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ABSTRACT: In this work, the morphologies of PMMA/PP/PS blends of different concentrations were studied
and compared to the predictions of spreading coefficient, minimum free energy, and dynamic interfacial energy
phenomenological models. Different morphologies than the ones predicted by the phenomenological models were
observed in the case of PMMA matrix: a mixture of ceshell morphology (core of PP and shell of PS),
dispersed PS, and subinclusions within the core when the concentration of PP was increased were obtained. The
quantitative analysis of the morphologies indicated that when PMMA was the matrix, PS acted as an emulsifier.
The study of the evolution of morphology in the case of 10/80/10 PMMA/PP/PS blends showed that when PMMA
is added to the binary blend of PP/PS, threads of PMMA are formed and break up into droplets with a size
comparable to the ones of PS forming a double dispersion type morphology, and then PMMA penetrates the
drops of PS, forming a coreshell morphology with only one drop of PMMA inside a matrix. Subsequently, the
core droplet of PMMA deforms and breaks up into smaller droplets.

1. Introduction lated from room temperature. More recently, Guo et3al.
Polymer blends have been widely used in the industry becaused€veloped a new phenomenological model to predict the

of their ability to combine in a unique material the properties Morphology of ternary blends, called here in this work the

of their components, at a relatively low cost when compared to Minimum free energy model. The authors derived an expression

the development of a new polymeRecently, the study and for the_ free energy of mixi_ng of a_multiphase blend, function
development of blends formed by three or more components of the interfacial area, and interfacial tension between each two

has raised the attention of both the industrial and the academicc®mponents of the blend. The most stable morphology corre-
world 226 It is well-known that the properties of polymer blends SPOnds to the minimal free energy of mixing of the different
are greatly influenced by the morphology that is developed Morphologies shown in Figure 1. For any type of morphology,
during the mixing process. In turn, the morphology is influenced the free energy of mixing can be written as

by the following hierarchy of factors: interfacial tension

viscosity ratio> shear stress. Likewise, the morphology of G= Z”iﬂi + z/'\'jaij )
ternary blends is also influenced by thermodynamics and kinetic ! =
factors.

wherey; is the chemical potential of n; is the number of moles

of i, Aj is the interfacial area between componerasdj and

aij is the interfacial tension between componenémdj. The
first term of eq 2 is equal for all types of morphologies, but the
second term differs from one morphology to another. Guo et
al2® evaluated the second term of equation for cases af

Most of the papers on the subject of multiphase blends
showed that the morphology of ternary blends can be predicted
through the knowledge of interfacial tension between the
components of the blends#7~16 In particular, Hobbs et 4.
used the concept of spreading coefficient and rewrote Harkin's
equation in which two distinct phases are dispersed in a matrix

phase to predict the morphology of ternary blends. In a ternary Figure 1 as

blend of three polymer&, B, andC, (supposin@ is the matrix) _ U3 1/3.2/3 13 23
the spreading coefficienicg, can be defined as (ZAiOiJ)B+C = (4m) g X0, + nc0,c1(3Ve) 32)
a

= - - 1

Acg = Ogp — Oca — Ogc (1) (S AG) e = @1) N1 + %)%, + nH30,](3V0)3

ijJBIC B aB T Nc OpclldVe
where; is the spreading coefficient afoverj anda is the (3b)

interfacial tension betwedrandj. ForB to be encapsulated by (ZAiU") _
C, Acs must be positive. In the case when batlg andisc are i C/?IS U 23 " I ”
negative B andC will tend to form separated phases. According (@)Y g% g + n" (1 + 070, J(3V) P (30)
to the signs of the spreading coefficient, for a given matrix,
four types of morphologies can be obtained. They are sum- wherex = Vg/Vc, V; is the volume fraction of phaseng and
marized in Figure 1. In their original work, Hobbs et’désted nc are the particles numbers of B and C phases. The lowest
their model successfully for several ternary and quaternary value of ZA;ay will correspond to the lowest value of Gibbs
blends including PMMA, PS, PC, PBT, and SAN, although the energy of mixing, which can be considered as the most stable
interfacial tension between the polymers involved was extrapo- morphology.
Both the spreading coefficient and minimal free energy

* Corresponding author. Telephone: 55 11 3091-5693. Fax: 55 11 3091- Surface models have been used extensively to predict the

5243. E-mail: nick@usp.br. morphology of ternary and quaternary bledd®¥ and it has

10.1021/ma052571n CCC: $33.50 © 2006 American Chemical Society

Published on Web 03/11/2006
ublished on We CDV



2664 Valera et al. Macromolecules, Vol. 39, No. 7, 2006

N(La:trjix:AO Di(siised;mgs-ac(;ray) anod C (bg
‘o° ©® | o &%

B and C are separeted B shell and C core C shell and B core Partial encapsulation
(a) (b) (©) (d)
AAH 0 or 2,4{ =0 ﬂﬂ( /]
;"H( e /] Aﬁf =g
2.H‘t‘ /) ;t( B<0
’1( ‘B<0 A( ‘B0
A’( B0 A/Ib’ 0 or j’;i( e/

Figure 1. Some of the most common morphologies observed in ternary bfends.

Table 1. Characteristics of the Polymers Studied the static interfacial tension, obtaining the following equations:
polymer supplier grade melt flow index .
PS Eni Chem N1841 10 (20 /5kg) " — 2 5 — 2
PP OPP H306 15 (231C/2,16 kg) (zA'O'l)B*C AR Ba T 6(N1’B NlA)_ + 4R
PMMA Metacril 01DHLE 4.2 (230°C/3,9kg)

Oca T %(Nl,c =N )| (4a)

been shown that it is possible to control the morphology of those 2' Re 5
blends through compatibilization, which alters the respective (ZAiOij)B/C = 4R 0ga T 5 (Nig = Nyp)| + 4R
values of interfacial tensiohtl-1718However, most of the studies - - R ;
conducted to predict the morphology of multiphase blends use ocg +=(N;c — N )| (4b)
interfacial tension data from the literatut®©nly few studies L 6"~ T

have used values of interfacial tension that were measured for 2' R, ,

the polymers studiet:®11 1t is, however, well-known that the (zAioij)C,B = 4R\ och + E(Nl,c — Nya)| T 47R

value of interfacial tension can be altered by the presence of -

small additives? Therefore, using values of interfacial tension o + Ee(N - N, )| (40
. . BC 6 1B 1C

from the literature instead of the ones measured for the polymers

studied can lead to errors.

