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Core � shell morphology formation within the dispersed phase was studied for com-
posite droplet polymer-blend systems comprising a high-density polyethylene matrix,

( )polystyrene shell and different molecular weights of poly methyl methacrylate core ma-
terial. The blends were prepared in the melt using an internal mixer, and the morphol-
ogy was analyzed by electron microscopy. Changing the ®iscoelastic properties of the
core in the dispersed phase dramatically affects PS-PMMA segregation within the dis-
persed composite droplet itself. A high-molecular-weight-PMMA core contains a large
quantity of occluded PS inclusions, while the low-molecular-weight PMMA results in a
perfectly segregated PS shell and PMMA core. These phenomena were attributed to the
®iscosity of the PMMA. Using the latter system, a direct microscopic study of the shell
formation process demonstrates unambiguously that under conditions of perfect segrega-
tion, the onset of complete shell formation corresponds to a shell thickness that is close
to two times the radius of gyration of polystyrene. Thus, the thinnest possible shell in
such a system possesses a molecular-scale thickness. The system with the high-molecu-
lar-weight-PMMA core demonstrates an onset of complete shell formation that is dis-
placed to higher concentrations due to the poor segregation effect. By counterbalancing
the effects of ®iscosity ratio and interfacial effects on the composite droplet size, it is
possible to generate perfectly segregated core � shell dispersed-phase morphologies of al-
most identical size with a controlled shell thickness ranging from 40 to 300 nm.

Introduction
The vast majority of the polymer-blend literature is related

to the study of a pure dispersed phase in a matrix system.
Another type of structure known as a composite droplet is
used to specifically describe the case of a dispersed phase
that contains another immiscible polymeric phase. Although
very few articles have been dedicated to the examination of
such materials, their existence has been known for some time

Ž .in emulsion systems Torza and Mason, 1970 . Their study,
using as-polymerized components, is of great potential, since
they indicate a possible route toward next-generation poly-
mer blends where the dispersed phase itself can be con-
trolled as a discrete polymer blend. This approach clearly
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should allow for a more sophisticated control over the final
physical properties of the blend material.

The internal structure within a composite droplet for
ternary systems can exhibit different types of morphologies
Ž . Ž .Figure 1 . Hobbs et al. 1988 reported one minor compo-
nent encapsulating another with a core�shell morphology.

Ž .Luzinov et al. 1999 introduced the term ‘‘multicore struc-
ture’’ to describe the case where several subinclusions of one
minor phase are embedded in a larger particle of the second

Žminor phase. In some cases, several authors Reignier and
.Favis, 2000; Luzinov et al., 1999 reported the presence of

shell subinclusions in the core of the composite droplet.
In binary systems, the presence of subinclusions within the

minor phase domains is frequently seen, but rarely discussed.
The formation of composite droplet structures in binary poly-
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Figure 1. Potential morphologies of a BrrrrrC composite
droplet in an A matrix.
Ž . Ž .a Subinclusions of C in a larger domain of B ; b layered

Ž .particle with B shell around C core; c core�shell structure
with shell subinclusions within the core.

mer blends is valuable, as it provides a basis for understand-
ing morphology control of the composite droplet structure in
ternary systems, and a review of composite droplet formation
in binary blends is given below. In some cases, subinclusion

Žformation is related to viscous effects Favis and Chalifoux,
. Ž .1988; Favis et al., 1992 , elastic effects Van Oene, 1972 , or

Ž . Ž .both Berger et al., 1984 . Favis et al. 1992 showed that a
composite droplet structure could be generated for a 50r50
Ž . Ž .vol. % incompatible binary blend of polypropylene PP and

Ž .polycarbonate PC after melt blending near the phase-inver-
Žsion region, as well as at lower PC concentration volume

.fractions0.25 by selectively imposing phase inversion and
controlling the time of mixing. That system consisted of a PP
matrix and PP subinclusions within the more viscous PC dis-
persed phase. Increasing the viscosity of the dispersed phase
Ž .PC was found to improve the retention of subinclusions with
mixing time. In that same work, it was shown that stable

subinclusion formation in a binary system could be achieved
by combining phase inversion with strong interfacial interac-
tions between the two phases making up the dispersed phase.

