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Abstract
In this work, the effect of adding organoclay (Cloisite 20A) to a poly(methyl metacrylate) (PMMA)/polystyrene (PS) blend was evaluated in
order to understand the compatibilization mechanism taking place. The blend morphology was quantified using micrographs obtained by
scanning electron microscopy and observed by transmission electron microscopy. The state of dispersion of the clay was studied using small
angle X-ray scattering and wide angle X-ray scattering and by applying the Carreau-Yasuda with a yield stress model to small amplitude
oscillatory shear (SAOS) data. Morphological analyses revealed that the clay was intercalated, that its addition resulted in a decrease in the
size of the dispersed phase and that it was preferentially located at the interface, except in the case of saturated interfaces, in which case the
remaining clay was dispersed in PMMA. By applying the simplified Palierne model to SAOS experiments, the interfacial tension between
the polymers forming the blend was inferred and shown to decrease upon addition of clay. The relaxation spectra inferred from the SAOS
data, using the Honerkamp and Weese method, revealed four relaxation times: Relaxation of PMMA and PS chains, relaxation of the droplet
shape, as well as an additional relaxation phenomenon attributed to the Marangoni stress. Although Marangoni stresses have already been
studied in the case of blends compatibilized by block copolymers, this is the first time that it has been evidenced in the case of a clay as
C 2017 The Society of Rheology. [http://dx.doi.org/10.1122/1.4982701]
compatibilizer. V

I. INTRODUCTION
Polymer blends have been extensively used in the industry
due to the interesting properties they present. Most polymers
are thermodynamically immiscible, resulting in a multiphase
material whose engineering properties can be controlled by
their morphology. The blends’ morphology is controlled during processing, but at the same time, the processability of
polymer blends is influenced by the microstructure. The interplay between flow, morphology, and rheology is therefore a
key point in tailoring the final material properties.
The immiscibility between the polymers forming the
blends can however lead to a coarse morphology or even to
phase separation, which is not interesting, as it leads to poor
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physical properties. The addition of a so-called compatibilizer is a way to control the morphology over time [1,2].
Premade block copolymers are commonly used for this purpose and have been shown to be very efficient. However,
their use involves significant drawbacks, including the fact
that each chosen blend type needs to have a block copolymer
with a tailored chemistry adapted to it, which in turn results
in an expensive block copolymer design. At the industrial
level, it is more common to create a compatibilizer during
processing thanks to an interfacial reaction, followed by the
use of so-called reactive compatibilization [3]. Although this
has been shown to be efficient in stabilizing the blend morphology, when it is employed, it becomes difficult to quantify and adjust the amount of compatibilizer created, as well
as its exact structure. In the case of a droplet dispersion, as
the compatibilizers settle at the interface, the addition leads
to a reduction in the dispersed phase size [4]; a stabilization
of morphology, inhibiting the dispersed phase coalescence
[5]; a decrease in interfacial tension [4,6], and the presence
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of an additional relaxation phenomenon [7–9]. All this leads
to an improvement in the blend properties.
Recently, some studies have shown that the addition of nanoparticles could have a similar effect as adding compatibilizer, as
in some cases, the former can result in a reduction in the dispersed phase size [10], morphology stabilization [11], as well as
a decrease in interfacial tension [10,12], when the nanoparticles
are located at the interface. However, if the nanoparticles are
located in a single phase other possible mechanisms can be considered: Change in the viscosity of the phases, immobilization
of the dispersed drops by the creation of a physical network of
particles in the matrix (possible when concentration of solid
above the percolation threshold) or the strong interaction of
polymer chains onto the solid particles inducing steric hindrance
[13,14]. Therefore, the localization of the nanoparticles is a key
to understanding the compatibilization mechanism. This localization is a function of the nature of the nanoparticles, and thus
depends on the size, shape, and chemical surface of the nanoparticles. That is why most often, nanoparticles are organomodified either by chemical grafting [15–17] or by ionic exchange
[18–21] in order to be more compatible with blend components.
However, while some studies have shown that adding organoparticles could be similar to adding block copolymers, when the
latter are located at the interface, no additional relaxation phenomenon has as yet been observed.
The linear viscoelastic rheological behavior of a blend can
provide information on the morphology and the interfacial tension of the blended component: Small amplitude oscillatory
shear (SAOS) experiments show an increase in elasticity at low
frequencies, resulting in a shoulder on the storage modulus
curve. This increase is associated with the relaxation of the
shape of the droplets (sF), which were previously deformed by
the stress applied [22]. In the case of compatibilized blends, an
additional relaxation time (sb) may be observed, as already
mentioned. Van Hemelrjick et al. showed that sF depends
mainly on the concentration of the dispersed phase, whereas sb
strongly depends on the concentration of compatibilizer [23].
Therefore, the latter relaxation time is believed to be due to
the presence of copolymer at the interface, and especially to
the Marangoni stress illustrated in Fig. 1 [7,24,25]. This
Marangoni stress occurs when the compatibilizer is not distributed equally around the droplet. When two droplets approach,
the matrix in between them will flow elsewhere and drag the
compatibilizer with it. It results in a gradient in compatibilizer
concentration on the surface of the droplets. Because of that, an