It has also been shown that the rheological properties of the
polymers can affect the resultant morphology in ternary
blends!?~17 In particular, the effects of viscosit§1® and
elasticity ratid” of the two minor phases of a ternary blend on
the resultant morphology have been studied. The conclusions
regarding the effect of viscosity ratio are still, however,
controversial. While some authors observed that the componen
of lower viscosity will encapsulate the component of higher
viscosity}? some observed a contrary behavidrand some
others did not see any influence of viscosity ratio on the type
of morphology?'16

whereN; is the first normal stress difference for the pha&es
B, andC, R; andRe are the internal and the external radius of
the core-shell droplets, and;; is the interfacial tension between
the components andj.

Using this new model, called here dynamic interfacial tension
model, the authors were able to predict an unexpected encap-
sulation of PS by PMMA in a HDPE/PS/PMMA polymer blend
(with a HDPE matrix) when constant shear stress is used
replacing the constant shear rate. Moreover, they showed that
the other predictive models described above were not able to
predict such an effect.

L . . In this work, the morphologies of PMMA/PP/PS blends with
fR?'Q”'?f et a]?, shov;/]ed that Ln Iorder tfo stlfquhthe influence different compositions were investigated qualitatively and
of viscosity ratio on the morphology of multiphase systems, uantitatively. The qualitative results were compared to the

thttahwss[:gsny rtatlo shm:ld ?e;}astlmatted gtaconst&ntsﬂear sttres reading coefficient, minimum free energy theories, and the
ratner than at a constant snear rate, because he shear S r"esc?{)’/namic interfacial tension model. The interfacial tension for

rather than the shear rate, is continuous at the interface betweeq - - -

. ’ . he different polymers pair involved was evaluated experimen-
the dlsperse_d phase and the_ T“at“x phase. The 5‘9“5‘""5: tally. The formation of morphology in the case of ceghell
showed the influence of elasticity on the morphology obtained morphology was investigated. To our knowledge, the formation

in ternary blends. Following Van Oene’s. wotkthe authors . of morphology of a ternary blend has never been studied before.
developed a conceptual model to predict the encapsulation

effects in composite droplet type systems based on a dynamicy Experimental Section
interfacial tension. Van Oefedemonstrated that, under condi-

tions of dynamic flow, the elasticity differences between the poly(methyl metacrylate) (PMMA) from Metacril, and polystyrene

components of a_blend can alter the _interfac_ial tension (call_ed (PS) from Enichem were used in this work. The properties of these
dynamic interfacial tension), and this tension can be quite holymers are listed in Table 1.

different from the interfacial tension in the absence of flow. 2.2. B|ending and Samp|e Preparation.Binary and ternary
Reignier et aP introduced the dynamic interfacial tension term  blends were obtained by mixing the components of the blend in an
into the minimum free energy theory by Guo et replacing internal mixer of a torque rheometer, at a temperature OfomOCDV

2.1. Materials. Commercial polypropylene (PP) from OPP S.A,,
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Figure 2. Schematic evolution of the torquE)(of the mixing chamber
as a function of time for the samples used for the study of the evolution
of morphology.

T T T T | T T T
| —O—PS
AAAAAA“AAAA | —=—rpp
N 1| —A—pPmma
A
104_ AA\ -
A
% o‘o-o»o-o-og-oo-oo,o,oo A\A
£ 1 sssen O, h
& EREEm -..,.‘.‘._..- ODU \A\
.‘E’ 10° ~-'*I\ \O\o A
g "l 4 E
2 b Ay ]
= N
Eo)
g '\\ob ‘\A
% 10°4 9, A 4
\O\O
\e)
19" T e
10* 10" 10° 10' 10° 10° 10° 10°
a Shear rate (s")
O s e T - T .
Adadaaanl g : = PP
AfA : —A—PMMA
AA .
10° - I % .
1A
@ 0-0-0-0-0-C0-0-0-0-0-0. A
s —_ G0, ! 1
£ 104 ", [0l fA 5
153
] % H
> Hl 12 A
" VYo d
3 -\I o HERRN
= -
7@ 10°5 !\% A
1 \
\ O
1 Rbi
mO:
1 [
, PP| IPS :PMMA
10 ——rrry e e T e
10’ 10° 10° 10° 10° 10°
b Shear Stress (Pa)

Figure 3. (a) Shear viscosity as a function of shear rate. (b) Shear
viscosity as a function of shear stress, at a temperature ofQ0for
the various polymers studied here.

Table 2. Viscosity of the Polymers at a Shear Stress That
Corresponds to the Shear Stress Undergone by the Matrix Phase

shear stress of the viscosity of the dispersed phase {Pa

matrix phase (Pa) PP PS PMMA
PP, 39 490 370 1300 35500
PS, 68 500 130 600 26 800
PMMA, 323 000 4 20 2700
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Figure 4. (a) First normal stress difference as a function of shear rate.
(b) First normal stress difference as a function of shear stress, at a
temperature of 200C, for each studied polymers.
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Figure 5. Comparison between the experimental storage modsitus

(w) and loss modulu§" (w) data and the best fit using the Palierne’s
model for 86-0—20 blend.

