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Nanoparticle retarded shape relaxation of dispersed droplets in polymer blends:

an understanding from the viewpoint of molecular movement
Xi-Qiang Liu, Zhen-Yi Sun, Rui-Ying Bao, Wei Yang*, Bang-Hu Xie, Ming-Bo Yang

College of Polymer Science and Engineering, Sichuan University, State Key Laboratory of
Polymer Materials Engineering, Chengdu, 610065, Sichuan, China

Abstract The effect of nano-silica particles on the shape relaxation of the dispersed droplets in
polypropylene/polystyrene (PP/PS) blend was investigated. The nano-silica particles were
controlled to be distributed in PS phase which presented as the dispersed droplets in the blends.
By using an optical microscope equipped with a camera and a hot stage, the shape relaxation of
the deformed droplets in the blends after application of a big strain was observed in melt state. The
shape relaxation process of PS droplets from highly elongated fibers towards spheres was
observed. The nano-silica particles were found to retard the relaxation process of the deformed PS
droplets, especially when a particle network was formed. It was showed that the shape relaxation
of the droplets was essentially related to the movement of the molecular chains and the relaxation
of the oriented chains. These results provide a new understanding on morphology evolution of
nanoparticles filled polymer blends based on the retarded movement of molecular chains.
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Introduction

With the potential to obtain materials with balanced properties, polymer blends have got
enormous attention in both industries and academic researches. Factors determining the properties
of polymer blends include the properties of consisting components, composition, processing
conditions and phase morphology.' Immiscible polymer blends often show phase separation and
exhibit various morphologies. The dispersed droplet/matrix morphology, with the minor
component as dispersed droplets in a continuous phase of the major component, is often
observed.” Polymer blends with dispersed droplet/matrix morphology often show high elasticity

10-13

and a long relaxation time, and the long relaxation time has been considered to correspond to

the process in which the deformed droplets recover to its original spherical shape.'* *
Due to the deformability of liquid interface, the dispersed droplets deform significantly in flow

. .. . . o . 15,16
fields during mixing, leading to an increase in interfacial area between components.

The shape
of deformed droplets ranges from ellipsoid to highly elongated fibril during processing. After the
cessation of flow, the deformed droplets relax back to spherical droplets driven by interfacial
tension. Stone et al'’ reported that whether a deformed droplet breaks up is determined by a
critical initial elongation ratio which is dependent on the viscosity ratio of the dispersed phase and
the continuous phase: for elongation ratios above the critical value the droplets break up into two
or multiple daughter droplets during relaxation whereas for elongation ratios below this critical
value the deformed droplets simply retract to spheres.

Step strain experiment has been demonstrated to be helpful to understand the mechanism of the
droplet deformation and its shape recovery since both processes can be separately detected. When
a strain step is applied, a droplet increases in length L and decreases in breadth B. After the step
strain, the droplet shape relaxes back to a spherical shape by decreasing L and increasing B.
Studies on the droplets with a lower viscosity embedded in a matrix with a higher viscosity '**'
showed that: (1) Just after the application of a large strain, a droplet deforms almost affinely to a
flat ellipsoid, but the stretch ratio of the major axis of the flat ellipsoid is larger than that predicted
from affine deformation; (2) After the cessation of flow, the droplet shape changes from flat
ellipsoid to a rod-like shape, a dumbbell, and to an ellipsoid of revolution, and finally back to a

sphere; (3) The total recovery time for the deformed droplet increases as the initial radius and the

applied strain increase; (4) The orientation angle between the major axis and shear direction does
2
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not change during the shape recovery; (5) The primary driving force for the relaxation of the
droplets from the initial flat ellipsoid to the final sphere is the interfacial energy. It was showed
that the shape relaxation of the droplets can be divided into two stages. The first stage consists of a
shape change towards an ellipsoid without reducing the droplet strain largely in the shear direction,
and the second one is the retraction of this ellipsoid accomplished by reducing the droplet strain."®
2 It was also shown that the second stage can be characterized by a single relaxation time,
irrespective of the magnitude of the applied shear strain.'® *'*