FIG. 1. Illustration of the Marangoni stress.

opposite force will cause the compatibilizer to come back
equally distributed on the surface, thereby preventing coalescence. This is called the Marangoni stress. In this regard, Jeon
and Macosko [26] showed gradients in block copolymer concentration during flow by visualizing a fluorescent polystyrene/
poly(methylmethacrylate) (PS-PMMA) copolymer at the surface of a PMMA droplet in a PS matrix. On those matters, rheology can provide information on the morphology and
compatibilization mechanism in a blend.
In order to better study the Marangoni stress relaxation,
relaxation spectra can be recovered from classical SAOS
measurements by the method of Honerkamp and Weese
[27]. Usually, on a relaxation spectrum, the two relaxation
times, each corresponding to a phase, can be seen, followed
by a longer relaxation time induced by the relaxation of the
shape of the droplets sF. Upon the addition of block copolymer, a fourth relaxation time sb can be observed between 10
and 100 s in some cases. However, this last relaxation phenomenon can be observed at even longer times that are hard
to reach with only SAOS measurements. One possibility for
avoiding this problem is to use creep experiments for complementary data over longer times [28].
Several models have been developed to link the rheological behavior of polymer blends to their morphology, composition, and interfacial tension between components. One such
model is the Palierne model, which predicts the rheological
behavior of a blend formed by two viscoelastic polymers [29].
The polymers should be viscous enough to render bulk forces
such as gravitation and inertia negligible, and the emulsion
should be monodispersed and diluted. This model is made to
predict the behavior of blends in the linear viscoelastic regime
so at small and slow deformations. As such, the constitutive
equations which relate stress to deformations are linear.
Palierne developed a constitutive equation to describe the
complex modulus GðxÞb of the blend as a function of the
modulus of the matrix GðxÞM and the dispersed phase
GðxÞI as written below
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where a0 is the interfacial tension, R is the radius of the
droplets, U is the dispersed phase volume concentration, b0
is the interfacial dilatation modulus relative to the area variation, and b00 is the interfacial shear modulus relative to shear
without change of area [29].
To simplify the model in the case of polydispersed blends,
Graebling et al. showed that an average radius Rv can be
used up to a polydispersity of 2.3 [22].
A second simplification often used is to take b0 ¼ b00 ¼ 0;
which corresponds to a constant interfacial tension despite
the addition of interfacial agents. This version of Palierne is
the most simple, and the most used [22,30]. The expression
has often been used to fit the storage modulus in order to find
the interfacial tension or the average radius of droplets,
because these two parameters are the only unknowns. These
expressions allow the following relaxation time to be found:

sF ¼


Rv gM
ð 19p þ 16Þð 2p þ 3  2Uð p  1ÞÞ
4a
;
10ð p þ 1Þ  2Uð 5p þ 2Þ
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where Rv is the average droplet radius, a is the constant interfacial tension, and p is the viscosity ratio.
This time corresponds to the relaxation of the droplets’
shape. The original Palierne model was also modified by
Jacobs et al., who noticed that the two interfacial parameters
b0 and b00 of the original version had symmetrical roles in the
equations [31]. In that regard, they decided to consider one
of them constant, and set the other to zero. This approach
requires the existence of an additional shape relaxation time
other than the drops’ relaxation time. In this work, the following expression was used for the relaxation times:
k12
sF ¼
2
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II. MATERIALS AND METHODS
A. Materials
PMMA (DHAF grade) from Metacrill S.A. and PS
(N1841 grade) from InNova S.A. were used in this study.
The characteristics of the polymers are reported in Table I.
Cloisite 20A was purchased from Southern Clay.

(6)
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In the next work, the rheological behavior of PMMA/PS
blends compatibilized by a clay (Cloisite 20A) was studied.
PMMA/PS blends are often used in research on compatibilization of polymer blends as it is a “model” blend with a
relatively simple rheological behavior. The morphology, the
dispersion state, and the localization of clay in the blends
were assessed. The interfacial tension was found using the
simplified Palierne model. Relaxation phenomena were also
studied by using the relaxation spectra inferred from SAOS
measurements.