15, 80/10/10, and 80/15/05 composition. When PMMA was the
matrix phase, the phenomenon of possible subinclusion formation
of PS within the PP core was studied using the following
compositions: 60/35/05, 60/30/10, 60/20/20, 60/10/30, and 60/05/
35. These compositions were selected because of their improved

with a rotor speed of 100 rpm, corresponding to a shear rate of morphology definition. The nomenclature used for the blends used

roughly 115 s12%.22for 10 min. The binary blends were obtained
to infer the interfacial tension between their components using
rheological measurements following the analysis of Palféroe
Gramespasher and Meissiémhe binary blends were obtained in

in the following of the text is as followsX—Y—Z corresponds to
blends containingk vol % of PMMA, Y vol % of PP, andZ vol %

of PS. All polymers were dried at 7& during 24 h prior to mixing.
After processing, the blends were quenched in cold water to fix

a 80/20 composition. The ternary blends were obtained in 80/05/ the morphology. After quenching, samples of ternary blends, bi&ﬂ/
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Table 3. Parameters Used for the Calculation of Interfacial Tension
from Rheological Date?

PMMA/PP PMMA/PS
R, («m) 55 0.28
R/Ry 3.7 1.4
D (%) 20 20
7om (P2s) 1.03x 10° 1.03x 10°
7od (Ps) 8.13x 10° 1.25x 10°
K 0.08 0.12

a Ry is the number-average radius of the dispersed pkasethe volume
average radiusp is the volume fraction of the dispersed phagg; is the
zero shear viscosity of the matriyoq is the zero shear of the dispersed
phase, an is the viscosity ratio.

Table 4. Interfacial Tensions between the Polymers of PMMA/PP/PS
Ternary Blends

experimental literature harmonic mean
polymers value (mN n7?) (MmN m™1) (MmN m~1)33-34
PP/PS 5.68 6.25 5.0
PMMA/PP 7.50 - 7.7
PMMA/PS 1.69 15 1.01

Table 5. Predicted Equilibrium Morphology for PMMA/PP/PS
Ternary Blends?

(a) Morphology Predicted by Spreading Coefficient
polymer pairs A (mMN/m)+ 0.7

PMMA/PS —3.51
PS/IPMMA 0.13
PP/PS —11.49
(b) Morphology Predicted by Minimal Surface Energy
vol PMMA (matrix) PP (matrix) PS (matrix)
fraction PP=B,PS=C PMMA =B,PS=C PP=B,PMMA=C

(P/®;) B+C B/IC C/B B+C B/IC C/B B+C B/IC C/B

1 425 81.441.0 615 521 625 36.0 475 77.6
0.33 32.6 90.030.8 61.8 54.8 59.3 414 58.1 65.0

ad, is the volume fraction of polymei
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HDPE/PS/PMMA blend4.These rotor speeds were too high to
enable the study of the formation of morphology. Therefore, a rotor
speed of 30 rpm was used in the study of the evolution of the
morphology of the ternary blend. In a first step, PP and PS were
mixed together for 5 min (necessary time to obtain a droplet
dispersion type morphology) and then, PMMA was added to the
blend. Samples of the ternary blends were then removed from the
mixer chamber as a function of time. Figure 2 shows schematically
the torque in the mixing chamber as a function of time for the
different samples studied.

2.3. Interfacial Tension. Several methods can be used to infer
interfacial tension between molten polymérsviore details can
be found in a recent review paper written by Demarquitie.
this work, the pendant drop method, breaking thread method, and
the possibility of inferring interfacial tension from the rheological
behavior of the blend were tested for the different polymer pairs,
PS/PP, PMMA/PP, and PMMA/PS. It was not possible to infer
the interfacial tension for polymer pairs involving PMMA using
the pendant drop and breaking thread method due to the high
viscosity of PMMA and lack of index of refraction difference in
the case of PMMA and PS. Therefore, the interfacial tension for
the pairs of polymers involving PMMA were determined using the
rheological behavior of their respective blend. The data were
analyzed using Palierne and Gramespasher and Meis&ér's
analyses following the procedures reported elsewheféDue to
the higher accuracy of the method the pendant drop method was
used for PP/PS polymer pair. The apparatus used in this work and
the experimental procedures have been described in several works
of this research grouf:3!

2.4. Rheological Characterization.The shear viscosity of the
polymers as a function of shear rate was evaluated using a capillary
rheometer Instron 4467 at a temperature of 200 The die used
had a diameter of 0.04 mm and L/D of 50. A Rabinowitsh correction
was applied to the experimental results. All the samples were dried
under vacuum at a temperature of 70 for 4 h prior to the
rheological measurements.

The rheological tests, necessary for the evaluation of interfacial
tension, were carried out using a Rheometric Scientific SR-5000

blends, and single polymers (which had undergone the samerheometer under dry nitrogen atmosphere. A parallel-plate config-
thermomechanical treatment) were prepared for morphological uration was used with a gap size of 1 mm and a plate diameter of
observations and rheological measurements, respectively. Disks 0f25 mm at a temperature 206G, under a nitrogen atmosphere. Strain
25 mm diameter and 1.5 mm thickness were molded at°Z00 and stress sweep tests were performed for all blends and pure
under a pressure of 18 MPa, during 15 min. This 15 min polymers to define the linear viscoelasticity region. Dynamic
corresponded to the time at which the morphology of the binary frequency sweeps were performed for the binary blends and pure
blends was of a dispersion of droplets dispersed in a matrix; this components. The zero shear viscosities of the polymers necessary
type of morphology is necessary if one wants to evaluate the to infer the interfacial tension from rheological measurements were
interfacial tension between two polymers using the rheological inferred using Carreau’s equatiéh.
behavior of the blend formed by those two polyn&r&! 2.5. Morphology. The morphology of all the blends was
To study the formation of the morphology of a ternary blend in characterized by scanning electron microscopy. The blend samples
an internal mixer, several samples of the ternary blend80B-10 were fractured cryogenically and then covered with gold in a Balzers
were prepared as a function of processing time and their morphology sputter coater (model SCD-050). To obtain a good contrast between
was studied by scanning electron microscopy. A blend with a PP the phases in ternary blends, dissolution of one of the phase was
matrix was chosen to enable the dissolution of both dispersed carried out whenever possible. The PMMA and PS were dissolved
phases. Preliminary experiments performed at a rotor speed of 100with acetic acid and cyclohexane, respectively. Quantitative analysis
rpm showed that the final morphology was obtained within the first of the morphology was performed using Carl Zeiss Vision KS-
2 min of mixing, corroborating the results of Reignier et al. for 300 software. In the case of the quantitative analysis of the