The shape relaxation of deformed droplets has been studied mostly in systems consisted of
Newtonian components. For systems consisted of viscoelastic components, however, the shape
relaxation of droplets has not been paid enough attention. Lerdwijitjarud et al** reported that
droplet viscoelasticity had no influence on the shape relaxation of highly deformed droplets.
Tretheway and Leal® experimentally investigated the deformation and relaxation of a Newtonian
drop suspended in a non-Newtonian fluid after a planar extensional flow and concluded that the
elastic stress developed at the boundary fundamentally changed the large deformation dynamics
and retarded the relaxation process. Cardinaels et al”>*° also showed that droplet viscoelasticity
had no influence on the relaxation process whereas matrix viscoelasticity could retard the
relaxation process. Yu 2’ showed that an increase in the elasticity of any constituent of the blends
extended the time required to reach equilibrium, both in deformation and relaxation. However, the
shape relaxation of droplets in the presence of nano-particles, especially when the nano-particles
are distributed in the droplet phase and the droplet viscoelasticity is significantly changed, has not
been reported. What should also be pointed out is that most studies concerning the droplet
relaxation were performed in confined conditions, in which a spherical droplet was embedded in
the matrix polymer and the deformation was generated by subjecting the droplet to a shear

18-23
flow.

In some other studies, fibers were first prepared by melt or solution spinning and then
embedded into the matrix polymer.”*>' However, studies adopting both methods show only the
shape relaxation of a single droplet in the matrix polymer and cannot reflect the real relaxation
process of deformed droplets in immiscible polymer blends. This is because in polymer blends,
the droplets will undergo a more complex process when they reform to spherical shape to reduce

the interfacial area, during which not only break-up and retraction but also coalescence of the

droplets can occur.
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In this work, we studied the shape relaxation of droplets, with or without nano-silica particles,
in immiscible polymer blends. The objective is to clarify the effect of droplet viscoelasticity on the
shape relaxation of droplets in polymer blends. To directly observe the shape relaxation process of
the droplets in polymer blends, the morphology evolution of the blends was monitored using an
optical microscope equipped with a hot stage and a photographic camera after the application of a
large strain. The deformation dynamics of the droplets in the blend, with and without nano-silica
particles, was studied. A deeper understanding of the relaxation of the droplets was correlated to
its molecular chain movement, which is significantly changed in the presence of nano-silica
particles. The blends after mixing were subjected to thermal annealing in the melt state and the
morphology formed after annealing for different time was also studied. Our experimental results
provided a new understanding on the morphology evolution of inorganic nano-particles filled
polymer blends.

Experimental
Materials and sample preparation.

The materials used were two commercial polymers: isotactic polypropylene (PP, T30s, with a
weight-average molecular weight of 387, 000 and a polydipersity of 3.6, Kunlun petrochemical
co., Ltd., China) and polystyrene (PS, PG-383M, with a weight-average molecular weight of 287,
000 and a polydipersity of 2.34, Zhenjiang chimei chemical co., Ltd., China). The nano-silica
particles, hydrophilic Aerosil A200 with an average diameter of 12 nm and a hydroxyl density of
2.5 -OH/nm’, were purchased from Evonik Degussa Corporation, Germany.

Prior to processing, PP and PS were dried in a vacuum oven at 80 °C for 12 h. The melt mixing
was conducted in a torque rheometer (XSS-300, Shanghai Kechuang Rubber Plastics Machinery
Set Ltd., China) at 190 °C. First, PS was mixed with nano-silica particles at 30 rpm for 2 min, and
then mixed with PP at 50 rpm for another 5 min. During compounding, a small amount of
antioxidant 1010 (0.5 wt% relative to the mass of the whole blend) was added to prevent
thermo-oxidative degradation of the polymers. For all the samples, the weight ratio of PP and PS
was set as 70/30. The blend samples were marked as 70/30/x%, in which X presents the
concentration of nano-silica particles relative to PS phase ranging from 1 to 8wt%. PS composites
filled with the same concentration of nano-silica particles (1 to 8wt%) were also prepared under

the same processing condition.
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Samples for rheological and scanning electron microscopy (SEM) observation were obtained by
compression molding. Disk samples of 25 mm diameter and 1.5 mm thickness were molded at a
temperature of 190-C under isostatic pressure of 10 MPa for 5 min.