(5)

(8)

PS, several blends were prepared with different concentrations of Cloisite 20A ranging from 0 to 8 wt. % with respect
to the dispersed phase PS. All the percentages in this paper
are weight percentage and clay weight percentage is always
given with respect to PS.
The blends were prepared using a Haake PolyLab 900/
Rheomix 600p batch mixer at 200  C and 50 rpm after PMMA
was dried at 60  C for 12 h. They were prepared in two steps:
In the first step, the nanoclay was mixed with the minor phase
(PS) for 5 min, and in the second, PSþnanoclay was mixed
with the matrix (PMMA) for 7 min. The clay was added to the
PS because of the affinity between the polymer and the clay
(see section “Dispersion state of clay”). In the case of the nonmodified blends, the minor phase was processed twice in order
to ensure it had the same thermal history.
TABLE I. Properties of the polymers.

Polymer

Mw
(g/mol)

Mn
(g/mol)

PMMA
PS

65 000
198 000

31 000
87 000

Mw/Mn

Viscosity
(g0) (Pa s)
at 200  C

Viscosity
(g0) (Pa s)
at 220  C

2.1
2.2

24 000
3200

4300
2100

B. Blending
Blends of PMMA/PS were prepared in 90/10 and 70/30
weight concentrations. For each concentration in PMMA and
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C. Characterizations

FIG. 2. Variation of the complex viscosity, the storage modulus, and the
loss modulus over time of the 90/10 (PMMA/PS) blend at 200  C and
0.1 rad/s.

Samples for rheological and morphological analyses were
obtained by compression molding. Disks with a 25 mm
diameter and 1 mm thickness were molded at 200  C under
18 MPa for 10 min.
The rheological characterization of pure phases, PMMA/
PS blends to which clay was or was not added, was performed using a stress-controlled MCR 501 rheometer from
Anton Paar. Measurements were carried out under dry nitrogen atmosphere. A parallel-plate geometry was used with a
gap size of 0.9 mm and a plate diameter of 25 mm. Time
sweep tests were performed in order to check the thermal stability of the samples (see an example in Fig. 2).
Strain sweep tests were carried out for all blends and pure
polymers to define the linear viscoelasticity region. Finally,
dynamic frequency sweep tests were performed for all
blends and pure polymers at 200 and 220  C. The strain varied from 1.5% to 6%. The measurements were performed
from 300 to 0.01 Hz. The zero-shear viscosity of the

FIG. 3. Morphology of blends for a 90/10 composition (a) with and (b) without the addition of 8% Cloisite 20A, and for a 70/30 composition (c) without and
(d) with addition of 8% of Cloisite 20A.

COMPATIBILIZATION MECHANISM INDUCED BY CLAY

individual phases necessary to calculate the interfacial tension between the components of the blend, using Palierne’s
model, was determined using the curve of complex viscosity
(Pa s) versus frequency (rad/s) obtained from dynamic frequency sweep tests. Rheological experiments were shown to
be reproducible within 5%.
The morphology was characterized by scanning electron
microscopy (SEM) using a Philips model XL 30 microscope
as described by Yee et al. [8,24]. The samples were previously fractured in liquid nitrogen and covered with gold
using a Balzers sputter coater, model SCD-050. The PS was
extracted using cyclohexane at room temperature under continuous stirring for 6 h in order to improve the contrast of
pictures. The morphology was quantified using an image
analysis software package (KS 300) after analysis of the
SEM photomicrographs. About 1000 particles were considered for each sample. For the calculation of the average
droplet radius, Saltikov’s correction was used [32]. This correction takes into account the polydispersity of the morphology of the samples and the fact that the fracture in the
samples does not always occur at the maximum diameter of
the droplets of the dispersed phase.
Small angle X-ray scattering (SAXS) experiments were
carried out using the synchrotron source from the National
Synchrotron Light Laboratory (LNLS), Campinas, Brazil, to
evaluate the state of dispersion of the clays within the polymers. The wavelength of the X-Ray beam was 1.488 Å. The
sample-to-detector distance was 950 or 1125 mm. Other
samples were subsequently characterized using wide angle
X-ray scattering (WAXS) on a PANalytical diffractometer,
model X’Pert Pro, with a CuKa radiation of wavelength
0.154 nm scattering at ambient temperature.
In order to obtain transmission electron microscopy
(TEM) pictures, samples were sectioned at room temperature, with a thickness of  90 nm with a Leica Microsystems
UCT ultramicrotome, and transferred to 200-mesh Cu TEM
grids with carbon supported film. The images were collected
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on the FEI Tecnai G2 F20 S/TEM equipped with a Gatan
Ultrascan 4000 CCD Camera Model 895 at an accelerating
voltage of 200 kV.

