Polymer Vol. 38 No. 4, pp. 785-794, 1997
5 1997 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0032-3861/97/$17.00 -+ 0.00

S0032-3861(96)00571-X

ELSEVIER

Prediction and manipulation of the phase
morphologies of multiphase polymer blends:
1. Ternary systems

H. F. Guo, S. Packirisamy®, N. V. Gvozdic and D. J. Meier!
Michigan Molecular Institute, Midland, Ml 48640, USA
(Received 12 October 1995, revised 25 April 1996)

The dispersed phases of a multiphase polymer blend will either form an encapsulation-type phase
morphology or the phases will remain separately dispersed, depending on which morphology has the lower
free energy. We have developed a model to predict phase morphologies of multiphase polymer blends.
Calculations based on the model suggest that interfacial tensions play the major role in establishing the phase
structure of a multiphase system, with a less significant role played by the surface areas of the dispersed
phases. The model further shows that the phase structure of a multiphase polymer blend can be converted
from one type to another by changing the interfacial tensions between one or more pairs of the components
using interfacially-active agents such as block or graft copolymers. We have applied the model to different
ternary blends of polystyrene, polyethylene, polypropylene and poly(methyl methacrylate), and have
compared the predicted morphologies of these blends with experimental results. In each case, the predicted
morphologies agree with those found experimentally. In addition, we have successfully converted the phase
structures of these blends from one type to another by using interfacially-active block copolymers. © 1997
Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Since many advantages can be obtained by the blending of
different polymers, polymer blends constltute the fastest
growing segment of the plastics industry'™. So far,
developments of polymer blends have been mainly focused
on two-component systems. However, the simple blending
of two immiscible polymers seldom results in favourable
properties. Such systems typically have relatively large
dispersed phases and weak interfacial adhesion, which
results in very poor mechanical properties. A common
approach to alleviate this problem involves the addition
(or the in situ formation) of an 1nterfac1ally active agent, or
so-called compatibilizer to the blend*”. This compatibiliz-
ing component is usually a block or a graft copolymer
which will migrate to the interface between the two
immiscible polymers. Its presence at the interface promotes
a finer dispersion, as well as providing ‘bonding’ between
the two phases. Compatibilization of polymer blends to
modify the interfacial properties of blends has been widely
investigated and is applied in practice.

Recently, some attention has been drawn to systems
having more than two phases®. This effort results from
the commercial need for new materials, as well as from

understand and control the phase morphology. Hobbs
et al. first reported a study on phase morphologles of
blends having three co-existing phases’. They observed
that for some systems one of the minor components
formed an encapsulating layer around domains of another
minor component (encapsulation-type morphology),
whereas in other systems the two minor components
formed independent phases (separation-type morpho-
logy). Recent studies have shown that the ultimate
mechanical properties of multiphase polymer blends are
greatly influenced by their phase morphologies'®. Hence, it
is important to understand the factors controlling the
phase structures of multi-component systems in order to
predict and possibly control them by compatibilization
technologies.

Hobbs et al’ used Harkin's spreading coefficient
concept'! to interpret their observations on the phase
morphology of different ternary blends. For a ternary
system with A as the continuous phase and B and C as
the dispersed phases, the spreading coefficient Agc of the
B-phase on the C-phase is simply

ABC = YAC — YAB — VBC (1)

the possibility that multi-component commingled waste
plastics can be recycled into useful products without
extensive separation.

In studies of multi-component polymer blends of more
than two phases, one of the major interests is to

*Present address: Vikram Sarabhai Space Center, Indian Space
?esearch Organization, Trivandrum 695022, India
To whom correspondence should be addressed

where +y;; is the interfacial tension between the / and j
phases. If Agc is positive, the B-phase will encapsulate
the C-phase. Similar treatment gives the spreading
coefficient of the C-phase on the B-phase

ABC = YAB = YAC — VBC (2)

Again, a positive value will lead to encapsulation of the
B-phase by the C-phase. If both Agc and Acp are
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negative, the B- and C-phases will remain separate. Most
of the observations by Hobbs et al. could be interpreted
using these criteria.