Ž .In a classic article, Van Oene 1972 showed that, under
conditions of dynamic flow, the elasticity differences between
the phases in a binary blend can contribute to the interfacial
tension. His work emphasizes that a different interfacial ten-
sion exists under conditions of dynamic flow and that this
dynamic interfacial tension can be quite different from the
static one. When the matrix is more elastic than the dis-
persed phase, the dynamic interfacial tension is lower than
the static case. The complementary binary blend results in a
system with higher dynamic interfacial tension. Van Oene
treated the spontaneous development of subinclusions of the
matrix phase in minor phase domains by using this same
thermodynamic reasoning and made a calculation of the free
energy during flow, taking into account both the number of

Ž .composite droplets those containing subinclusions , the
number of inclusions inside the composite droplets, and elas-
tic effects. At equilibrium during steady-state flow, the mor-
phology should be depicted by the minimum positive free en-
ergy. When the elasticity of the droplet exceeds that of the
matrix, the free energy is always positive and is at a minimum
when the number of inclusions inside the composite droplets
equals zero. Hence, no subinclusions appear under these
conditions. However, when the elasticity of the matrix is larger
than that of the droplet, subinclusion formation is possible
for a dispersed-phase radius greater than a critical value.
Surprisingly, in that last case, the formation of subinclusions
arises only to obtain a positive value of free energy during
flow. This author presented experimental evidence that for-
mation of subinclusions results from elasticity of the compo-
nents and concluded that for any polymer pair, composite
droplets can only be formed by the less elastic phase, but not

Ž .the other no matter which component is the minor phase ,
since this results in a diminution of the overall surface free
energy.

Ž .Berger et al. 1984 investigated mixtures of different
Ž .poly ethylene terephtalate s with polyamide-6. In particular,

they treated the presence of subinclusions of the PET matrix
in the PA-6 dispersed phase. When the elasticity of the ma-
trix exceeds that of the droplets, inclusions of the matrix phase
are possible in the droplet phase only for large droplets. Fur-
thermore, when the elasticity of the matrix is only slightly
greater than that of the dispersed droplet, the elastic effects
are negligible and subinclusion formation in that case is con-

Ž .sidered to be a result of the high-viscosity ratio ps3.7 .
In ternary blends, several authors interpret the presence of

shell subinclusions in the core of the composite droplet as a
phenomenon reminiscent of the tendency of the core phase
to envelop the other minor phase at compositions of the core
component higher than the theoretical composition of phase

Ž .inversion. Luzinov et al. 1999 investigated the morphology
of ternary polystyrenerstyrene�butadiene rubberrpolyethyl-

Ž .ene PSrSBRrPE blends at a constant content of the major
Ž .component PS: 75 wt. % while changing the weight ratio of

the minor constitutive polymers. They noticed the presence
Žof SBR subinclusions in the PE dispersed phase PS is the

.matrix at PE contents close to and higher than the theoreti-
cal composition of phase inversion for SBRrPE binary blends.
It should be pointed out that although the system just eluci-
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dated is a composite droplet-type morphology, it falls into a
special category since it is just an extension of a typical com-
patibilized ternary system. Such a system also results in a sig-
nificant level of interpenetration of each block into the re-
spective pure phases. In another approach, the same trends

Ž .were also observed by Reignier and Favis 2000 for a
ŽHDPErPSrPMMA ternary blend three immiscible polymers
.with no interpenetrating structure . Since some mechanical

properties, such as impact strength, of these polymer-blend
materials depend critically on the internal structure of

Žcore�shell particles number of subinclusions within the core,
. Ž .shell thickness Gupta and Srinivasan, 1993 , understanding

and controlling the morphology of these complex microstruc-
tures is of considerable interest.

It is clear from the preceding work that the state of the art
related to understanding and controlling the internal mor-
phology of composite droplet structures is still in its pioneer-
ing stage.