Table 6. Values of the Dynamic Interfacial Energy for PMMA/PP/PS Ternary Blend$

dynamic interfacial energy (N m/particle)

PMMA (matrix) PP (matrix) PS (matrix)
PP=B, PS=C PMMA =B, PS=C PP=B,PMMA =C
B+C B/C C/B B+C B/C C/B B+C B/C C/B
shear 5.4¢< 10712 1.6x 10713 1.9x 10713
stress 3.8x 10712 59x 1012 26x1018 14x10713 41x 1018 21x1013
constant *3.7 x 10712 *1.6x 10713 *1.0x 10713
shear 1.9 10712 4.2x 10712 3.7x 10712
rate 57x 10713  1.2x 10713 75%x 1012 41x 10712 6.7x 1012 41x 1012
constant *1.1 x 10713 *4.2x 10712 *3.4x 10712

aThe asterisk denotes results obtained using the assumption made by Reigniéii.et:aR. = R.

Ccbv
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Table 7. Qualitative Results of the Morphology of the Ternary Blends

Morphology predicted by

Morphology observed
experimentally

Morphology predicted by dynamic
interfacial tension model

Morphology predicted by
minimal surface energy

spreading coefficient

Blend Composition

Matrix

PP and shell of PS and

morphology with core of
droplets of PS

Mixture of Core-shell

morphology with a core of PS and shell

Shear stress constant: Core-shell
of PP

Core-shell morphology with
a core of PP and shell of PS

morphology

with a core of PP and shell

Core-shell
of PS

80-05-15

PMMA

(subinclusions of PS in the

Shear rate constant: Core-shell

80-10-10

PMMA

>75vol%)

morphology with a core of PP and shell of core of PP to PP content

PS

80-15-05

PMMA

morphology

Core-shell

Shear stress constant: core-shell

morphology morphology with a core of PMMA and

with a core of PMMA and with a core of PS and shell shell of PS

shell of PS

morphology Core-shell

Core-shell

05-80-15

PP

with a core of PMMA and

shell of PS

morphology with a core of PMMA and

shell of PS

Shear
of dispersion of PMMA and PP

Shear rate constant: core-shell

of PMMA

10-80-10

PP

Separated dispersion of

Separated
PMMA and PP

constant:

stress

dispersion

PMMA and PP

Separated dispersion of Separated

PMMA and PP

10-10-80

PS

Shear rate constant: Separated dispersion

of PMMA and PP

15-05-80

PS
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Table 8. Quantitative Results of the Morphology of the Ternary

Blends (@)
blend vol av diamaterd, (um)
composition PMMA PP PS

80/05/15 (core shell) 0.63 0.83

dispersed PS 0.18
80/10/10 (core shell) 0.99 1.22

dispersed PS 0.10
80/15/05 (core shell) 1.71 1.88

dispersed PS 0.10
05/80/15 0.93 22
15/5/80 0.78 14
10/10/80 0.44 2.63

morphology of the binary blend, necessary to evaluate interfacial
tension using rheological measurement, about 10 000 particles were
measured for all cases, and Saltikov’'s correcfiamas used.

3. Results and Discussion

3.1. Rheological Characterization.Figure 3a shows the
viscosity of the different polymers as a function of shear rate
or frequency, and Figure 3b shows the viscosity of the polymers
as a function of shear stress. The vertical line in Figure 3a
represents the applied shear rate, and the vertical lines in Figure
3b represent the matrix phase shear stress undergone by the
matrix for each matrix phase.

It can be observed in Figure 3a that for the velocity of
processing studied, corresponding to an average shear rate of
115 s%, the range of viscosity igpmma > 7ps > 1pp. Table 2
presents a summary of the results in Figure 3b, showing the
viscosity for all the polymers at a shear stress that corresponds
to the shear stress undergone by the matrix phase. The values
of the viscosity of PP and PS at the shear stress undergone by
PMMA matrix phase were obtained by extrapolation of the data.
From Table 2 and Figure 3b, it can be seen that the range of
Viscosity iSnpmma > 7ps > 1pp.

The first normal shear stress difference for the studied
polymers was calculated using the empirical correlation devel-
oped by Laur¥* Parts a and b of Figure 4 present the first normal
stress difference for each studied polymer as a function of shear
rate and shear stress, respectively. It can be observed for an
average shear rate of 115'swhich corresponds to the one to
which the blends were submitted to in the mixer, the normal
shear stress differences range in the following omdg# <
Nips < Nipmma. However, for the range of shear stresses studied
(see Figure 4b), the normal shear stress difference of PMMA
is lower than the one of PP or PS which are of the same order
of magnitude within experimental error.