III. RESULTS AND DISCUSSION
A. Morphology
SEM observations were used to assess the morphology of
the blends. Figure 3 shows the morphology of 90/10 and 70/
30 blends with and without the addition of 8% of clay. A
droplet dispersion morphology type is observed for all the
blends. According to Figs. 3(a) and 3(c), the size of the droplets increases as a function of the concentration of PS. The
experimental values of the volume average droplet radius
(Rv) and the polydispersity (Rv/Rn) are reported in Table II,
where the increase in the radius of the droplets is quantitatively confirmed. This expected behavior is generally due to
an increase in the coalescence of the dispersed phase when
its concentration increases [5,32].
Moreover, a decrease of Rv of 34% upon addition of clay
can be seen, which illustrates a compatibilizing effect of the
clay. However, this reduction in droplet diameter size is
smaller than what we obtained previously when using a random copolymer [24]. This may be due to a different interface
coverage due to the less adequate chemistry when compared
to that of the copolymer.
As stated in the introduction, the compatibilization mechanism can have several explanations. To understand it, the
dispersion and localization of clay in the blends must be
known.
B. Dispersion state of clay
The basal spacing of Cloisite 20 A alone and in the polymers was estimated from WAXS and SAXS patterns. The
values of d(001) are reported in Tables III and IV.

TABLE II. Volume average radius (Rv) and polydispersities (Rv/Rn) of the dispersed phase.
PMMA-ran-PSa

Cloisite 20A
Composition

% Compatibilizer with
respect to PS

% Compatibilizer with respect
to the whole blend

0

0

1
4

0.1
0.4

8

0.8

0

0

1

0.3

4

1.2

8

2.4

90/10

70/30

a

Results extracted from Ref. 24.

Rv (lm)
0.125
6 0.015
—
0.094
6 0.005
0.083
6 0.009
0.620
6 0.080
0.580
6 0.070
0.482
6 0.070
0.437
6 0.080

Rv
Rn
1.8

Rv (lm)

Rv
Rn
1.8

2.3

0.125
6 0.015
—
0.060
6 0.007
0.050
6 0.007
—

2.4

—

—

2.4

—

—

2.6

—

—

—
2
1.8

—
1.9
1.8
—
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TABLE III. SAXS results for PMMAþ(PS þ C) blends.

TABLE IV. WAXS results.

Composition

% Cloisite 20A

q (Å-1)

d(001) (nm)

Dd(001) (nm)

Cloisite 20A
PS

—
1
8
1
4
8
1
4
8

2.57
1.68
1.76
1.71
1.74
1.73
1.74
1.71
1.74

2.44
3.73
3.56
3.67
3.61
3.63
3.61
3.67
3.61

—
1.29
1.12
1.22
1.16
1.18
1.16
1.22
1.16

70/30

90/10

It can be seen that the basal spacing increases when clay is
dispersed in blends or pure polymers, indicating that chains of
polymer are intercalated between the clay platelets. Parts of the
clay platelets might however be exfoliated within the polymer.
It can be seen from Table III that the interlayer spacing between
the clay platelets is larger for the composites with 1 wt. % clay
than for that with 8%. This could be due to the fact that at higher
clay content, the formation of aggregates could occur more easily because of the interactions between particles. A similar
behavior was observed by Amurin et al. [34].
Figure 4 shows the complex viscosities measured for pure
PMMA and PS which clay was added. An increase in the
complex viscosity at low frequencies can be observed with
the addition of clay in the case of PMMA. This addition does
not have a large influence on the rheological behavior of PS,
except when 8% is added. In this case, the viscosity of the
material increases for the whole frequency range, indicating
that it acts as a filler.
The complex viscosities were fitted to the CarreauYasuda model to which a yield stress had been added, as
described by Vergnes [35], in order to obtain further information on the dispersion state of clay. According to
Vergnes, the complex viscosity of a material to which clay
has been added can be written as follows:

Composition
PS
PMMA

% Cloisite 20A

2h2 (deg)

d(100) (nm)

Dd(001) (nm)