Morphology observation.

The shape relaxation of PS droplets after high degree of deformation was observed on an
Olympus BX51 optical microscope (Olympus Co., Tokyo, Japan) equipped with a PixeLINK CCD
camera and a hot stage (LINKAM THMS 600). The samples for this real-time observation were
obtained on a pressing apparatus schematically described in Fig.1. This apparatus consists of two
smooth polished metallic plates between which a polyimide film—sample—polyimide film
sandwich is inserted. The difference from the compression molding of the disk samples for
rheological measurements is that no mold is used during pressing. Because of this, the materials
obtained by melt mixing can be pressed into films which are thin enough to observe the droplets
by optical microscope. Furthermore, a big strain can be applied to the sample, leading to that the
initial spherical droplets in the blends were highly deformed to fibrillar structure (as schematically
shown in Fig. 1). The obtained blend film was sandwiched between two cover glasses fixed on the
hot stage and quickly heated to 190°C. Then the morphology evolution of the blend can be
observed from the eyepiece of the optical microscope and recorded by the digital camera. In this
way, droplets with regular shape were chosen to measure the time dependent sizes (length L and

breadth B) using Image-Pro Plus image analysis software.

,/ 10MPa ¢ ./
190°C,3min ; ;
! - 4

J

Figure 1 A schematic diagram showing the preparation of film for real-time morphology observation.

Morphology of the blends and the distribution and dispersion of the nano-silica particles were
also analyzed using a scanning electron microscopy (SEM, JEOL JSM-5900LV, Japan) at an
accelerating voltage of 20 kV. Before SEM observation, the samples were cryo-fractured in liquid

nitrogen and then sputtered with gold to avoid charge accumulation.
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Rheological measurements.

Rheological measurements were performed on a stress controlled dynamic rheometer
(AR2000ex, TA Instruments, USA) at190°C. A parallel-plate geometry with the plate diameter of
25 mm was used and the gap was set as 1.4 mm. Strain sweep was performed in the strain range of
0.1-100 % at 1Hz to determine the linear viscoelastic region of the samples, and the results
showed that the linear viscoelastic region of all the samples was up to 20%. Dynamic frequency
sweep was performed from 0.00628 to 628 rad/s within the linear viscoelastic regime. Stress
relaxation tests were performed at a given strain of 20% to measure the shear stress o(t) as a
function of time and the linear stress relaxation modulus G(t), which was obtained using
G(T) = o(t)/vo.

Results and discussion
3.1 Distribution of nano-silica particles
At equilibrium state, the distribution of nano-silica particles in polymer blends is governed by

thermodynamics. Normally, the final location of nano-silica particles can be predicted by a

wetting parameter (w1 ) proposed by Sumita et al:*
w4 = Yriller—-B—Yfiller-A (l)
Ya-B

where Yfier—a and Yyier—p is the interfacial tension between filler and polymer A and B,
respectively; while y,_p is the interfacial tension between polymer A and polymer B. If w, > 1,
the filler distributes within polymer A; if w, < —1, the filler will locate in the polymer B; if
—1 < wy < 1, the filler distributes at the interface. Table 1 shows the surface tensions of PP, PS
and A200 nano-silica particles at room temperature (23°C) obtained by contact angle measurement
of each component with water and diiodomethane. Because the blends were melt mixed at 190-C ,
it is better to know the surface tension at that temperature. Normally, the surface tension decreases
linearly with increasing temperature in the general temperature range (that is, dy/dT is a
constant), and dy/dT of macromolecules is smaller than that of small molecules. It is found from
literatures that the dy/dT is about 0.05mN/m for PP and PS.>?* For hydrophilic A200 nano-silica
particles, the dy/dT was found to be 0.1 mN/m by Elisa et al. ** Assuming that temperature
dependence of the polar and dispersive contribution follows the same law as for the surface

tension, the surface tensions of PP, PS and A200 nano-silica particles at 190°C can be obtained,
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which are also shown in Table 1.
The interfacial tension of polymer blend or polymer/particle system can be calculated by Wu’s

.37
equation:

V1—2=V1+V1_21’V1d]/2d_2,’]/1py2p 2

The calculated interfacial tension values of all possible pairs are summarized in Table 2. Taking PP
as polymer A, the calculated value of w, is -4.9 at 190°C, indicating that the A200 nano-silica
particles will distribute in PS phase in PP/PS blend thermodynamically.