This is the third article in a series on composite droplet
Žmorphologies in polymer blends Reignier and Favis, 2000,

. Ž .2003a . Reignier and Favis 2000 developed characterization
techniques and examined a wide range of phenomena related
to composite droplet formation for a ternary blend composed
of PS and PMMA dispersed in HDPE. In particular, it is
shown that all the PMMA in the blend system is present as
subinclusions in the PS dispersed phase and that this com-
plex morphology forms within the first minute of mixing and
remains stable thereafter. The second article focused on the
influence of the molecular weight of the dispersed-phase
components on encapsulation effects in the composite droplet
phase for PErPSrPMMA ternary blends. Current models
used for predicting encapsulation effects and composite

Ždroplet formation in ternary systems based on static interfa-
.cial tension predict in all cases that PS will encapsulate the

PMMA. An unexpected encapsulation of PS by PMMA was
observed in one case and was explained by developing a new
conceptual model based on dynamic interfacial tension. Cal-
culations based on the dynamic interfacial tension model, us-
ing elasticities, based on constant shear stress, were able to
account for all of the observed encapsulation effects in that
work.

The purpose of this study is to carry out a detailed work
related to understanding and controlling the internal struc-
ture of composite droplets during melt mixing. Through a de-
tailed study of the influence of the core phase viscosity and
its influence on the process of shell formation, a number of

questions will be addressed. What are the principal parame-
ters related to core�shell formation? Are core�shell segrega-
tion effects an issue, and can they be controlled? What is the
smallest possible shell that can be formed? To what extent
can the shell thickness, and hence the core�shell morphol-
ogy, be controlled? What are the breadth of potential struc-
tures possible?

Experimental Procedures
Materials

The high-density polyethylene was 4352 N and the
polystyrene was 615 APR, both obtained from Dow. The

Ž . Ž .high-molecular-weight poly methyl methacrylate H-PMMA
was IRD-2 obtained from Rohm & Haas, and the low-molec-

Ž . Ž .ular-weight poly methyl methacrylate L-PMMA was 20033-
Ž .6 obtained from Aldrich. A small amount 0.2 wt. % Irganox

B225 antioxidant was added to the mixture to reduce the
thermal oxidation of polyethylene. Some of the characteris-
tics of the resins are summarized in Table 1.

Mixing
Melt mixing was carried out in a Haake Rheomix 600 batch

mixer with a Haake System 90 drive operating at 200�C and
50 rpm. Using an empirical technique developed by Marquez

Ž .et al. 1996 , the average shear rate in the mixer was esti-
mated to be about 25 sy1 with the HDPE matrix. Pellets of
the components and antioxidant were premixed by hand be-
fore introduction into the mixer. The mass of material added
to the mixer was chosen so that a constant volume of roughly
50 cm3 was achieved for each sample, based on the density
measurement at 200�C. After mixing for the required time,
the mixer drive was stopped and the front plate was removed,
and samples were cut from the mass and dropped directly
into a bath of cold water, in order to freeze in the morphol-
ogy.

Rheological analysis
Rheological characterization of the different polymers was

carried out using a Rheometric Scientific constant stress
Ž .rheometer SR 5000 . The experiments were performed in

parallel-plate geometry with a gap of about 1.4 mm under a
nitrogen atmosphere at a temperature of 200�C. An oscilla-
tion mode at 0.1-Hz frequency was used to control the stabil-
ity of the raw materials. A stress sweep was also performed
to define the region of linear viscoelasticity. The dynamic

Table 1. Material Characteristics
� � �� �� � y3 y4Ž . Ž .M M Melt Index Density � �10 Pa � s N �10 Paw n 1y3 y3 3Ž . Ž .�10 �10 ASTM grcm at at 200�C at 200�C

† †† † ††Ž . Ž . Ž .grmol grmol gr10 min 20�C 200�C � scte � scte � scte � scte˙ ˙
HDPE 79 24 4 0.962 0.754 1.2 1.2 2.2 2.2
PS 289.8 140.9 15 1.04 0.969 1.7 2.6 11 5.1

‡H-PMMA 76.5 46.8 5.5 1.19 1.0 7.1 26 53 2.2
L-PMMA 11.9 7.8 � � 1.0 0.043 0.045 0.021 0.6

�Measured by GPC.
��Obtained from suppliers.

†Average shear rate during blending: � s 25 sy1.˙
††Average shear stress during blending: � s 2.7�10 4 Pa.
‡At 230�C.
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Figure 2. Complex viscosity, shear viscosity, and calcu-
lated first normal stress difference as a func-
tion of frequency or shear rate at 200�C for
various homopolymers.
The dashed line represents the average shear rate in the
mixer.