8
1
4

5.04
5.07
4.99

3.51
3.49
3.54

1.07
1.05
1.10

g ðxÞ ¼



r0
a ðn1Þ=a
þ g0 1 þ ðkxÞ
;
x

(9)

where r0 is the melt yield stress, g0 is the zero shear viscosity, k is the time constant, n is the power law index, and a is
the Yasuda parameter.
This model contains five parameters that were adjusted
to obtain the best fit with the experimental data. Figure 4
shows that the fits (lines) correspond well to the experimental data (points) in the complex viscosity curves. The
corresponding values for the parameters are reported in
Table V.
The only parameters that vary significantly are the zero
shear viscosity and the yield stress. This is in agreement with
the work of Lertwimolnum and Vergnes, who noticed the
same effect [36]. The increase in zero shear viscosity is particularly noticeable for high clay contents (PMMA þ 4%
and PS þ 8%) and seems to be linked to the combined effect
of high clay levels and partly exfoliated clay. On the other
hand, the yield stress is essentially affected by the exfoliation
of clay [35]: For PS þ 8%, the viscosity has doubled, but the
yield stress had almost no increase. In the case of PMMA þ
4%, the viscosity has doubled as well, but the yield stress
dramatically increased compared to pure PMMA and PS þ
8%. This indicates that clay has more affinity with PMMA,
and as a result, if the clay were to disperse in one of the
phases, it would be PMMA. In the blending method, the
nanoparticles were dispersed in PS prior to mixing the whole
blend. The goal was to locate clay at the interface between
PMMA and PS, thanks to the migration of clay nanoparticles

FIG. 4. Complex viscosity of (a) pure PMMA and (b) pure PS with different levels of Cloisite 20A at 200  C. Lines represent the fit of Carreau-Yasuda with
yield stress equation.
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TABLE V. Values of parameters of Carreau-Yasuda with yield stress found
by fitting with experimental values.
PMMA
Matrix
% clay
r0 (Pa)
g0 (Pa s)
k (s)
a
n

PS

0

1

2

4

0

1

8

0.00
21 000
0.24
0.91
0.34

21.0
23 740
0.29
0.92
0.37

93.4
23 740
0.29
0.85
0.36

610
40 000
0.31
0.68
0.30

0.00
2 800
0.09
0.72
0.31

0.00
2 800
0.09
0.66
0.30

0.96
4 920
0.12
0.63
0.29

during blending. The localization of clay is confirmed below
by TEM and rheological experiments.

C. Localization of clay
TEM pictures showed that in a 70/30/8 blend, clay is
located both at the interface and in PMMA [see Fig. 5(a)].
For 90/10/8 blends, clay is located mainly at the interface
[see Fig. 5(b)]. These results indicate that while clay is
located preferably at the interface, however, 8% of clay in
70/30 blends leads to a saturated interface, and excess clay
goes to PMMA.
Figure 6 shows the rheological behavior of pure blends. It
can be seen that for low frequencies, the storage moduli of
the 70/30 blends exhibit a shoulder corresponding to the
presence of a dispersed phase. This shoulder cannot be well
observed for lower dispersed phase concentrations, as
expected in the work of Graebling et al. [22].
Figure 7 shows the rheological results for blends with different amounts of clay. The rheological behavior of 90/10
blends does not seem to be affected by the presence of clay,
most likely due to a too low concentration of both dispersed
phase and clay. Conversely, a shoulder, typical to immiscible
blend rheological curves, is clearly visible in the case of 70/
30 blends, which also shows different behaviors depending
on the amount of clay.
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Figure 8 compares the rheological behavior of 70/30/
8 blends with that of the pure polymers with clay. 8% of clay
with respect to PS corresponds to 3.4% of clay with respect
to PMMA, and as such, the 70/30/8 curve can be compared
to PMMA þ 4% if all the clay is dispersed in PMMA, and to
PS þ 8% if all the clay is dispersed in PS. In the 70/30/
8 curve, the shoulder due to the presence of droplets disappears, and a plateau is observed at low frequencies, mimicking the behavior of PMMA þ 4% of clay.
There are several phenomena that can influence the evolution of the storage modulus at low frequencies: The droplet
relaxation, the interface relaxation, and the presence of clay
in one of the phases. In order to try to differentiate those phenomena, the simplified Palierne model with the approximation of Graebling et al. [22] was fitted to a 70/30 pure blend,
leading to an interfacial tension of 0.89 mN/m. The fit is presented in Fig. 9(a). The blends with clay were then compared
to their predictions using the same Palierne model with Rv
extracted from Table II and the interfacial tension defined
previously (0.89 mN/m). This model only considers the droplet shape relaxation.
If we compare the theoretical predictions of Palierne’s
model to the experimental curves (see Fig. 9), it can be seen
that for 70/30/1, the fit corroborates the experimental data,
and that a discrepancy between theoretical predictions and
experimental data starts to surface for clay concentrations
of 4%. Palierne’s model predicts a shoulder shifting slightly
to a higher frequency, and hence to shorter relaxation times
induced by the decrease in the dispersed phase size, upon
addition of clay, whereas the experimental data show a
gradual increase at low frequencies and the disappearance
of the shoulder in favor of this increase, starting at 4% of
clay. The loss modulus is also increased as compared to
predictions, indicating an effect on the viscosity of the
blend.
To better visualize the difference with the theory, the
experimental storage modulus (G0 e) was plotted as a function
of the theoretical storage modulus (G0 p) (see Fig. 10). As