3.2. Interfacial Tension, Spreading Coefficient, Minimum
Free Energy and Dynamic Interfacial Tension Models.The
interfacial tension between PP and PS at a temperature of 200
°C was evaluated using the pendant drop method and was found
equal to 5.68= 0.09 mN nT? corroborating results obtained in
other works?>2935Figure 5 shows a comparison between the
experimental data of storage modul@gw) and loss modulus
G"(w) for 80—0—20 blend and the best fit using Palierne’s
model. It can be seen that a good fit is obtained between
experiments and theory for the whole range of frequencies. It
can also be seen, that a secondary platedsl (@f) is observed
for frequency ranging from 0.2 to 0.5 rad/s. This secondary
plateau corresponds to the relaxation of the dispersed phase
when sheared. Similar result was obtained for-80—0 binary
blend. The fit of Palierne’s model to the experimental data was
used together with the data reported in Table 3 to calculate the
interfacial tension for those three blends. Although, the rPE:B-V
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logical method is certainly the least precise method to evaluate
interfacial tension between polyméfs38the reproducibility of
the data found here was within 10%.

Table 4 shows the values of interfacial tension obtained for
the different polymers pairs used in this work at a temperature
of 200°C. These values were used to predict the morphologies
of the ternary blends. In Table 4, the values of literature as well
as the ones obtained by harmonic means for the same polymer
pairs are also shown, and it can be seen that the results obtained
corroborate the ones from literature and the ones obtained by
harmonic mean&37

Table 5a shows the values of the spreading coefficient
(calculated using the interfacial tension values measured in this
work), and Table 5b shows the second term of the right-hand a
side of eq 2, for the studied blends. Table 6 shows the values
of the dynamic interfacial energy of all blends, obtained from
eq 4, parts ac, using the first normal stress difference values
obtained at constant shear rate and shear stress (see Figure 4,
parts a and b). To calculate the dynamic interfacial energy, it
was assumed, following Reignier et at.'work that all the
studied structures have the same number of particles of the
dispersed phas®& = 1 um, negative values of the dynamic
interfacial tension could be set equal to zero and that for-core

shell morphologiesR/C or C/B) Re = V2R. To calculate the
dynamic interfacial energy in the case of separated dispersion
of both dispersed phaseB ¢ C) differently from the work of
Reignier et al® who assumed that in this cag = R, two
cases were considered.

(i) when yag &~ ygc (Whereyag is the interfacial tension
between polymer#& andB andygc is the interfacial tension
between polymer8 andC), which is the case when PP is the
matrix R = Re.

(i) whenyag differs fromygc, which is the case when either
PMMA or PS are the matrix, the ratio betweBnand Re was
obtained from the experimental values Rfand Re found in
the binary blends, assuming volume conservation. When PMMA
was the matrix these assumptions resulte, i Rs/20. When
PS was the matrix the valuesRfandR. were obtained directly
from the PMMA and PP droplets in the ternary blend (Table 8,
10-10-80 blend).

These assumption resulted in a possible minimum of dynamic
interfacial energy (D.I.E) for morphologies different from the
B + C morphology as can be seen in Table 6; when considering
R. = R, the dynamic interfacial energy will always show a

minimum value forB + C morphology as pointed out by i
Reignier et af Figure 6. Morphology of PMMA/PP/PS ternary blend: (a) (80/5/15)

] ] after cyclohexane etching; (b) (5/80/15) after acetic acid etching; (c)
In the calculation of the D.1.E., the uncertainty on the value (15/5/80) after acetic acid etching.

of interfacial tension was also taken into consideration. The

D.L.E. was calculated using the values of interfacial tension (i) When PP is the matrix, a coreshell morphology with

reported in Table 4 and using the values of interfacial tension PS as core and PMMA as shell should be obtained.

+30%, which corresponds to the experimental error on the (jii) When PS is the matrix, a separated dispersion morphol-

interfacial tensiorf®*#The D.I.E, which is reported in Table 6,  ogy of PMMA and PP should be obtained.

corresponds to the average of the three values obtained. For |t can be also seen in Table 7 that, for all studied blends, the

the prediction of the D.1.E, the results following the assumption pregictions of the spreading coefficient model corroborated with

made by Reignier et dl(i.e., Re = R) and the ones following  he morphology predicted by the minimal surface free energy

the assumption made in this work (see above) are reported. ltgycept in the case of PP. Using the dynamic interfacial tension

can be seen that when the assumpBer R is made the D.LE. o4l the following morphologies can be predicted.

always shows a minimum value f@ + C morphology. (i) When PMMA is the matrix, a coreshell morphology,
The results of the predicted morphologies are shown in Table should be obtained. When valueshf at constant shear stress

7. The following can be seen, for all blends, according to the are considered in the calculations, the core and shell should be

minimal surface free energy model: formed by PS and PP respectively, whereas the core and shell
(i) When PMMA is the matrix, a coreshell morphology with should be formed by PP and PS respectively when values of
PP as core and PS as shell should be obtained. N; at constant shear rates are considered.

CbhV
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3 } PS disperseds
Subinclision € f droplets
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Figure 7. Morphology of PMMA/PP/PS ternary blend: (a) (80/10/10) after chemical attack with cyclohexane; (b and c) (80/15/05) after chemical
attack with cyclohexane.

(i) When PP is the matrix, a coreshell morphology with 80/10/10 blend and Figure 7, parts b and c, for the 80/15/05
PMMA as core and PS as shell should be obtained when valuesblend). Similar types of microinclusions have been observed
of Ny at either constant shear stress or shear rate are consideredyy Favis et af In the case of a concentration of the dispersed

(iii) When PS is the matrix, a separated dispersion of PS and phase of 10/10 and a matrix of PP a cocontinuous phase
PMMA should be obtained. morphology was obtained in the cershell dispersed phase as

3.3. Blend Morphology.Parts a-c of Figure 6 show atypical ~ can be seen in Figure 8. Table 7 summarizes and compares the
type of morphology for each matrix studied. The pictures qualitative experimental results obtained to the predictions of
correspond to a concentration of the dispersed phase of 5/15the different phenomenological models studied here.