Table 1 Surface tension values of PP, PS, nano-silica particles and the nano-silica particle filled PS

composite at 23 and 190-C.

Sample Surface tension at 23°C (mN/m) Surface tension at 190°C (mN/m)

d p d p

Y Y Y Y Y Y

A200 773 36.5 40.8 60.6 28.6 32

PP 40.3 37.8 2.5 32 29.5 2

PS 51.6 44.6 7 433 374 59
PS/1wt%A200 51.6 42.7 8.9 432 35.8 748
PS/2wt%A200 51.8 41.9 9.9 434 351 8.3
PS/4wt%A200 522 413 10.9 43.9 34.7 92
PS/6wt%A200 52.6 41.7 10.9 443 351 92
PS/8wt%A200 522 41.1 11.1 43.8 345 93

Table 2 Interfacial tension values between each possible pair calculated by Equation2 at 23 and 190-C.

Possible pairs Interfacial tension  (mN/m)

234C 190-C

PP/A200 23.1 18
PS/A200 14.4 11
PP/PS 1.4 14
PP/(PS/1Wt%A200) 2.1 2.5
PP/(PS/2wt%A200) 2. 2.9
PP/(PS/Awt%A200) 3 33
PP/(PS/6Wt%A200) 3 33
PP/(PS/8wt%A200) 3.1 3.4
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To prevent the migration of the nano-silica particles during processing, we adopted a two-step
compounding method, that is, mixing nano-silica particles with PS first and then PP was
introduced. Figure 2a shows the morphology of 8wt% A200 nano-silica particle (relative to the
weight of PS phase) filled PP/PS 70/30 blend. It is found that the blend shows a typical dispersed
droplets/ matrix morphology with the minor PS phase being spherical or elliptical droplets
dispersed in PP matrix. Fig.2b presents the magnified micrograph of the circled area in Fig.2a,
where both the matrix PP phase and the dispersed PS phase are included. In matrix PP phase, the
surface is smooth and almost no particles are found. In the dispersed PS phase, the surface is
rough and covered by a lot of small bumps, which are silica particles (as the arrow pointed). The

SEM micrographs demonstrate that the nano-silica particles are almost totally distributed in the

dispersed PS droplets.

Figure 2 Morphology of 8wt% A200 nano-silica particle (relative to the weight of PS phase) filled PP/PS
70/30 blend. Image b is the magnified image of image a.

3.2 Shape relaxation of PS droplets in the blend

Fig.3 shows the morphology evolution of PP/PS blend at 190°C after the application of a big
strain using the pressing apparatus. The blend initially presents a fibrillar structure, indicating that
PS droplets deform significantly after the application of strain. During annealing at 190-C, the
shapes of the droplets show an relaxation process from highly deformed fibers to spheres. The
relaxation patterns and the relaxation time of deformed droplets greatly depend on the deformation
degree of the droplets. For slightly deformed droplets with an initial flat ellipsoid shape, the
droplets change their shape from an ellipsoid to a rod-like shape and to a dumbbell, an ellipsoid of

revolution, and finally back to a sphere. For highly deformed droplets with a fiber shape, breakup
8
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happens at the early stage of melt annealing, leading to multiple daughter droplets with less
deformation. The droplets formed due to the breakup of highly deformed droplets will continue to
retract into spheres. The relaxation time of the droplets increases with the deformation degree and
most droplets can retract into spheres within 30 minutes. However, it is found that some highly
deformed droplets are connected with each other. In this case, the formed droplets present
irregular shapes rather than ellipsoid when breakup occurs and the relaxation of these irregular

droplets will become slower.