Ž �.mode was used to measure the complex viscosity � , and
Ž � �.the storage and loss moduli G , G as a function of fre-

quency. Isothermal frequency sweep tests for the L-PMMA
Žwere carried out at various temperatures 170, 180, 190 and

.200�C . By using time�temperature superposition, a master
curve could be drawn at 200�C, which is the reference tem-
perature.

The shear viscosity was estimated via an empirical relation
Ž .Cox and Merz, 1958 and verified at low shear rates. The

Ž .empirical relation of Laun 1986 was used to calculate the
first normal stress difference in steady shear flow. Laun
demonstrated that this relation works well for many materials
Žlinear and branched polyethylene, polypropylene, poly-

.styrene, polyamide 6, and a PIB solution .
Since some debate still exists concerning the use of a con-

stant shear rate or a constant shear stress in the comparison
of the rheological characteristics of multiphase systems, both
approaches are used in this study.

The complex viscosity as well as the viscosity and calcu-
lated first normal stress difference in steady shear flow for

each of the pure melt components are plotted as a function
of the frequency or shear rate in Figure 2. In the region of
shear rate corresponding to the average shear rate estimated

Ž y1.during blending � (25 s , PS and HDPE have almost the˙
same viscosity. However, the H-PMMA is much more viscous
than the other components for the whole range of shear rates,
whereas the L-PMMA is much less viscous. The ranking of
first normal stress difference is N � N � N1,H-PMMA 1,PS 1,HDPE
� N .1,L-PMMA

Figure 3 shows the complex viscosity as well as the viscosity
and calculated first normal stress difference in steady shear
flow for the raw materials used as a function of the estimated
shear stress. Since the pure materials follow the Cox�Merz
relation, the shear stress is estimated as the product of the
angular frequency and the measured complex viscosity. In
the region of shear stress generated during mixing with the

Ž 4 .HDPE matrix � s2.7�10 Pa , it is observed that the value
of N becomes similar to that of the HDPE matrix.1,H-PMMA
However, no significant difference appears when the viscosity
of the homopolymers is compared to Figure 2.

Figure 3. Complex viscosity, shear viscosity, and calcu-
lated first normal stress difference as a func-
tion of estimated shear stress at 200�C for
various homopolymers.
The dashed line represents the average shear stress in the
mixer.
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Characterization of phase morphology
Scanning Electron Microscopy. The specimens used to in-

vestigate the composite droplet size in the ternary blend were
microtomed under liquid nitrogen to create a plane face us-
ing a Leica�Jung RM 2065 microtome equipped with a glass
knife. Other samples were fractured under liquid nitrogen to
observe the composite droplet structure. In both cases, the
samples were also subjected to the appropriate chemical
treatment to selectively dissolve one of the minor phases. Cy-
clohexane and acetic acid were used to extract PS and PMMA,
respectively, both at room temperature. After coating the de-
sired surface with a gold�palladium alloy, the observation was
carried out with a Jeol JSM 840 scanning electron micro-
scope operated at a voltage of 10 kV.

Image Analysis. A semiautomatic method of image analy-
sis consisting of a Wacom digitalization table and a Sigma-

Ž .Scan Pro Version 5.0 software was used to quantify the size
and the surface fraction of the minor phase. Six fields of view
and more than 1,000 diameters are analyzed later for any
given point in Figures 7 and 9. Since the microtome does not
necessarily cut the dispersed sphere at the widest point, a

Table 2. Interfacial Tension for Immiscible Binary Systems
Obtained by the Breaking-Thread Method at 200�C

Interface
Ž . Ž .ThreadrMatrix � mNrm

PSrHDPE 5.1
H-PMMArPS 2.4
H-PMMArHDPE 8.6

Ž .Source: Reignier and Favis 2000 .

correction was applied in order to obtain the true diameter
Ž .and to account for polydispersity effects Saltikov, 1967 . The

Ž .volume average diameter d was obtained in this way. The®
typical error for the measurement of d is about �10%.®

Interfacial tension measurements
The static interfacial tension data listed in Table 2 for the

various polymer pairs in the ternary system were reported in
Ž .a previous article Reignier and Favis, 2000 and were mea-

sured by the breaking-thread method at 200�C with the high-

(Figure 4. Evolution of the dispersed-phase internal structure as a function of the PS content vol. % based on the
) ( ) ( ) ( ) ( )dispersed phase for the 80 HDPErrrrr20 PS�L-PMMA and the 80 HDPErrrrr20 PS�H-PMMA blends.