When the matrix phas_e was formed by PMMA (Figure E_Sa), the The predicted morphologies by spreading coefficient model
PS was dissolved using cyclohexane, when the matrix phase,, 1 orate the morphologies experimentally observed for

was ;qrmeld Zy P.P (Flgutrg 6b)d°r| Ptsh (Figure ?? the P'E)AIM'A(" ternary blends in most of the cases. The predicted morphology
W%S] PII\SASI\(;Xe usmtg acﬁ Ic acid. 'nt € c?se 0 herlnary en Sby minimal free energy only corroborates the experimental ones
\cl)vtl)serve d: czfer:r?e“xm%rafwz,loa m\';/(i tlk']r%g an;c;rﬁeﬁ:r?éeggv ZZ in the case of a matrix of PS: in the case of a matrix of PP, the
) phology wit . model is not able to predict the encapsulation of the PMMA by
core and droplets of PS dispersed in the matrix phase. In the . . . . -
. . . PS. When PMMA is the matrix, neither the spreading coefficient
case of the ternary blend with PP as a matrix phase, it can be - . .
model nor the minimal free energy model predicts the mixture

seen that the phase inside the droplets was dissolved, showin%f morphologies obtained experimentally, the ceshell mor-

that, in this case a coreshell morphology was also obtained. .

In this case, the PS encapsulategthe Igl)\//IMA In the case of theIOhOIOgy (core of PP and shell of PS) and droplets of dispersed
' . ePS, since the models predict only the presence of a—csivell

structure. In the case of the minimal surface energy theory, a

within the PS matrix phase, while the PP phase remained closer look at the values of surface energy presented in Table

dispersed within the PS matrix showing that the possible 5 reveals that, for PMMA matrix, the differences between the

morphology when PS is the matrix phase is a dispersion of values of the surface energy for the dispersed phase morphology

separated drops of PMMA and PP. Similar qualitative results @nd the ones for the coreshell morphology are small, lying
were obtained for concentrations of the dispersed phase of 10/Mithin éxperimental error.

10 when PS was the matrix phase. When PMMA was the matrix It can be also seen from Table 7 that the D.l.E. model
phase, increasing the PP content from 10 to 15 resulted in apredictions corroborate the experimental results for PS and PP
new mixture of morphologies: coreshell morphology with PS ~ matrix and PMMA when values d¥l; at constant shear rates
as shell and PP as core, subinclusions of PS shell in the core ofwere considered in the model prediction, wh&mvas assumed

PP droplets, and PS dispersed droplets (see Figure 7a for theo be different fromRe. cDV

acetic acid dissolved the PMMA phase, leaving small holes
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wheren; and;, are the viscosities of the polymers at constant
shear rate, corresponding to the processing velocity studied, and
®; and @, are the volume fractions of polymers 1 and 2,
respectively.

Using the above equation for binary blends of PP/PS, and
considering the viscosity of the polymers at a shear rate of 115
s71, it was found that the volume fraction of PP to phase
inversion is 34%. Thus, as observed by Luzinov ef%the
presence of subinclusions of shell in the core of the droplets
occurred to core contents much beyond the one for phase
inversion, since the presence of shell subinclusions was observed
only when the PP content increased to 75%.

To study the formation process of the PS subinclusions,
blends with 60 vol % of PMMA and 40 vol % of dispersed
phase were prepared. The obtained morphologies are presented
in Figure 9. It can be seen that, as already observed in the 80/
20 (matrix phase/dispersed phase) blends, the phenomenon of
subinclusions of shell within the core occurred when the PP
content is higher than 75 vol %, with the respect to the dispersed
phase, corroborating the results of Luzinov e¥alho reported
that subinclusions of the shell material in the core of the droplets
represent the tendency of core to engulf the shell phase at core
content larger than the theoretical phase inversion. The presence
of a dispersed PS within PP (the core) could also be attributed
to a high viscosity core (PP)During the initial stages of mixing,
the shell could be immobilized by the core because of the high
viscosity of the core, causing segregation effects in the-core
shell structure. However, in the case of the blend studied here,
the viscosity of PS shell is higher than the one of PP (the
core).Therefore, a most likely explanation for the subinclusions
observed here is that a phenomenon of phase inversion in the
PS/PP binary system takes place when the PP content is much
higher than the one for the theoretical phase inversion.

The results reported in this work indicate that, for the blends
and viscosity ratios studied here, the ceshell morphology
encountered is the one thermodynamically predicted by the
spreading coefficient model, independently of the viscosity ratio
of both dispersed phase, which is much above the one when
PMMA is the matrix (1.95 at constant shear rate and 5.25 at
constant shear stress), and much below the one when PP is the
matrix (0.04 at constant shear rate and 0.22 at constant shear
stress). This shows that a cerghell morphology is obtained
even when the component with higher viscosity encapsulates
the component with lower viscosity. Furthermore, these mor-

] phologies were obtained after only 2 min of mixing, even with
Figure 8. Morphology of PMMA/PP/PS ternary blend (80/10/10): (8) - p\MMA as matrix, where the kinetic effect acts against the
without chemical etching; (b) after chemical attack with acetic acid; formation of coréshell droplet d sh d to be time-
(c) after chemical attack with cyclohexane. ! ( plets, and showed 10 be ume
independent, since even after 10 min of mixing and 15 min of