Although the use of Harkin’s spreading coefficient
allowed correct predictions of many of the morphologies
observed by Hobbs er al., it is really not an appropriate
criterion to be used in predicting the phase behaviour of
multiphase polymer blends. The equilibrium phase
structure of a multiphase system is determined not by
interfacial tensions alone, but rather by the interfacial
free energy which represents a combination of interfacial
tensions and interfacial areas. We have thus modified
these phase concepts to include both interfacial tensions
and interfacial areas, and have used the resulting
expressions to predict the phase structures of different
ternary polymer blends of polyethylene (PE), polypro-
pylene (PP), polystyrene (PS) and poly(methyl metha-
crylate) (PMMA). The morphologies of actual blends
covering a broad range of compositions were examined,
and in each case the predicted morphologies were
observed. In addition, we have successfully converted
the phase structures of these blends from one type to
another by using interfacially-active block copolymers.

THEORETICAL

As a rule, nature prefers any system which evolves
towards its lowest free energy state. Thus, our model is
based on the concept that the phase morphology of a
multicomponent polymer system will be that which has
the lowest free energy.

For a two-component (1 and 2) system with two
homogeneous bulk phases (o, ) and an interfacial layer
(o), the Gibbs free energies of the bulk phases and the
interfacial layer are given by the following equations'?

G* = i + nip 3)
G’ = nim +n3uy + Ay (4)

where G is the Gibbs free energy, n the number of moles,
u is the chemical potential, A the interfacial area, -y the
interfacial tension, and £ = « and 3. Related equations
can be written for any multiphase polymer system
(having more than two phases)

G= Z”iﬂi + ZAi’Yij (5)
i i#f
For a N-component system, there will be N —1
interfaces coexisting in the system at the lowest free
energy.
For a N-component system (N > 2), the number of
possible interfaces of the system is

N!
= SN (6)
2{N = 2)!
However, since only N — | interfaces can coexist, the
actual number of different possible arrangements or

phase structures is bigger than 1 and is given by the
following equation

B m! Nlm— (N -1)]!
9= N{(N = (N =D (N = Dl —2(N — 1)]!}
(7)

For a ternary system, there are two co-existing interfaces
and nine possible phase structures. Figure I shows the

m
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Figure 1 Schematic diagram showing three possible phase structures
for a ternary blend at equilibrium: (1) B and C phases remain separate
(B + C); (2) the C phase is encapsulated by the B phase (B/C); (3) the B
phase is encapsulated by the C phase (C/B)

three possible phase structures when A is the matrix
phase and B and C are the dispersed phases (comparable
figures can be drawn when B or C is the matrix phase).
The figure shows: (i) the B and C form separate phases
(B + O); (ii) the C phase is encapsulated by the B phase
(B/C); and (iii) the B phase is encapsulated by the C
phase (C/B). The Gibbs free energy of each structure
from equation (5) is

(i) Ggic = (mpm + mpy + n3p3)
+ (A, vaB + Acy,Yac)

(i)  Gpic = (mp +nppy + naps) (8)
+ (Apy,7aB + Ay, YBC)

(i) Gy = (mp + mypy + n3ps)
+ (Ap57Bc + AcesYAC)

The surface areas of B phase and C phase in three
structures are

ABB+C = 3 VE(¢Bi/rBB+Ci)
Ac,.. = 3VS(éc/re, )

Ap,. = 3VE{(¢p + ¢c")/’BB/C,-}
Acyc = 3VE(dci /ey o) 9)

Apgy = 3VE(¢B"/rBC/B.-)
ACC/B = 3VE{(¢B’ + ¢Ci)/rCC/B;}

where V is the total volume, ¢ and ¢¢ are volume
fractions of B and C phases, and rg. ¢, rg/c and r¢/p are
radii of dispersed phases in three structures, as shown in
Figure 1.

We can predict the phase structure of a ternary
polymer blend by comparing the Gibbs free energies of
the different structures. Because the Xn;u; terms in
equations (8) are the same, they can be neglected. To
further simplify the problem, the surface areas of the
minor phases, Ay and Ac, can be calculated based on
average phase sizes. The interfacial free energies of the
system for different phase structures can be calculated by
using the following equations

1/3
(S4ryi))psc= (@m)'7 [”B/ x*Pryup + n}jﬂ’YAC} 3ve)?

