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Abstract
The dynamic rheological behaviors are measured by small amplitude oscillatory shear on a rotational rheometer for a polystyrene (PS)/nylon 6 (PA6)
blend compatibilized by a polystyrene grafted maleic anhydride (PS-g-MAH).
The storage moduli versus angular frequency (G’-ω) data of the blends are
fitted by Palierne model. The Palierne model fits the data basically well for the
PA6-rich blends and the 70/6/30 (PS/PS-g-MAH/PA6) blend. The fitting results show that the PS-g-MAH has a fine compatibilizing effect on the
PS/PA6 blends.
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1. Introduction
In order to obtain new and fine polymer materials, many methods such as filling
and blending have been developed for many years. Generally polymer blends
have advantages than single components. But most polymer blends are immiscible, which affects the final properties, thus it is necessary to increase the miscibility of the blends. The miscibility of polymer blend has been studied by various
methods including rheological method [1] [2]. The miscibility of polymer blend
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is affected by many factors such as molecular weight and molecular weight distribution, composition ratio, temperature, etc. Dynamic rheological behavior of polymer is sensitive to the structure and morphology [3]. Depending on composition, shear history, temperature, etc., polymer blends may present different morphologies such as droplet/matrix, co-continuous morphology and phase inversion.
Besides experimental work, some theoretical models cannot be neglected in
investigating the linear viscoelasticity of polymer blends. Palierne’s model [4] is
one of the classic emulsion models and has been proved to be appropriate to
predict the linear viscoelasticity of polymer blends. The interfacial tension between the blend components can be inferred by Palierne’s model when the linear
dynamic data are known. It should be emphasized that Pailierne’s model can
only describe polymer blend with droplet/matrix morphology. Origional Palierne’s model [4] [5] considers interfacial tension as well as surface dilatation
modulus and surface shear modulus. If surface dilatation modulus and surface
shear modulus can be neglected, then simplified Palierne’s model appears. Similar emulsion model such as Bousmina’s model [6] can also predict linear viscoelasticity of polymer blends with only one parameter, i.e. interfacial tension. The
interaction between droplets has not been considered in Palierne’s model. Lee
and Park model [7] considers the steric interaction or anisotropic effects [8].
Gramespacher and Meissner model [9] highlights the interface besides two
phases of polymer blends. For blend with co-continuous morphology, it is difficult to develop a model to predict the dynamic modulus. Palierne’s model as
well as Bousmina’s model can only work for blends with droplet/matrix morphology. In this case, a model was proposed by Yu and co-workers [10] based on
a mechanical model. More work needs to be done to discover the relationship
between rheological behavior and co-continuous morphology of blend.
Recently a PS/PA6 blend compatibilized by various components has been
frequently investigated [11] [12] [13] [14]. The toughness and failure mode of
PA6/mSEBS/PS ternary blends were studied with an oil-extended viscoelastic
controlled interface [11]. Here mSEBS means maleic-anhydride-modified styrene-ethylene-butylene-styrene copolymer. Their results showed controlling of
the physical properties of the PS/PA6 interface played an important role in improving the function of the material. It was reported [12] that increase of
hydrophilic silica nanoparticles (SiO2) affected greatly the relaxation and breakup dynamics of selectively filled polyamide (PA6) droplets with different degrees of deformation in polystyrene (PS) matrix during quiescent annealing. The
authors considered that the enhancement of shape stability of PA6 droplets was
mainly due to the viscoelastic properties of PA6 droplets after the addition of
nanoparticles, rather than the reduction in interfacial tension. A similar blending material has been prepared by Wang and co-workers [13], with amino-modified nanosilica particles (mSiO2) selectively localized at the interface of
the PS/PA6/mSiO2 composites with co-continuous morphology via reactive extrusion. They found the MAH content of Styrene maleic anhydride (SMA) macromolecules has a large effect on the distribution of nanosilica particles. In one
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earlier research [14], reactive compatibilization using a miscible compatibilizer
(SMA2) excellently controlled phase morphologies of the PS/PA6 and
(PPE/PS)/PA6 blend. In the research [12] rheological investigation appears to be
useful in discovering a role of interface of the PS/PA6 blend. We consider not
only experimental research but also model fitting helps discover the relationship
between phase structure and properties. In this work, the rheological behavior of
a PS/PA6 blend compatibilized by polystyrene grafted maleic anhydride
(PS-g-MAH) is investigated. Furthermore, Palierne’s model is applied to analyze
the interface miscibility of the blends and the results are meaningful.