Analyzing the evolution of the morphology of systems pressing, the obf[ained morphologies remained stable_. _The type
composed by PMMA matrix, a subinclusion formation of PS of morpho_logy did not change even when the composition ratio
in the core of PP is noticed, when the PP content is increased® the minor phases changed from 10/10 to 5/15. As a

to 75 vol % (based on the dispersed phase). Luzinov & al. conclusion, differently from what was pointed out by some

studying the ternary systems composed by PS/SBR/PE (PS isauthorsl,2v13it was observed that the viscosity ratio of the two

the matrix phase) showed that a ceshell morphology is minor phases did not influence the obtention of the eateell
obtained with core of PE and shell of SBR, and subinclusions morphology. . )

of SBR are found in the core of PE when the PE content is It can be also noticed, that the cershell morphologies
beyond the value for theoretical phase inversion, considering Présented in parts a and b of Figure 6 differ with respect to the
binary blends composed by PE/SBR. The following equation number of core particles inside the shell phase: in the case of

was used to predict the theoretical phase inversion, based ori’®@ PMMA matrix, the droplets of PS contain only one particle
binary blends: of PP; in the case of the PP matrix, the droplets of the PS phase

contain several particles of PMMA. The number of particles
o encapsulated inside the dispersed phase depends on an equi-
h_" (5) librium between interfacial tension and viscosity ratio which
n, P, both control the interfacial area. The lower the interfa%ﬂv
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Figure 9. Morphology of PMMA/PP/PS blend: 60 vol % of PMMA and 40 vol % of RPPS (PP content based on the dispersed phase).

tension, the easier it will be to form a large interfacial area. the PS. Microscopical observations of the samples, associated
Also it is well-known that dispersed phase droplet size tends to with quantitative analysis of the obtained morphology, showed
decrease when the viscosity ratio dispersed phase/matrixthat the core-shell droplets are present only in diameters above
decreases. It can be seen from Table 4 that the interfacial tensiorD.3 um. The droplets having a diameter less than/M8were
between PMMA and PS is more than three times lower than always hollow indicating that they must be formed of pure PS.
the interfacial tension between PP and PS. Also, the viscosity The diameter of the PS dispersed phase was, therefore,
ratio PP/PS (in the case of a PMMA matrix) is much lower determined directly using the micrographs considering all the
than the viscosity ratio PMMA/PS (in the case of a PP matrix). drops with a diameter of less than @u®. The external diameter
Both facts can explain the larger amount of PMMA patrticles. (D, of PS) of the composite droplets was obtained by direct
Table 8 shows the results of the quantitative analysis of the measurement of all the droplets wiih > 0.3um. The diameter
morphologies of the blends for the three types of matrix. When of the core D, of PP) could then be obtained through the
PS and PP were the matrixes, the diameters of the disperseknowledge of the ratio between the surface area of PS
phase of PMMA and PP (in the case of the matrix of PS) and (corresponding to the composite droplet area) and the surface
of composite droplets (in the case of the matrix of PP) were area of PP (corresponding to the internal area of the droplet),
evaluated directly from the micrographs. When PMMA was the which could be determined experimentally using the results of
matrix phase, to determine the volume average diamé&tgr (  image analysis. These values are reported in Table 8. On the
of the core-shell, and dispersed phase for each composition,basis of the actual values of the diameter and the number of
the following procedure was adopted: first, the samples were droplets determined using the micrographs, it was then possible
cryogenically fractured and etched with cyclohexane, to remove to evaluate the actual composition of the blend, i.e., the fra%jBr\]/
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Table 9. Microscopy of Samples Fractured of Blends of PMMA Matrix under Liquid Nitrogen and Etched with Cyclohexané
Com position

80:15:05 80:10:10

L N NN
(A N N 3l
[ E NN Y]
LR N N 1] + O
[ N NN ]
(AN NN}
% of core-shell = 18, 90 % of core-shell = 16, 80 % of core-shell = 10, 50
% of PS in core-shell = 2, 10 (shell) | % of PS in core-shell = 6, 30 % of PS in core-shell = 5, 25
+ 1, 5(subinclusions) % of PP in core-shell = 10, 50 % of PP in core-shell = 5, 25
% of PP in core-shell = 15, 75 % of PS not included in core-shell = | % of PS not included in core-shell =
% of PS not included in core-shell = | 4, 20 10, 50
2,10 Experimental shell thickness = Experimental shell thickness =
Experimental shell thickness = 0.12 um 0.10 um
0.09 pm.

aSchematic representation of morphology was obtained of all blends fgR¥y and black= PS). The bold numbers presented in the table represent the
PP and PS content based on blend composition, and the italic numbers represent the PP and PS content based on dispersed phase composition. All of these
values were obtained experimentally as explained in the text.

X X Volume average diameter of core-shell
O Calculated PS Shell Thickness
10 o A Experimental PS Shell Thickness -1

Volume average diameter (um)
PS Shell Thickness (um)

S
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0 A A g ™
— 7 4
0 10 20 30 40 50 60 70 80 90 100 ’
PS content (vol%) gﬂ iicron

S0.00

Figure 11. Morphology of PP/PS binary blend just before the addition
of PMMA.

Figure 10. Volume average diameter, experimental PS shell thickness
and calculated PS shell thickness as a function of PS content in the
dispersed phase.

of composite droplets, of simple drops of PS, and of PS included
in the composite droplets. Table 9 presents a summary of the
morphological observations and the results obtained for the
PMMA matrix.

encapsulates PP, the higher viscosity of PS increases the core
shell droplet viscosities, which, in turn, increases the viscosity
ratio between the dispersed phase and the matrix. This effect

For the PP matrix, only the results for the composition 5/15 should cause an increase in the cosbell drqplet size when .
are presented in Table 8, since for the composition 10/10 athe PS content increases, contrary to what is observed experi-

cocontinuous phase morphology was obtained. When PS is theTentally. The experimentally observed decrease of composite
matrix phase, it can be observed from the results reported indroplet diameter when the concentration of PS increases can
Table 8 that thd®, of the PP droplets increases as the PP content Only be therefore explained by the decrease of interfacial tension
in the blend increases, and tii, of the PMMA droplets ~ between the matrix and dispersed phase, caused by the
decreases as the PMMA content in the blend decreases. encapsulation of PP by PS, which results in a reduction of
It can be seen from the quantitative results reported in Tablesdroplet size. These results indicate that the thermodynamic
8 and 9 that the diameter of the composite droplets decreasedorces (interfacial tension) compensate the effects of the
when the concentration of PS increases. However, when PSviscosity ratio, decreasing the size of the droplets. cDV
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(b) 5 + 1 minutes

(e) 5+ 3 minutes (f) 5+ 4 minutes

Figure 12. Evolution of the morphology of PMMA/PP/PS (10/80/10) blend as a function of time: ¢a)15min; (b) 5+ 1 min; (c) 5+ 1 min;
(d) 5+ 2 min; (e) 5+ 3 min; (f) 5+ 4 min.