1/3
(EAi’Yij)B/cz (4m)'73 {”B/ (14 x)*Pyap + ”(1:/3’YBC}

x (3Ve)’ (10)
(EA[’YU)C/BZ (47r)1/3 ["113/3X2/3’YBC + "lc/3(1 + x)2/3’YAC]
X (3 Vc)2/3
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where x = Vy/V np and nc are numbers of particles of
B and C phases in the system. The values of ¥A4;y;; will
be compared for the three structures and the equilibrium
phase structure of the system can then be predicted. In
this study we have assumed for simplicity that the
number of B and C particles is the same (ng = nc). We
recognized that this may not be true in practice, where
the number of particles might differ since a resulting
particle size during mixing is the result of the competition
between particle break-up and coalescence, and might
differ for the two dispersed polymer types. However,
results to be presented will show that the predicted
morphologies from this simplifying assumption are in
remarkable agreement with those observed, so that the
assumption seems justified. This is probably the result of
the fact that the total surface area of a dispersed phase
depends on only the cubic root of the particle number,
and hence orders of relative interfacial energies of
different phase structures are not very sensitive to the
particle numbers of the minor phases.

The prediction procedure is same for systems contain-
ing more components. For example, a quaternary system
will have a total of 16 possible phase structures with the
same matrix component. The Gibbs free energies of
different structures can be written based on equation (5),
and prediction can then be made by comparing the values
Y A;y;; of the 16 different structures.

EXPERIMENTAL
Materials

The homopolymers used in this study were all
commercial products. PS was Styron® 666D from Dow
Chemical Company, having the molecular weight of
My =260000 and M, =160000. PMMA having a
molecular weight of 90 000 was obtained from Eastman
Organic Chemicals (Catalog Number 6036). Isotactic PP
was supplied by Amoco Chemical Corporation (Grade
Number 1046) with a melt index of 5.8. Two grades of
high density polyethylene (HDPE) were used. In the
HDPE/PS/PMMA ternary blends, Alathon® H6017
from Occidental Chemical Corporation, with a melt
index of 17.5 was used. In the HDPE/PP/PS ternary

Table 1 Characteristics of block copolymers

Molecular
Reference Structure Composition weight
S-E PS-PE Diblock 50 wt% PS 73000
E-MMA PE-PMMA Diblock 51wt% PE 79000

Table 2 Calculated ¥ 4;; of different ternary HDPE/PP/PS blends

blends, Tenite® H6001-A from Eastman Chemical
Company with a melt index of 8.0 was used.

The poly(styrene-b-ethylene) (S-E) and poly(ethylene-
b-methyl methacrylate) (E-MMA) block copolymers
were synthesized in this laboratory by sequential anionic
polymerization. The characteristics of these block
copolymers are given in Table 1.

Blend preparations and characterizations

Ternary blends of HDPE/PP/PS and HDPE/PS/
PMMA of different compositions were prepared by
melt blending in a 60 ml mixer attached to a Haake
Rheocord® 90 torque rheometer. Roller blades were
used in the mixer. All blending was carried out at 200°C
and at 100 rpm for 10 min. After blending, the samples
were compression moulded into sheets with a Pasadena
hydraulic press at 200°C and 300 psi for 5 min.

For the HDPE/PP/PS ternary blends, the morphologies
were examined using transmission electron microscopy
(TEM) on sections which were cryomicrotomed from the
compression moulded sheets using a LKB 2088 micro-
tome with a diamond knife. The ultra-thin sections were
stained with ruthenium tetroxide (RuQ,) vapour for
30min. The PS phase was heavily stained by the RuQy,
whereas the HDPE and PP phases were only partially
stained. Since the degrees of staining were not the same for
HDPE and PP, they could be identified by the different
staining levels. A Philips TEM (EM301) operated at 80 kV
was used to study the microtomed sections.

The morphologies of the HDPE/PS/PMMA ternary
blends were studied by scanning electron microscopy
(SEM). The compression moulded sheets were fractured
in liquid nitrogen, and the resulting fracture surfaces
were coated with gold and carbon and examined using an
AMRAY 1820 SEM.

RESULTS AND DISCUSSION
HDPE/PP/PS ternary systems

The relative interfacial free energies of ternary blends
of HDPE, PP and PS for different phase structures are
calculated by using equations (10) and are shown in
Table 2. In our calculations we assume that ng = nc for
sim]l)}icity. The interfacial tension data used are from
Wu “, and are listed in Table 3.