2. Experimental
2.1. Materials
PS PG-33, produced by Zhenjiang Qimei Chemical Co. Ltd, China. Its melt flow
rate (MFR) is 9.14 g/10 min, measured at 210˚C, 2.16 kg. PA6 1013B, Japan Ube,
MFR = 45 g∙(10 min)−1, measured at 250˚C, 2.16 kg. A polystyrene grafted maleic anhydride (PS-g-MAH), is homemade with a grafting rate of 1.0%.

2.2. Preparation of Blends
The materials were dried at 85˚C for 12 h in an electric blast drying oven, then
were mixed in a high-speed mixer (produced by Fuxin Light Industry Machinery
Factory, Liaoning, China) with the weight ratio PS/PP-g-MAH/PA6 of 100/6/0,
90/6/10, 70/6/30, 50/6/50, 30/6/70, 10/6/90 and 0/6/100). After that the samples
were fed into a co-rotating twin screw extruder (type SHJ-35, made in Rubber
and plastic machinery factory in Guangzhou, China), melt and extruded through
a die, then were cooled under water, granulated by a granulator, and were dried
at 120˚C for 12 h in an electric blast drying oven. The rotating speed of the screw
extruder was 110 r/min, the feeding speed was 100 r/min, and the temperature of
the nine zones of the barrel was 150˚C, 170˚C, 190˚C, 210˚C, 230˚C, 230˚C,
230˚C, 230˚C and 230˚C, the temperature of the die was 235˚C.

2.3. Measurement
Scanning electron microscope (SEM): the sample was thrust at an Izod impact
test machine ADN-5.5 produced by Hengshang industrial equipment Co., LTD,
Suzhou, China. The cross section was sprayed with gold and was observed by
SEM LE0438VP made by Hitachi company, Japan. The average dispersed phase
size is calculated by a software Nano Measurer 1.2.0.
Rheological measurement: small amplitude oscillatory shear was applied by
using a rotational rheometer MCR301 made by Anton Paar GmbH of Germany
with two parallel plates. The diameter of the plate is 25 mm, the gap of the two
plates was 1mm. The temperature in the experiment was 230˚C, and the angular
frequency was from 0.1 rad/s to 300 rad/s in ascending order. The measurement
was under nitrogen gas to avoid the oxidization of the samples. Before the start
of the measurement the samples were kept for 5 min between the gap of the two
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plates to eliminate thermal history. The linear viscoelastic regime was determined by applying strain sweeping.

3. Results and Discussion
3.1. Dynamic Rheological Curves of PS/PS-g-MAH/PA6 Blends
Figure 1 shows the morphology of the PS/PS-g-MAH/PA6 blends with two
weight ratios 70/6/30 and 30/6/70, respectively. Figure 1(a) shows the morphology of 70/6/30 blend. It is a droplet/matrix structure with average droplet
diameter 1.9 μm, obviously PA6 phase is the droplet and PS is the matrix. The
30/6/70 blend shows a droplet/matrix morphology as shown in Figure 1(b), the
dispersed phase is PS and the matrix is PA6 phase. The average droplet diameter
is 2.6 μm, which is higher than the 70/6/30 blend, because PA6 phase has a lower
viscosity than PS phase, thus PA6 can be deformed easier than PS phase. Balance
between coalescence and breakup controls the morphology of the blend.
Figure 2 shows the dynamic rheological curves of the blends. Figure 2(a)

(a)

(b)

Figure 1. SEM images of the PS/PS-g-MAH/PA6 blends. (a) SEM image of the 70/6/30
blend; (b) SEM image of the 30/6/70 blend.
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Figure 2. (a) Complex viscosity, (b) Storage modulus and (c) loss modulus vs angular
frequency of PS/PS-g-MAH/PA6 blends at 230˚C.

shows the complex viscosity versus angular frequency of the blends. The 100/6
(PS/PS-g-MAH) blend has higher viscosity at low frequency than the pure PS.
Basically as the concentration of PA6 increases, the viscosity at low frequency of the
blend decreases. This is acceptable since PA6 has a lower viscosity than PS. The dynamic modulus of the blends has a similar trend to the complex viscosity as shown
in Figure 2(b) and Figure 2(c). The loss modulus of the blend at a low frequency
is higher than the storage modulus. Table 1 lists the characteristic frequency
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Table 1. Relaxation time of the blends when storage modulus (G’) = loss modulus (G’’).
PS/g-PS/PA6

ω/rad∙s

−1

1/ω, s

100/0/0 100/6/0 90/6/10 70/6/30 50/6/50 30/6/70 10/6/90 0/0/100
125.5

90.47

122.45

264.68

-

-

-

-

0.0080

0.0111

0.0082

0.0038

-

-

-

-

and relaxation time of the blends when G’ = G’’. The relaxation time is the reciprocal of the characteristic frequency. The 70/6/30 blend has obviously shorter
relaxation time for PS-rich blends. In Table 1 when weight content of PA6 is
higher than 50, the loss modulus (G’’) is higher than the storage modulus (G’) in
the experimental frequency range. This means the PA6-rich blends show liquid-like behavior.