Figure 3 Morphology development of pure PP/PS 70/30 blend observed via an optical microscope in real

time during annealing at 190-C
Fig.4 shows the morphology evolution of PP/PS blends at 190-C with 4wt% nano-silica
particles (relative to the mass of PS phase) in PS droplets. The shape relaxation process is similar
to that of pure blend. However, the relaxation time required for a deformed droplet is significantly
increased. Many deformed droplets can still be seen even after 2 hours of melt annealing at 190-C.
The results clearly indicate that the incorporation of nano-silica particles retard the shape
relaxation of PS droplets. The retardance effect of nano-silica particles is greatly dependent on

their concentration. With 2wt% particles (relative to the mass of PS phase), the shape relaxation of
9
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PS droplets is slightly slowed while when 8wt% particles (relative to the mass of PS phase) are
filled, the relaxation process is significantly retarded. (The morphology evolution of PP/PS blends

at 190°C with 2 and 8wt% nano-silica particles (relative to the mass of PS phase) in PS droplets is

given in supported information.)

Figure 4 Morphology development of 4wt% A200 nano-silica particle (relative to the weight of PS phase)
filled PP/PS 70/30 blend during annealing at 190-C

To more directly present the effect of the nano-silica particles on the shape relaxation process of
the droplets, we tracked some PS droplets in each blend and recorded the dimension change
during annealing. Fig.5 shows the time dependence of the length and the breadth of PS droplets,
which are all normalized by the diameters of the final spheres dy. For the blend with 8wt%
nano-silica particles (relative to the weight of PS phase), the PS droplets cannot retract into a
sphere during annealing and the d, is calculated based on the final spheres having the same
volume with the initial ellipsoid droplet. According to Fig.5, the curves of the blends are similar
except for the blend with 8wt% nano-silica particles (relative to the weight of PS phase). Initially,
the L/dy decreases quickly due to breakup of the droplets, but the value of B/dy does not change for

several hundreds of seconds. Then both L/dy and B/d, almost change linearly with annealing time
10
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in the double logarithm curve. In the end, L/dy and B/d, approach to unity indicating that the
droplets have nearly retracted into spheres. It is also found that the relaxation time of PS droplets
with almost identical length and width increases with the incorporation of nano-silica particles.
This inhibition effect of particles toward shape relaxation of droplets is much more significant at

high concentration of particles.

10
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Fig.5 Time dependence of the normalized droplet length and width, L/d, and B/ d, for PS droplets
3.3 Relaxation time of PS droplets

For highly deformed droplets, the shape relaxation is commonly studied by means of the

18,22 38,39

evolution of the Hencky strain I' and Taylor’s extent of deformation D, which are defined

as:
[ =In(L/d,) 3)
D=(L-B)/(L+B) 4)

in which the value of D changes from 1 (if the initial droplet is infinitely extended) to 0 (sphere)
during relaxation. If the shape recovery is a relaxation process with a single relaxation time, t, I
and D can be expressed as:

I =Tyexp(—t/T) 6)
D = Dyexp(—t/T1) (6)
and plots of logI™ and logD vs t would give straight lines, from which the characteristic relaxation
time can be obtained. Fig.6a shows the plot of log[In(L/d,)] vs t and Fig.6b shows the plot of
log[ (L — B)/(L + B)] vs t for PS droplets in each blend, respectively. It is found that both plots
show similar trends and the relaxation curves can generally be divided into two stages: an initial

relatively slow decay followed by a faster decay. It is reported that during the first stage, the

11
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droplet just changes its shape towards an ellipsoid without largely reducing the droplet strain.
During the second stage of the relaxation, where the droplet shape is an ellipsoid of revolution,
reduction of the interfacial area is accomplished by reducing the droplet strain. Reduction of the
droplet strain during the second stage can be expressed by a characteristic time constant which
does not depend on the magnitude of the applied strain. This characteristic time constant is nearly
equal to the relaxation time of the dispersed phase in the blend for linear viscoelasticity predicted
by the emulsion model of Palierne." By linearly fitting the curves with time in the second stage,
the characteristic relaxation times, which are independent of the initial deformation and the time

after the application strain, of PS droplets in each blend are obtained and summarized in Table 3.