The data shown in Table 2 indicate that for ternary
blends of HDPE/PP/PS having HDPE as the matrix
phase, the B/C morphology has the lowest value of
Y Ayy;, 1.e. the lowest interfacial free energy. Therefore,
we would predict that the PS phase will be encapsulated
by the PP phase in such blends. In the same manner, we

oA;vi; (dyne cm)

HDPE = A (Matrix),
Volume ratios PP=Band PS=C

of C to B phases

PP = A (Matrix),
HDPE =B, PS=C

PS = A (Matrix),
HDPE = B, PP = C

(Vo) Vi) B+C B/C C/B B+C B/C C/B B+C B/C C/B
2 50.6 50.3 84.1 445 56.4 79.9 67.7 67.9 56.7
i 33.9 33.1 70.0 30.0 37.0 67.7 53.2 50.7 445
0.5 23.3 225 62.1 209 25.0 60.9 44.1 40.8 37.7
y;; (dyneem™) 7.0 6.2 11.0 6.2 7.0 11.0 11.0 6.2

7.0
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would also predict that in ternary blends of PP/HDPE/
PS with PP as the matrix phase, the dispersed HDPE and
PS phases will remain separate, whereas in ternary blends
of PS/HDPE/PP with PS as the matrix phase, the HDPE
phase will be encapsulated by the PP phase.

Experiments were performed to verify these predic-
tions. Blends of HDPE, PS and PP having different
compositions were prepared and their morphologies
were studied using TEM. Figure 2 shows a TEM
micrograph of a HDPE/PP/PS (70/20/10) blend with
HDPE (A) as the matrix phase. We clearly see the
spherulitic crystalline texture of the HDPE in the
micrograph, and note that particles of PS (C) are
encapsulated by PP phases (B). This result is consistent
with our prediction based on interfacial energies. It is
interesting to note that in Figure 2 many PS particles
appear at the interface between the PP and the HDPE
instead of being encapsulated inside the PP phases. It is
believed that these PS particles are pushed to the PP/PE
interface by the growth fronts of the crystallizing PP,
which represents a kinetic factor in establishing phase
morphology.

Figure 3 is a TEM micrograph showing the morphol-
ogy of a PP/HDPE/PS (70/20/10) blend in which PP is
the matrix phase. It shows that the HDPE (B) and PS (C)
phases remain as separate dispersed phases in the PP
matrix (A). The appearances of the dispersed PS and the
HDPE particles are different: the HDPE particles have
irregular shapes and spherulitic crystalline textures,
while the PS particles are more spherical and with
smooth surfaces.

Figure 4 shows a TEM micrograph of a PS/PP/HDPE
(70/15/15) blend in which PS is the matrix phase. The
phase morphology is of the encapsulation type, with the
encapsulated inner phase showing a spherulitic crystal-

Table 3 Interfacial tensions

Interfacial tension at 140°C

Interface (dynecm™")
PE/PS 5.9
PE/PP 1.1
PP/PS 5.1
PE/PMMA 9.7
PS/PMMA 1.6

line texture similar to that shown by the HDPE phase in
Figure 2. Thus the inner phase is HDPE (B), with PP (C)
being the encapsulating outer layer. Therefore, in each of
the three blends, their experimentally observed phase
morphologies are in agreement with the theoretically
predicted ones.

As mentioned in the Introduction, we have assumed in
our predictions that the number of B and C particles is
the same, which may not be true because of the complex
interplay between shear and interfacial forces in particle
break-up. However, calculations based on the actual
particle sizes estimated from TEM micrographs of the
systems discussed above give results that are essentially
the same as those based on the assumption of equal
numbers of particles. These results demonstrate that the
phase structures of ternary polymer blends can be
predicted using our model based on minimizing the
interfacial free energy with equal numbers of dispersed B
and C particles. We now show that the phase morphol-
ogies of these blends can be changed by change of the
interfacial tensions between the components. Figure 5
shows values of ¥ A4,y;; for the various phase morphol-
ogies of ternary blends of HDPE/PP/PS (with HDPE as
the matrix component) as a function of ~ps/HppE-
Crossovers in the interfacial energies of the different
phase structures occur as a function of yps,/yppg: at high

