12) andthan that of the droplets formed by the mixing process.
the interfacial asymmetry ratiar,, is calculated from Eq. For the PCHMA/SAN26/bcpa blend system, which has

(13). The results are shown in Table 2. The morphologies of the inverse composition to SAN26/PCHMA/bcpa, the
the SAN26/PCHMA/bcpa blend, sheared at a high rate droplet size distribution is similar at high and low shear
followed by step down to a low rate, are shown in Fig. rates indicating little coalescence into larger droplets (Fig.
1(a) and (b), respectively. Small droplets of minor 2(a) and (b)). There is no evidence of external or internal
PCHMA component are produced in the SAN matrix at emulsification failure. This suggests that a stable curvature
high shear rate (Fig. 1(a)). When the low shear () $s is formed by the bcp segments, which is consistent with the
applied for 20 min consecutively, the droplets show very computed asymmetry parameter of the sys{em= 2.18).

little coalescence into larger droplets and remain predomi- The morphology of the blend PCHMA/SAN33/bcpa, which
nantly as small droplets (Fig. 1(b)). This suggests that the has a very large asymmetry ratio, = 19.1), shows exter-
droplets are well stabilized by the bcp located at the inter- nal emulsification failure, viz. at low shear, droplet coales-
face for which the asymmetry ratio, = 0.46 (Table 1). cence occurs such that large droplets of minor phase coexist
However, the SAN33/PCHMA/bcpa blend system, which with small micelles in the continuous phase together with
has a very smallr, = 0.05, shows severe internal emulsifi- large minor phase droplets (Fig. 2(c) and (d)).

cation failure [2,3] as evidenced by the fact that micelles  Thus, we find that, as for the symmetric bcp, the asym-
exist inside the minor phase droplets even at high shear ratemetric bcp exhibits internal and external emulsification

Fig. 1. The TEM micrographs of: (a) SAN26/PCHMA/bcpa sheared at 2520 min; (b) SAN26/PCHMA/bcpa sheared at T after shearing at 20°S, both for
20 min; (c) SAN33/PCHMA/bcpa sheared at 20 for 20 min; and (d) PCHMA/SAN33/bcpa sheared af 1 after shearing at 20°$, both for 20 min.
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Fig. 2. The TEM micrographs of: (a) PCHMA/SAN26/bcpa sheared at 28520 min; (b) PCHMA/SAN26/bcpa sheared at T after shearing at 20°$, both for
20 min; (c) PCHMA/SAN33/bcpa sheared at 20 for 20 min; and (d) PCHMA/SAN33/bcpa sheared af 1 after shearing at 20°$, both for 20 min.

failure, respectively, at very small and very large values of agree with those for the blend containing a symmetric
the interfacial asymmetry factor (Eq. (13)). When we super- bcp: viz.o, < 0.4, internal emulsification failure, & o, >
pose data for the present blend containing an asymmetric0.4, unstable emulsification,.2 > o, > 1, stable emulsifi-
bcp with those earlier obtained [8] for blends containing a cation, ando, > 2.5, external emulsification failure. It is

symmetric bcp on a plot d&&,(Nou/Nin) versuss,, as shown
in Fig. 3, we find that the boundaries delineating emulsifi-
cation failure for the blends containing asymmetric bcp

Sout*(Nou'/ Nin)

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 emulsionkK O, external emulsification failure;
andA B, internal emulsification failure.

interesting to point out that Leibler [2] found in the dry-
brush limit (§ ~ 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:

NOUt S)Ut

Nin §

<

0.4 =25

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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