The PMMA was etched out with acetic acid. Larger than average particles visually demonstrate the internal structure of the composite
droplet. The white bar equals 1 �m.
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Table 3. Spreading Coefficients

Ž .Polymer Pairs 	 mNrm

PSrH-PMMA 2.9
H-PMMArPS y4.5
HDPErPS y12.7

Ž .Source: Reignier and Favis 2000 .

molecular-weight PMMA. As discussed in a previous article
Ž .Reignier and Favis, 2003a , the interfacial tension values are
not expected to change significantly when L-PMMA is used
instead of H-PMMA.

These interfacial tension data were used to calculate the
spreading coefficients listed in Table 3. For ternary blends of
HDPErPSrPMMA with HDPE as the matrix phase, it is pre-
dicted that PMMA particles should be completely engulfed
by the PS dispersed phase.

Sol©ent extraction
Selective solvent extractions of PS and PMMA in cyclohex-

ane and acetic acid, respectively, were performed for one
month at room temperature for PSrPMMA blends over the
whole composition range in order to determine the point of
phase inversion for the PSrPMMA systems. Weight-loss
measurements were carried out to calculate the extent of

Ž .continuity of PS the same equation was used for PMMA
using the following equation

Weight PS yWeight PSŽ .init final
% Continuitys �100 1Ž .

Weight PSinit

The maximum error is estimated at �3% continuity units.

Results and Discussion
Core – shell segregation effects

ŽAlthough it was demonstrated in a previous work Reignier
.and Favis, 2003a that changing the PMMA molecular weight

has no influence on the extent of composite droplet forma-
tion, it will be shown in this section that the composite droplet
core molecular weight has a decisive effect on core�shell seg-
regation effects within the composite droplet itself.

The photomicrographs reported in Figure 4 illustrate the
influence of the core molecular weight on the evolution of
the internal microstructure of the dispersed phase with de-

Ž .creasing PSrPMMA ratio for both 80 HDPEr20 PSrPMMA
systems. In comparing Figures 4a and 4c with Figures 4b and
4d, it is clearly seen that the L-PMMA system forms a
core�shell morphology at significantly lower PMMA compo-
sitions than the H-PMMA case. According to Luzinov et al.
Ž .1999 , the transition to a core�shell structure is the result of
an impeded phase-inversion phenomenon within the compos-
ite droplet itself. In order to verify this point, the percent
continuity as a function of composition was studied for binary
blends of PSrL-PMMA and PSrH-PMMA in order to pin-
point their regions of dual-phase continuity. The continuity
was determined via the selective solvent extraction of the PS
and PMMA phases. The results are shown in Figures 5a and

Figure 5. Degree of phase continuity vs. composition for
( ) ( )a PSrrrrrH-PMMA and b PSrrrrrL-PMMA blends.
The gray area corresponds to the cocontinuity region. The
black arrows indicate the point of disintegration of the sam-
ples.

5b, and it can be seen that the region of cocontinuity for both
systems is centered around 50 vol. % PS. For the blend with
L-PMMA, the region of cocontinuity is narrower, but no sig-
nificant shift in its position is observed. It is clear that the
shift in core�shell formation observed in Figure 4 is not a
result of a shifting region of phase inversion resulting from
the different viscosities of the PMMA.

Another important feature of Figure 4 is the presence of
small droplets attached to the inner side of the PS shell in
the H-PMMA blends. This point is explored further in Fig-
ure 6a, where the extraction of a portion of PMMA demon-
strates the presence of a high content of entrapped particles
in the high-MW-PMMA core. In Figure 6b, the microtomed
surface etched for 24 h with cyclohexane clearly indicates that
these subinclusions are in fact PS-phase material. Conversely,
no occluded PS particles are observed in the low-MW-PMMA

Ž .core, as shown in Figure 6c. Lee et al. 1997 also demon-
strated the presence of a high level of shell subinclusion ma-
terial in a highly viscous core of the composite droplet. Luzi-

Ž .nov et al. 1999 interpret the presence of SBR subinclusions
in a PE core as a phenomenon reminiscent of the tendency
of PE to envelop SBR at PE contents larger than the theoret-

Ž .ical phase inversion within a PS matrix . That is not a possi-
ble explanation in the present study, since PS demonstrates a
clear tendency to encapsulate PMMA. It is likely that these
shell subinclusions are formed in the core during the initial
stages of blending and are subsequently immobilized by the
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highly viscous H-PMMA core. The immobilization of PS
subinclusions in the PMMA core is also encouraged by the
relatively low PSrPMMA interfacial tension.