3.2. Interfacial Tension
The linear viscoelasticity of polymer blends can be described by some emulsion
models and the interfacial tension between the blends can be predicted by the
models, such as Palierne’s model [4]. In general, the models can work well for
droplet/matrix morphology and narrow droplet size distribution. Neglecting the
surface dilatation modulus and surface shear modulus the simplified Palierne’s
model [4] [15] is expressed as:

 1 + 3∑ Øi H i (ω ) 

i
G* (ω ) = Gm* (ω ) 
1 − 2∑ Ø H ( ω ) 
i i


i

(1)

where
H (ω ) =

4 (α R )  2Gm* (ω ) + 5Gd* (ω )  + Gd* (ω ) − Gm* (ω )  16Gm* (ω ) + 19Gd* (ω ) 
(2)
40 (α R ) Gm* (ω ) + Gd* (ω )  +  2Gd* (ω ) + 3Gm* (ω )  16Gm* (ω ) + 19Gd* (ω ) 

α is interfacial tension, Ø is the volume fraction of the dispersed phase, R
is the dispersed particle radius, Gd* and Gm* is the complex modulus of the
dispersed phase and matrix, respectively. In this work, Palierne’s model (Equation (1)) is applied to predict the interfacial tension, the results are shown in
Figure 3. In general the storage modulus (G’) is frequently chosen to be fit since
it is more sensitive than the loss modulus (G’’) to the interfacial tension. The relation between G’ and G’’ is G* = G’ + G’’, which can be found in rheological
textbooks. In Equation (1) the variable is α R , the initial value such as 103 Pa
can be assigned to the fitting program, the fitting targets are the experimental values (G’-ω, ω is the angular frequency). Run the fitting program, the optimum
α R can be obtained when the fitting curve approaches the experimental data
well. The PA6 is considered to be the dispersed phase and PS/PS-g-MAH to be the
matrix in Figure 3(a), Figure 3(b) and vice versa in Figure 3(c), Figure 3(d).
Figure 3(a) shows the fitting curve for the 90/6/10, Palierne’s model with α/R =
zero overestimates the storage modulus at low frequency. Figure 3(b) shows
good prediction by Palierne’s model with α/R = 435.62 N/m2 for the 70/6/30
DOI: 10.4236/ojopm.2020.102002
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Figure 3. Fit of the dynamic storage modulus data to Palierne model with α/R for the PS/g-PS/PA6 blends.

blend. The average diameter (2R) is 1.9 μm, thus the interfacial tension is 0.83
mN/m. The interface tension of PS/PA6 can be estimated to be 1.5 mN/m at
230˚C by referring to the experimental values at 20˚C (PS: 33 mN/m and PA6:
42 mN/m) [16] and the literature [17]. The reported interfacial tension between
immiscible PS/PA6 is 7.4 mN/m at 230˚C by Kong et al. [12]. Thus the component of PS-g-MAH has an effect as a compatibilizer between PS and PA6. The
polarity of PS was increased by the grafted maleic anhydride, thus the miscibility
between PS and PA6 was increased. For the 50/6/50 blend it is not a proper
choice to use Palierne’s model to predict the data because this model is generally
for dispersed phase’s volume percentage with no more than 30%. For the
30/6/70 blend, the storage modulus can be fitted well by Palierne’s model, the
calculated α/R = 153.1 N/m2, thus the calculated interfacial tension is 0.2 mN/m
with the average droplet diameter being known. For the 10/6/90 blend the storage modulus can be fitted well by Palierne’s model with α/R = 0. This indicates
the 10/6/90 blend is basically miscible. Lee and Park model [7] was attempted to
fit the data and was found to have a similar result, which is not shown here.

4. Conclusion
Dynamic rheological behavior of a PS/PS-g-MAH/PA6 blend is investigated in
DOI: 10.4236/ojopm.2020.102002
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this work. In PS-rich blends, the 70/6/30 blend has shorter relaxation time. Due
to the viscosity difference, the PA6-rich blends show liquid-like behavior. The
storage moduli of the blends are fitted by the Palierne’s model, the model overestimates the data for 90/6/10, and describes the data well for the 70/6/30,
30/6/70 and 10/6/90 blends. The fitting results indicate that PS-g-MAH has an
effect as a compatibilizer between PS and PA6. For the 10/6/90 as well as 90/6/10
blend, the fitted results indicate the blends are miscible. For the 70/6/30 and
30/6/70 blends, fitting results show interfacial tension between PS and PA6 decrease, which is due to the effect of PS-g-MAH.
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