However, the thickness of the shell seems to remain constantthe blendsgpspp was determined using the actual PS content
within experimental error. Also, increasing the PS concentration in the composite droplets (Table 9).
results in an increase of the PS dispersed droplet content and The results seem to indicate that PS acts as an emulsifier
an increase of the size of the simple PS dispersed phase. Whetocating itself at the interface between PMMA and PP and
the concentration of PS increases, the thickness of the shellreducing the diameter of PP dispersed phase. For contents of
remains constant, and more PS is dispersed as a third phase25% of PS (relative to the dispersed phase), PP is completely
inducing coalescence between the single drops of PS, whichencapsulated by the PS, resulting in a reductidd,ifrom 11.00
results in larger droplet diameters. (PMMA/PP binary blend) to 1.88tm (80—15—05 ternary

Figure 10 presents the values®f of the composite droplets  blend). Above 75% of PS (relative to the dispersed phase), the
and the experimental PS shell thickness as a function of PSD, x PS curve levels off reaching a value that corresponds to
content in the dispersed phase. The values of the PS shellthe one obtained for the PMMA/PS binary blend. Similar
thickness K), calculated using the expression developed by behavior was observed by Reignier and Féwigo studied the

Reignier and Favi$® (eq 6) are also reported in Figure 9: influence of concentration of PS on the morphology of high-
density polyethylene (HDPE)/(P$ PMMA) (80/20) ternary
_1 . 77_ blend, although the decreasel®f(from 11 to 1.88&:m) is much
H= 2D”[1 (1= Pegop)] ©) larger than the one observed by Reignier and FavVise larger

difference observed in the present work can be explained by
where D, is the volume average diameter of the cestell the difference of reduction of interfacial tension. When PMMA
droplets andppgpp is the volume fraction of PS based on the is the matrix and PS acts as an emulsifier (which is the case in
dispersed phase. In this work, as the fraction of PS in thecore this work), the interfacial tension decreases from 7.5 (PMMA/
shell droplets does not represent the fraction of PS present inPP) to 1.7 (PMMA/PS) mN/m. When HDPE is the matrix aeBV
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5+1 (cyclohexane) 5+1 (acetic acid) 5+1 (cyclohexane)

5+4 (acetic acid)

Figure 13. Evolution of the morphology of PMMA/PP/PS (10/80/10) blend as a function of time after solvent etching:+(&)&in after etching
using cyclohexane; (b) 5 1 min after etching using acetic acid; (cH#51 min after etching using cyclohexane; (dj52 min after etching using
acetic acid; (e) 5+4 min after etching using acetic acid.

PS acts as an emulsifier (case of Reignier and Fawisrk) the composite droplet size, since the viscosity ratio PS/PMMA
the interfacial tension decreases from 8.6 to 5.1 mN/m. is larger than the one for PP/PMMA. This factor, associated
It can also be seen from Figure 10 that the value of the with the interfacial tension, can explain the reductionDp
thickness of the shell of PS stays constant when the concentra-observed in blends with 5 to 15% of PS in the dispersed phase.
tion of PS increases. The same behavior was observed for bothSince the interfacial tension of PMMA/PS is much lower than
the calculated and experimental values, although eq 5 seems tdghe interfacial tension of PP/PS, the thermodynamical effect
overestimate the value of the shell thickness. The trend observedcontributes more to the formation of pure PS droplets than it
for the shell thickness as a function of PS constant differs from does to the encapsulation of PP by the PS. Moreover, analyzing
the one observed by Reignier and Favisho observed that  the 60/40 systems presented in Figure 9, droplets of pure PS
the shell thickness of PS increased in the case of HDPE/PS/can already be observed in systems where the PS content is as
PMMA blend. In the system PMMA/PP/PS, after the complete low as 12.5%. Thus, low PS contents are already enough to
encapsulation of the core (5% PS in the dispersed phase), theencapsulate the PP, and the rest of PS goes to the matrix. In
experimental PS shell thickness is not altered, but there is athe system studied by Reignier and Favike shell/matrix
reduction in the PS fraction present in the composite droplets, interfacial tension (PS/PE) is much higher than the one of the
as a function of the increase of the PS content in the dispersedshell/core (PS/PMMA), that is, in this case the thermodynamical
phase. The PS volume reduction contributes to the decrease ofactor favors the presence of PS at the interface PE/PMMBV
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Therefore, corroborating the conclusions presented by thePS, threads of PMMA are formed; they then break up into

authors, the results presented in this paper show that thedroplets with a size comparable to the ones of PS forming a

reduction in interfacial tension is the main driving force which double dispersion type morphology, and then the PMMA

controls the formation of coreshell structures in ternary blends. penetrates the drops of PS forming a cesbell morphology
3.4. Formation of Morphology. To study the formation of  with only one drop of PMMA inside a matrix. Subsequently,

morphology of a ternary blend the morphology of several the core droplet of PMMA deforms and breaks up into smaller

samples of a 10/80/10 HV-PMMA/PP/PS blend were observed. droplets.

The samples were obtained according to the procedures sum-

marized in Figure 2. Figure 11 shows the dispersed phase Acknowledgment. The authors would like to thank the

morphology of the PP/PS blend just before the addition of FAPESP and the CAPES for financial support.
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