FIG. 5. Typical TEM picture of 70/30/8 (a) and 90/10/8 (b) blends.
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FIG. 6. Storage moduli of PMMA and PS and of pure blends 90/10 and 70/
30, in order to emphasis the effect of dispersed phase at 200  C.

expected, the pure blend and 70/30/1 had no noticeable deviation from the theory, whereas 70/30/4 and 70/30/8 showed
a significant deviation at low frequencies. As the model takes
into account the shape relaxation of the droplets, the deviation from the line could represent the effect of nanoparticles
at the interface or in one of the phases. Figure 5 shows that
for a 70/30/8 blend, the clay was present at the interface as
well as in the PMMA phase. For a 90/10/8 blend, clay was
located only at the interface. The rheological behavior
changes from a typical blend behavior to a behavior close to
a PMMA filled with clay for 4% and 8% of clay in 70/30
blends. This have not been observed for 90/10 blends, therefore, it is considered that the interface is saturated in 70/30/
8 and 70/30/4 blends and the excess of clay disperse in the
matrix.
The concentration of clay at which the interface is saturated can be evaluated by the following equation used by
Ray et al. [21]:

FIG. 8. Storage moduli of PMMA þ 4%, PS þ 8%, 70/30/0 and 70/30/
8 blends as a comparison.

%Csat ¼

3e
%PS;
Rv

(10)

where e is the thickness of one clay platelet, Rv is the PS
average droplet radius, and %PS is the volume fraction of
PS.
The authors primarily estimate that the clay is exfoliated,
and thus use the thickness of a single clay platelet in their
equations. In this study, since the clay may not be fully exfoliated, we considered that the clay could be held in tactoids
containing 1, 2, 3, or 4 layers of clay. The results are
reported in Table VI, while the thickness is calculated, adding successive layers of clay (1 nm thickness) and the basal
spacing reported in Table III. The percentage of clay needed
to saturate the interface is smaller for 70/30 blends, which is
normal because as the droplets are bigger, the total interfacial area is smaller than for 90/10 blends. If the clay saturates
the interface for concentrations below 4%, then the sheets

FIG. 7. Storage moduli of PMMA/PS/Cloisite20A blends for 90/10 (a) and 70/30 (b) concentrations and different levels of clay at 200  C.
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FIG. 9. Experimental storage moduli (G0 e) and loss moduli (G00 e) and their prediction by the Palierne model (G0 p and G00 p) of (a) 70/30, (b) 70/30/1, (c) 70/30/
4, and (d) 70/30/8 blends at 200  C.

are stacked together into 1–2 sheets tactoids on average (see
also Fig. 11).
Concerning the 90/10 blends, nothing could be inferred,
as no noticeable difference could be seen directly on neat
rheological results. In that case, Table VI indicates that the
interface was not saturated in those blends, and TEM pictures discussed previously showed that clay is located at the
interface (Fig. 5).
This presence of clay at the interface limits the possible
hypotheses for the compatibilization mechanism to the
TABLE VI. Weight percentage of clay with respect to PS needed to saturate
the interface.
Number of sheets

FIG. 10. Experimental storage moduli (G0 e) as a function of theoretical storage moduli (G0 p).

1
2
3
4

Thickness (nm)

% C 70/30

% C 90/10

1.0
5.6
10.2
14.8

0.8
4.5
8.3
12.0

4.0
22.5
40.9
59.4
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decrease in interfacial tension and/or the inhibition of coalescence by steric hindrance, solid barrier, or Marangoni
stress.
D. Interfacial tension

FIG. 11. Typical TEM of a PMMA/PS/Cloisite 20A droplet.