Figure 3 TEM micrograph of a PP/HDPE/PS (70/20/10) blend.
A =PP,B=HDPE,C=PS

Figure 2 TEM micrograph of a HDPE/PP/PS (70/20/10) blend.
A = HDPE, B=PP,C =PS
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Figure 4 TEM micrograph of a PS/HDPE/PP (70/15/15) blend.
A =PS, B=HDPE, C = PP
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“Yes/uppe (>5.7dynecm™") the structure PP/PS has the
lowest value of ¥A4;y;, while at low ~psmppe
(<5.7dynecm™ ") the structure PP + PS has the lowest
Y A;7y;;- The observation suggests that by reducing the
interfacial tension ~ps/uppg, We can change the phase

structure of this ternary system from an encapsulation-
type PP/PS to the separation-type PP + PS.

Similarly, we predict that with a reduction in the
interfacial tension yps /uppe, the phase morphology of a
PP/HDPE/PS ternary blend with PP as the matrix can be

120
"""" Structure B+C
__ 100 ¢ -]
E Structure B/C e
o .
5 80 T —-—-— Structure C/B T
> ,-"‘-’
ﬁ 60 1 -
.4"’/ PR R e
40 | e
20 |
UPTET T HDPE = A (Matrix), PP = B, PS =C Vp = Ve
0 \ . . . , : . . )
0 2 4 6 8 10

Figure 5 Relative interfacial energies (£4;v;) vs interfacial tension vps,yppg for ternary HDPE/PP/PS blends where HDPE is the matrix component

Figure 6 TEM micrographs of a HDPE/PP/PS (70/20/10) blend
containing 2% S-E block copolymer: (a) with a magnification of 10 000;
(b) with a magnification of 25000. A = HDPE, B = PP, C = PS

Figure 7 TEM micrographs of HDPE/PP/PS (70/20/10) blends
containing: (a) 0.5% S-E block copolymer: (b) 1% S-E block
copolymer. A = HDPE, B=PP, C =PS
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changed from the separation-type HDPE + PS to an
encapsulation-type HDPE/PS. On the other hand, a PS/
HDPE/PP ternary blend with PS as the matrix can be
changed from the encapsulation morphology PP/HDPE
to the opposite encapsulation morphology HDPE/PP.
Experimentally, the reduction in interfacial tension
vps/uppe Was done by adding a small amount of an
interfacially-active poly(styrene-b-ethylene) (S-E) block
copolymer to the blend systems. Figure 6a shows a TEM
micrograph of a HDPE/PP/PS (70/20/10) ternary blend
to which approximately 2wt% of the S-E block
copolymer was added. In contrast to the phase morphol-

Figure 8 TEM micrographs of PP/HDPE/PS (70/20/10) blends
containing: (a) 1% S-E at a magnification of 4000; (b) 1% S-E at a
magnification of 15000; and (c) 3% S-E at a magnification of 5000.
A =PP, B=HDPE,C=PS
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ogy shown in Figure 2 for this blend without the S-E
copolymer, (which shows PS particles encapsulated by
PP), Figure 6a shows separate PS(C) and PP (B) phases.
Thus the phase morphology of this blend has been
changed from PP/PS to PP + PS by the addition of the S-
E copolymer, i.e. by the reduction in vpg;uppe, and as
predicted by our model. It is noted in the micrograph
that many tiny particles appear in the HDPE matrix with
diameters varying from 400--800 A, but none in the PP
phases. These tiny particles are more clearly shown in
TEM micrograph Figure 6b having a higher magnifica-
tion. We believe the small particles are S-E block
copolymer micelles, with the larger than expected
diameters of such micelles resulting from the solubiliza-
tion of PS homopolymers into the PS micellar cores.

Figures 7a and 7b show TEM micrographs of HDPE/
PP/PS (70/20/10) ternary blends which contain lesser
amounts (0.5 and 1%) of S-E block copolymer to
compare with the morphology of this blend system
containing 2% S-E and shown in Figure 6a. With the
addition of only 0.5% S-E, some of the PS (C) particles
move to the matrix (A) phase from the PP phase (B),
while many of them remain in the interface between the
PP and the HDPE phases. On the other hand, when 2%
S-E is added, most of the PS particles in the blend are
dispersed in the matrix PE phase. Smaller PS particles
also result when 1 or 2% S-E block copolymer is added
than with the addition of 0.5%. Furthermore, the
number of S-E micelles found in the matrix is related
to the amount of S-E added, more micelles are found in
the samples containing the higher S-E concentrations.