Process of shell formation
Low-Molecular-Weight PMMA. In this part of the work,

the shell formation process will be examined in detail. Ini-
tially, we will focus on the blend with the low-molecular-

Ž .weight core L-PMMA since this system demonstrates excel-
Žlent core�shell segregation effects that is, there are very few

.entrapped PS particles in the PMMA core .
In order to study the shell formation process, an expres-

sion for the shell thickness is developed below. Using simple
geometric arguments, it is possible to estimate the PS shell
thickness for the case of dispersed spherical core�shell parti-
cles by measuring the composite droplet size and knowing
the relative proportion of the core and shell phases. It is as-
sumed that all the PMMA phase is in the composite droplet
and that the composite droplet has a perfectly segregated
core�shell structure. Thus, if d is the volume average diam-®
eter of composite droplet particles and 
 the volumePSrDP

Ž .fraction of PS based on the dispersed phase , the PS shell
thickness H is given by

31
Hs d 1y 1y
 . 2Ž .Ž .'® PSrDP2

The composite droplet size as a function of the PS shell
thickness is shown in Figure 7. Two main factors influence
the value of the composite droplet particle size obtained at
different levels of PS. First, the PS phase plays an emulsify-
ing effect as it situates itself between the PE and the PMMA.
This tends to reduce the HDPErPMMA interfacial tension
and the particle-size drops in a very similar way as a compati-
bilizer influences the dispersed-phase size in a classic poly-
mer blend. Second, replacing a low-viscosity PMMA by a
higher-viscosity PS at the interface tends to increase the vis-
cosity ratio between the HDPE matrix and the composite
droplet. This latter effect will tend to increase the composite
droplet particle size with increasing PS composition. The op-
posing nature of these effects on composite droplet particle
size allows for the separation of interfacial tension and vis-
cosity ratio effects, as shown in Figure 7. That figure suggests
that the full effect of interfacial tension reduction is accom-

Žplished at the minimum composite droplet particle size 14%
.PS , which would indicate that a complete PS layer is formed

at that point. It is interesting to note that the composite
Ž . Ž .droplet particle-size ratio d 0%PS rd 14%PS of 1.9 is® ®

virtually the same as the interfacial tension ratio of

( ) ( )Figure 6. SEM micrographs of the 80 HDPErrrrr20 PS�PMMA .
Ž . Ž .a Fracture surface etched with acetic acid for 2 min, 14%PSr86%H-PMMA; b microtomed surface etched 24 h with cyclohexane,

Ž .9%PSr91%H-PMMA; and c microtomed surface etched 24 h with cyclohexane, 9%PSr91%L-PMMA.
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Figure 7. Dispersed-phase size as a function of the cal-
( )culated PS shell thickness for the 80 HDPErrrrr

( )20 PS�L-PMMA ternary blend.
Numbers in parentheses represent the PS content based on
the dispersed phase. The shell thickness is estimated from
Eq. 2.

Figure 8. Evolution of the shell formation process with
(increasing PS content vol. % based on the

) ( ) (dispersed phase for the 80 HDPErrrrr20 PS�
)L-PMMA .

In all cases, the samples were fractured under liquid nitro-
gen. All samples were etched for 10 s with acetic acid. Black
and gray phases represent the PS and the PMMA compo-
nents, respectively.

Figure 9. Dispersed-phase size as a function of the PS
( ) (shell thickness for the 80 HDPE rrrrr20 PS�

)H-PMMA ternary blend.
Numbers in parentheses represent the PS content based on
the dispersed phase. The shell thickness is estimated from
Eq. 2.

Figure 10. Evolution of the shell formation process with
(increasing PS content vol. % based on the

) ( ) (dispersed phase for the 80 HDPErrrrr20 PS�
)H-PMMA .