The interfacial tension was calculated by fitting the simplified Palierne model on SAOS experimental data. Figure
12 shows the fits of the Palierne model on 90/10 blends.
The values reported in Table VII show that the interfacial
tension decreases upon addition of clay. Our results corroborate those of Yee et al. [24], who found similar values of
interfacial tension fitting Bousmina’s model (see Table VII).
The interfacial tension is lower for the 70/30 blend than for
the 90/10 blend. This has already been shown by Calv~ao
et al. [33] who found similar values (0.9 mN/m) for a 70/30
PMMA/PS blend.
In the case of a block copolymer, a decrease in interfacial
tension is often combined with Marangoni stresses to explain
the compatibilization mechanism. As we showed that an

FIG. 12. Experimental storage moduli (circles) and loss moduli (diamonds) and their fit of the Palierne model (lines) on the (a) 90/10, (b) 90/10/4, and (c) 90/
10/8 blends at 200  C.
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TABLE VII. Values of interfacial tension (aP) found by fitting the simplified Palierne model on SAOS experimental results and (aY) values found by
Yee et al. (Ref. 24).
% Compatibilizer
% Compatibilizer with respect to the
Composition with respect to PS
whole blend
90/10

70/30

0
1
4
8
0

0
0.1
0.4
0.8
0

aP
(mN/m)

aY
(mN/m)

1.35 6 0.16
—
0.70 6 0.04
0.65 6 0.08
0.89 6 0.12

1.4
—
0.97
0.85
—

interfacial tension decrease occurs upon the addition of clay,
the relaxation phenomena were investigated.
E. Relaxation phenomena
The relaxation phenomena were studied by using the
relaxation spectra inferred from the SAOS measurements.
The non-linear regularization technique was used to convert
the dynamic results into continuous relaxation spectra [27].
Figure 13 shows the corresponding weighted relaxation modulus (H(s)*s) as a function of the time s of PMMA, PS, and
pure blends. Two peaks can be identified for the blends: One
related to the relaxation times of the blends phases (PS and
PMMA) which are overlayed because they are very close to
one another [24], and a second, which is associated with the
form relaxation of the dispersed droplets. When the concentration of the dispersed phase is higher, the peaks have more
amplitude, and the second peak, corresponding to the relaxation of the droplets, is longer because for 30% of PS, the
droplets are larger.
For both 90/10 blends and 70/30 blends (see Fig. 14),
the rise of the relaxation modulus at long times with the
addition of clay could suggest the presence of an additional
relaxation phenomenon at longer times. One way to obtain
data at those times is to use creep experiments as a complimentary technique [28]. In this case, another approach was

FIG. 13. Weighted relaxation spectra of pure blends and materials.

used consisting of increasing the temperature as it decreases
relaxation times. Therefore, additional measurements were
carried out at 220  C. Figure 15(a) shows the results. As
expected, the pure materials with clay exhibit only the relaxation of PMMA or PS chains. The increase at long times for
PS þ 8% is believed to be due to the relaxation of clay network or agglomerates. Concerning the 90/10 blends, a third
relaxation time is revealed. This relaxation time is believed
to be due to the Marangoni stress, as neither PMMA þ 1%
nor PS þ 8% have a similar peak as the 90/10/8 blend [see
Fig. 15(b)], and clay is located at the interface. This is the
first time that this relaxation time has been observed in the
case of nanoparticles. The Marangoni stress time decreases
with increasing concentration of clay so even if the relaxation does not appear for 90/10/1 the increase at long time
indicates a possible relaxation longer than 300 s. This trend
is in accordance with the results obtained by several
researchers in the case of block copolymer compatibilizers

FIG. 14. Weighted relaxation spectra of (a) 70/30 and (b) 90/10 blends with different levels of Cloisite 20A at 200  C.
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FIG. 15. Relaxation spectrum of PMMA þ (PS þ C) (90/10) (a) blends with different levels of Cloisite 20A at 220  C, (b) comparison of 90/10/8 blends with
PMMA þ 1% and PS þ 8%.

[9,23,31,36–38]. This means that Cloisite 20A behaves similarly to block copolymers.
The Palierne model described by Jacobs et al. takes into
account a second relaxation phenomenon that has been
shown to correspond to the Marangoni stress in previous
studies [9,24,31]. In order to compare the values found
experimentally using the relaxation spectra to the values predicted by the Palierne model, an estimation of the shear modulus of the interface is needed. Indeed, the shear modulus of
the interface is likely to be influenced by the nature of the
compatibilizer so block copolymers may correspond to a different interfacial shear modulus than nanoparticles. The literature provides values for block copolymers [9,24,31] as
compatibilizer, but not for clay nanoparticles. By applying
Eqs. (5) and (6), corresponding to the version of the Palierne
model given by Jacobs et al. [31], the results at 200  C allow
an estimation of the shear moduli of the interface b20. The
results show that b20 is higher than for the block copolymer
(see Table VIII). However, the tendency is the same: b20
increases with the addition of clay as well as with addition of
block copolymers. These results are in accordance with the
observations of Labaume et al. [39].
At 220  C, a theoretical estimation of the relaxation times
was carried out, considering the influence of temperature on