The phase morphology of a PP/HDPE/PS (70/20/10)
blend with 1 wt% S-E block copolymer is shown in the
TEM micrograph in Figure 8a. The separation-type
phase morphology (HDPE + PS) shown in Figure 3 of
the system without block copolymer has changed by the
addition of the S-E block copolymer to an encapsula-
tion-type (PE/PS) with PS (C) encapsulated by HDPE
(B). Block copolymer micelles similar to those in Figures
6 and 7 are also found in the HDPE phase (B) of this
blend, as shown in Figure 8b. Although most of the PS
particles in this blend are encapsulated in the HDPE
phases, some remain in the interface between PE and the
PP matrix. The encapsulation of the PS by PE is more
complete when 3% S-E block copolymer is added to the
system, as shown in Figure 8c.

Figure 9 TEM micrographs of a PS/HDPE/PP (70/15/15) blend
containing 1% S-E block copolymer. A = PS, B = HDPE, C = PP
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Figure 9 shows the phase morphology of a ternary PS/ PP (C) (Figure 4) to the opposite encapsulation of PP by
PP/HDPE (70/15/15) blend containing 1% S-E. With the HDPE. The HDPE phase is identified by the similar

addition of the S-E, the phase structure of this ternary crystalline type texture seen in Figure 2.
blend changes from the encapsulation of HDPE (B) by Again we have calculated the interfacial free energies
180
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Figure 10 Relative interfacial energies (X4yv;;) vs volume ratios V,/Vy for ternary blends of: (a) HDPE/PS/PMMA; (b) PS/HDPE/PMMA;
(c) PMMA/HDPE/PS
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of these systems using the actual particle sizes estimated
from TEM micrographs and have found that the phase
structures shown in Figures 6-9 have the lowest
interfacial free energies.

Studies of ternary blends in which LDPE was

Figure 11 SEM micrograph of the fracture surface of a HDPE/PS/
PMMA (70/15/15) blend. A = HDPE, B = PS, C = PMMA

Figure 12 SEM micrographs of a PS/HDPE/PMMA (70/15/15)
blend: (a) fracture surface; (b) ethanol/water etched fracture surface.
A =PS, B=HDPE, C = PMMA

792 POLYMER Volume 38 Number 4 1997

substituted for HDPE gave similar results to those
presented above.

HDPE/PMMA|PS ternary systems

Figure 10 shows X A;y; values for different phase
structures and compositions of ternary blends of HDPE,
PMMA and PS as a function of the volume ratios of the
minor phases. Equations (10) are used in our calcula-
tions.

When HDPE is the matrix phase and PS and PMMA
are the minor components, the blend will have a phase
structure with PMMA encapsulated by PS (PS/PMMA).
When PS is the matrix phase and HDPE and PMMA are
the minor components, separate dispersions of HDPE
and PMMA has the lowest interfacial free energy.
Finally, when PMMA is the matrix phase and HDPE
and PS are the minor components, the blend is predicted
to have the phase structure of HDPE encapsulated by
PS.

Experiments verified these predictions. Figure 11
shows a SEM micrograph of a ternary HDPE/PS/
PMMA (70/15/15) blend. Small particles of one minor
phase are encapsulated by the other minor phase. Since
PMMA is very sensitive to the electron beam of the
SEM, we could identify that PMMA was the encapsu-
lated phase (C).

SEM micrographs of a ternary PS/PMMA/HDPE

Figure 13 SEM micrographs of a PMMA/HDPE/PS (70/15/15)
blend: (a) fracture surface; (b) cyclohexane etched fracture surface.
A = PMMA, B = HDPE, C =PS
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Figure 14 SEM micrographs of a PMMA/HDPE/PS (70/10/20)
blend: (a) fracture surface; (b) cyclohexane etched fracture surface.
A =PMMA, B =HDPE, C =PS

(70/15/15) blend are shown in Figure 12. Two types of
particles are dispersed in the matrix, small particles with
deformed shapes together with large and small spherical
particles. It was shown that the deformation was caused
by the electron beam damage, thus identifying the
deformed particles as PMMA (C) and the spherical
particles as HDPE (B). This identification of the two
phases was confirmed by solvent etching of the sample. A
fracture surface of the sample was etched with an
ethanol/water mixture at 40°C to remove PMMA phase.
A SEM micrograph of the resulting surface is shown in
Figure 12b, and shows that the deformed small particles
have disappeared. Therefore, and as predicted, PMMA
and HDPE are dispersed separately in this blend.