In all cases the samples were fractured under liquid nitro-
Ž . Ž . Ž .gen. Samples a , c , and d were etched 24 h with acetic

Ž .acid; b only 1 min to show the internal structure. Black
and gray phases represent the PS and the PMMA compo-
nents, respectively.
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Figure 11. Control of the thickness of the PS shell at
( ) (the nanometer level for the 80 HDPErrrrr20 PS

)�L-PMMA .
Black and gray phases represent the PS and the PMMA
components, respectively. Numbers in parentheses repre-

Ž .sent the PS content vol. % based on the dispersed phase .

� r� of 1.7. Hence, the drop in particle size isH-PMMArPE PSrPE
closely matched by the drop in interfacial tension realized
through the formation of a PS shell about PMMA. It has

Žbeen shown in previous work Lepers et al., 1997; Liang and
.Favis, 1999 that there is a direct relationship between dis-

persed particle size and interfacial tension in the absence of
coalescence. This adds further support to the hypothesis that
the minimum observed at 14%PSr86%L-PMMA in Figure 7
corresponds to the formation of a complete PS shell.

Microscopic observations were investigated in order to vi-
sually verify this assumption. Figure 8 shows the morphologi-

Ž . Ž .cal changes of 80 HDPE r20 PSqL-PMMA blends for dif-
ferent PS compositions. The high magnification view of the
particle in Figure 8a reveals that the PS shell is not complete
for the blend containing 5% PS. As the PS content is in-

Ž .creased from 9% to 14% Figures 8b and 8c, respectively ,
the onset of complete shell formation is reached at 14%.
Equation 2 estimates a 40-nm PS shell thickness at that con-
centration. This PS concentration correlates well with the
minimum in particle size observed in Figure 7.

A comparison of actual shell thickness and calculated shell
thickness from Eq. 2 can be carried out based on Figures 4c
and 4e. As mentioned in the figure caption for Figure 4, larger
than average particles are shown in order to visually demon-
strate the internal structure of the composite droplet. If a
particle size of 2.9 �m is used for the composite droplet in
Figure 4c, the calculated shell thickness H, based on Eq. 2,
would be about 0.4 �m. The measured shell thickness from
Figure 4c is about 0.35 �m. The same analysis can be carried
out for the particle in Figure 4e. In that case the calculated
shell thickness value is about 0.3 �m, whereas the actual
measured thickness is about 0.4 �m. Thus, there is a reason-
able agreement between measured and actual shell thick-
nesses.

Furthermore, it is possible to determine the radius of gyra-
tion of the PS macromolecule by knowing the molecular

Ž . Žweight M or M of the PS phase Kuruta and Tsunashima,n w
.1989 . The results of this calculation give R s10�15 nmg

based on M or M , respectively. It is remarkable that then w
estimated shell thickness of 40 nm for the minimum particle
size composite droplet from Figure 7 compares well with two

Žtimes the radius of gyration of the PS phase 20�30 nm, rep-
.resented by the gray zone . This indicates that a shell of

molecular thickness can be achieved for these core�shell
structures.

High-Molecular-Weight PMMA. For the case of the blend
possessing a high-viscosityrmolecular-weight PMMA core, the
effect of poor PSrPMMA segregation has a dramatic effect
on the efficacy of shell formation. The composite droplet
particle size as a function of added PS is shown in Figure 9.
In this case both the drop in interfacial tension and the effect
of viscosity ratio act to reduce the particle size as the quan-
tity of PS is increased. It is impossible therefore to separate
out the effects of these two parameters. It can be clearly seen
that the composite droplet particle size diminishes up to a
concentration of about 62% PS. That value represents the
point where the shell thickness is sufficiently large so that the
rheological behavior of the composite droplet is essentially
equivalent to that of a pure PS particle. The concept of a
critical shell thickness resulting in a composite droplet rheol-
ogy equal to that of a dispersed phase composed of pure shell

Žmaterial is studied separately in another article Reignier and
.Favis, 2003b .