the interfacial tension and the interfacial shear modulus to be
negligible over 20  C (i.e., from 200 to 220  C). The interfacial tension was extracted from Table VII, Rv was extracted
from Table II, and b20 was the one calculated previously
(reported in Table VIII). The results show good agreement
between the theoretical and experimental scenarios for droplet shape relaxation times, even though the model underestimates the results. Regarding the Marangoni stress relaxation,
the values were much smaller than those given by experiments. According to the theoretical results, the Marangoni
stress relaxation should be around 1.5 s, which would likely
be overlayed with the droplet shape relaxation at 0.5 s. This
underestimation was also observed in the publication of Yee
et al. [24]; however, it is significantly more dramatic in this
case than in their case, which may be due to the fact that
nanoparticles are used instead of copolymers, which would
change the interface properties.
In the case of 70/30 blends, the relaxation spectra at
220  C are not displayed as no third relaxation time was
observed. In the case of a saturated interface (70/30/4 and
70/30/8), no Marangoni stress may even be present, as the
clay may not be able to move around the droplets enough.
Here, the compatibilization could be due to a physical barrier
created by clay around the droplets and/or an increase in

TABLE VIII. Experimental values of the relaxation times sFE and sbE extracted from the relaxation spectra; the theoretical values sFT and sbT were found
using Eqs. (5) and (6) and b20 the shear moduli of the interface.
sFE (s)
200  C

% Cloisite 20A
90/10

a

0
1
4
8

Calculated using Eqs. (5) and (6).
Extracted from Ref. 31.
c
Not observed.
b

sbE (s)

2.95
2.60
2.15
1.71

—
c
c
c

sFE (s)
b20a (mN/m)

b20b (mN/m)

—
0.80
1.15
1.32

—
0.18
0.22
0.30

sbE (s)

sFT (s)

sbT (s)

0.73
0.55
0.46
0.37

—
1.51
1.58
1.45

220  C
0.82
0.70
0.50
0.50

—
a

74
50
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matrix viscosity due to the presence of clay. Knowing that
8% of clay with respect to PS corresponds to 1.7% with
respect to PMMA, and by recalling the results found on
PMMA þ clay complex viscosity (Table V and Fig. 4), we
know that PMMA þ 2% does not induce any noticeable
increase in viscosity. Moreover, as clay is also present at the
interface, the clay content in PMMA is strictly lower than
1.7%. We can conclude that the presence of clay in PMMA
for 70/30/8 blends does not influence the viscosity of the
matrix. As such, for 70/30/4 and 70/30/8 blends, the compatibilization mechanism is believed to be due to a decrease in
interfacial tension and physical barrier, what is also called
the Pickering effect, around the droplets.

IV. CONCLUSION
The aim of this work was to understand the compatibilization mechanism of PMMA/PS/Cloisite 20 A blends. First,
the morphology was assessed, a decrease in the droplet
radius upon addition of clay indicated a compatibilizing
effect. The dispersion and localization of clay was then studied as it is a key element in understanding compatibilization
mechanisms. The results on pure materials showed that clay
was better dispersed in PMMA than in PS. In the blends, it
was shown that clay localizes itself to the interface until saturation of the interfacial area, after which the remaining clay
disperses in PMMA rather than in PS. By considering the
blends with a saturated interface, it was possible to say that
clay is dispersed in 1–2 sheets on average. Linear rheology
results combined with the Palierne model showed the compatibilization mechanism to be due to a decrease in interfacial tension as well as Marangoni stresses in the case of an
unsaturated interface. This is the first time that Marangoni
stresses are shown in the case of nanoparticles. In other
words, these results showed that Cloisite 20A behaves similarly to block copolymers. Although small differences can be
observed due to the inherent nature of the ceramic particles:
(1) The interfacial shear modulus (b20) from the Palierne
model is higher than the ones observed for block copolymers, (2) the Marangoni stress time is longer in the case of
nanoparticles as an increase in the temperature of the SAOS
experiments was needed to be able to observe it. This indicates that the mobility of ceramic particles around the droplet is smaller than the one of block copolymers which have
affinity with both phases.
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