Figure 13 shows TEM micrographs of a ternary blend
of PMMA/PS/HDPE (70/15/15). In Figure 13a, particles
of one minor phase (B) are surrounded by shells of
another minor phase (C) in the matrix of PMMA. To
identify these components, the fracture surface of the
sample was etched with cyclohexane to remove PS. The
SEM micrograph of the etched sample is shown in Figure
13b, and shows that all the shells have disappeared.
Hence the blend has a phase structure PS/PE with HDPE
encapsulated by PS. This morphology is shown even
more clearly in Figures 14a and 14b, which show SEM
micrographs of a PMMA/PS/HDPE (70/20/10) blend
having a higher concentration of PS. The removal of the
PS encapsulating phase by etching is clearly apparent.

Figure 15 shows calculated values of A4;y; vs
vpmma, mppe for different phase structures of ternary
blends of PS/HDPE/PMMA, and where PS is the matrix
component. Our model Ipredicts that with high
YpmMma/uppE  (>S5dynecm™) the structure HDPE
+ PMMA has the lowest interfacial free energy, whereas
with low ~Ypmma/mppe (<Sdyne ecm™') the structure
PMMA/HDPE has the lowest interfacial free energy.
Hence the phase structure of such a blend can be changed
by a change of vpmma nppe- The interfacially-active
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Figure 15 Relative interfacial energies (XA4,7;;) vs interfacial tension ypmma upee for ternary PS/HDPE/PMMA blends where PS is the matrix

component
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Figure 16 SEM micrographs of a PS/HDPE/PMMA (70/15/15) blend
containing 3% E-MMA block copolymer: (a) fracture surface; (b)
ethanol/water etched fracture surface. A =PS, B = HDPE,
C = PMMA

block copolymer poly(ethylene-b-methyl methacrylate)
(E-MMA) was used for this purpose. A ternary blend of
PS/HDPE/PMMA (70/15/15) containing about 3%
E-MMA was prepared. The phase morphology of this
blend without E-MMA being present is shown in Figure
12a, and shows the HDPE and PMMA phases as
separate dispersed phases. In contrast, the morphology
of the blend with E-MMA present is shown in Figure 16a
and shows one of the minor phases partially encapsu-
lated by the other minor phase. An SEM micrograph of a
fracture surface after etching with an ethanol/water
mixture is shown in Figure 16b, and shows that all of the
encapsulating layers have disappeared after etching.
Thus the encapsulating layer is PMMA and the
encapsulated core is HDPE. Thus, as predicted from
our model, the phase morphology of this ternary blend
can be changed from the separation-type to the
encapsulation-type by change of the interfacial tension

YPMMA /HDPE-
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CONCLUSIONS

We have developed a model based on the interfacial free
energies to predict the phase morphology of a multiphase
polymer blend, and have shown that the predictions are
in excellent agreement with experimental results. Calcu-
lations based on the model suggest that interfacial
tensions play the major role in establishing the phase
structure, whereas a less significant (but still important)
role is played by the surface areas of the dispersed
phases. Our studies furthermore show that the phase
structures of multiphase polymer blends can be changed
by the addition of suitable interfacially-active agents
such as block or graft copolymers.

It is important to point out that our calculations are
based on an idealized situation where ng = nc, whereas
the experimental systems may have different particle
numbers (ng # nc) due to rheological effects. The
agreement between the predicted and experimental
results indicates that the orders of relative interfacial
free energies of different phase structures are not strongly
dependent on the particle numbers or the surface areas of
the minor phases. Our results further indicate that the
driving force to minimize the free energy is apparently so
strong that the phase structure having the lowest free
energy level is formed even under the non-equilibrium
mixing conditions.
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