Figure 10 shows the evolution of the PS shell formation for
Ž . Ž .the 80 HDPE r20 PSqH-PMMA ternary blend with in-

Ž .creasing PS content. At very low PS content 5% , where
100% represents the total volume of the composite droplet,
only a few PS droplets are localized at the HDPErPMMA

Ž .interface Figure 10a . Etching of the PMMA phase from the
fracture surface shown in Figure 10b illustrates the coales-
cence of PS droplets into a layer that partly covers the PMMA
phase. Increasing the PS content leads to a more complete
PS layer. At 14% PS, only a few holes appear in the PS layer

Ž .after PMMA extraction Figure 10c . If enough PS is present
Ž .at the interface 20% , a complete PS layer engulfs the

Ž .PMMA phase to form a core�shell structure Figure 10d .
That value represents about 30% more PS than was observed
for the system with the low viscous PMMA.

Quantitative measurement of PS shell subinclusions pre-
sent in the PMMA core was investigated by measuring the
surface fraction of PS shell subinclusions after extraction of

Žthe PS phase with cyclohexane. For the 80 HDPEr20 PSqH-
. ŽPMMA with a PS content of 14% based on the composite

.droplet dispersed phase content , it was found that 4.8% of
PS is present as subinclusions in the PMMA core, which rep-
resents about 34% of the overall PS present in the dispersed
phase. This high content of PS shell subinclusions in the H-
PMMA core leads to a significant decrease of the quantity of
PS effectively present at the HDPErPMMA interface and
explains the delay in the formation of a complete PS shell.
However, once the complete shell is formed, it is still likely of
molecular scale thickness, as observed for L-PMMA.

Control of the shell thickness from nano- to microscale
le©els

Based on the preceding work, it is possible to derive strate-
gies to tailor the morphology of core�shell particles with a
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control of the shell thickness ranging from nano- to mi-
croscale levels. Figure 7 shows that increasing the quantity of
shell material for the L-PMMA blend system, beyond the
point at which a complete shell has formed, leads to an in-

Ž .crease of the shell thickness from 40 nm to about 1 micron ,
but does not contribute to further size reduction. Rather, a
slight increase of the dispersed-phase size occurs because the
shell viscosity is greater than the core viscosity and this
changes the rheological properties of the composite droplet.
In the case of the HDPErPSrL-PMMA ternary blends, the
matrixrdispersed phase viscosity ratio progressively varied

Ž . Ž .from 0.02 PMMArHDPE system to 1.1 PSrHDPE system
depending on the composition of the dispersed phase. The
opposing effects of reduced interfacial tension and increasing
viscosity ratio result in only a small increase in composite
droplet particle size with composition once the complete PS
shell has formed. For this reason, it is possible to control the
shell thickness of the core�shell particles through the minor
phase composition ratio without substantially affecting the
composite droplet particle size. Figure 11 illustrates in that
case how perfectly segregated shell layers can be generated
with thickness varying from 40 nm to about 300 nm.

Conclusion
This study examines the issue of core�shell morphology

formation within the dispersed phase for composite droplet
polymer-blend systems composed of a high-density polyethy-
lene matrix, polystyrene shell, and different molecular weights

Ž .of poly methyl methacrylate core material. It is shown that
changing the molecular weight of the core has a dramatic
effect on the PS-PMMA structure within the composite
droplet. A study of the shell formation process demonstrates
that the L-PMMArPS system forms a complete PS shell
structure at a significantly lower PS composition than the H-
PMMA case. It was found that arguments based on the shift-
ing of the region of phase inversion resulting from the differ-
ent viscosities of the PMMA do not explain the differences in
core�shell formation observed experimentally for the L-
PMMArPS and H-PMMArPS systems.

The shift in shell formation to higher PS concentrations for
the PSrH-PMMA system was attributed to a high presence
of PS shell subinclusions in the PMMA core. This phe-
nomenon was related to the high viscosity of the H-PMMA.
In contrast the PSrL-PMMA system results in a perfectly
segregated PSrPMMA shell�core structure. No occluded PS
particles are observed in the PMMA core. In that last case, a
direct microscopic study of the process of shell formation
clearly demonstrates that the onset of complete PS shell for-
mation corresponds to the minimum observed in particle size
and that, at this point, the PS shell thickness is equal to about
two times the radius of gyration of PS. Thus, the thinnest
possible shell in such a system possesses a molecular-scale
thickness. Perfectly segregated shell layers ranging from 40
nm to 300 nm thickness can be obtained for the PSrL-PMMA
blend system through the control of the PSrPMMA composi-

tion ratio with virtually no change in the overall composite
droplet diameters.
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