0.5
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Fig.6 Time dependence of (a) log[In(L/d,)] and (b) log[ (L — B)/(L + B)] for various samples

As shown in Table 3, the characteristic relaxation time, obtained from the plots of both I" and D,
increases with the incorporation of nano-silica particles, indicating a retardance effect of particles
towards the relaxation of the droplets. However, the relaxation time increases but not linearly with
the particle concentration. For the blend with a low concentration of particles, the relaxation time
only increases moderately while for 8wt% particles filled blend, a huge relaxation time is obtained.

This corresponds well with the results of real-time observation where the PS droplets only slightly
retracted even after annealing for 4h.

Table 3 Droplet relaxation times according to Equation 5 and 6 in each blend.

70/30 70/30/2%A200  70/30/4%A200  70/30/8%A200
T () 702 1723 2065 82924
7 (5) 339 586 1059 104400

3.4 Relationship between droplet relaxation and molecular chains relaxation
Rheology has been proved to be a powerful tool to probe the structure and structural evolution

in materials. Fig.7 shows the storage modulus (G”) and complex viscosity (n*) as a function of

12
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frequency for PP, PS and nano-silica particle filled PS composites at 190-C. At low frequencies,
homopolymer chains can be fully relaxed and usually exhibit a characteristic terminal behavior

. 40-42
with G' o w?.

Here, pure PP and PS melt exhibit approximately a terminal-like behavior at
low frequencies. With increasing concentration of nano-silica particles, the storage modulus of PS
composites increases remarkably at low frequencies, exhibiting a reinforcing effect. At the same
time, the frequency dependence of G’ at low frequencies becomes weaker evidenced by the
reduced slopes of the modulus curves. For 8wt% nano-silica filled PS composite, a frequency
independent G’ plateau is observed at low frequencies, indicates a transition from liquid-like to

. . . . . 43-46
solid-like viscoelastic behavior.

For the complex viscosity, as shown in Fig.7b, pure PP and
PS show a Newtonian region at low frequencies and a shear-thinning region at higher frequencies.
With increasing particle concentration, the Newtonian region gradually disappears and at a
nano-silica concentration of 8wt%, the melt shows shear-thinning behavior in the whole frequency

46-49

range, which indicates the existence of a yield stress. The development of a finite yield stress,

accompanied by the development of a G’ plateau, is often associated with the formation a

percolated particle network structure.”
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Fig.7. (a) Storage modulus, (b) complex viscosity as a function of frequency for PP, PS and nano-silica

particle filled PS composites.

Shear thinning and G’ plateau are the result of an increase in relaxation time with respect to
pure polymer. This can be revealed more evidently in the weighted relaxation time spectra (the
H(A)*A~\ curve, in which H(A) is the continuous relaxation converted by dynamic properties and A
is the relaxation time") provided in Fig. 8. PP and PS show a relaxation peak at 1.96 s and 4.04 s,
respectively. With increasing nano-silica particle concentration, the relaxation peak of PS phase

shifts towards the direction with longer time. At the nano-silica concentration of 8wt%, the

13



relaxation peak cannot be detected in the measured time scale, indicating a much longer relaxation

time. This definitely indicates that the relaxation of PS chains is retarded, especially when a
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particle network structure is formed.
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Fig. 8. Weighted relaxation time spectra for PP, PS and nano-silica particle filled PS composites.
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Fig.9 Stress relaxation modulus G(t,y) as a function of time for PP, PS and nano-silica particles filled PS

Stress relaxation behavior is also measured to reveal the effect of nano-silica particles on the
relaxation of the PS composites. As is known, an internal stress develops upon the application of a
large strain and the molecular chains will be oriented in some degree. To decrease or eliminate the
internal stress, molecular chains will move or rearrange to reach an equilibrium state and this
process is highly dependent on the entanglement state of molecular chains and temperature. With
increasing flexibility of the chains or elevating temperature, the relaxation time becomes shorter.
As shown in Fig.9, pure components of PP and PS present a rapid one-step relaxation and the
relaxation time of PS is much longer than that of PP, showing a relatively poor mobility of PS
chains due to the existence of benzene groups. With increasing particle concentration in PS phase,

the slope of the relaxation curve decreases, leading to that the time required of G(y, t) to decline to
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composites at a temperature of 190-C
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a fixed value increases, i.e. the relaxation becomes slower. This phenomenon is more significant
for 8wt% particle filled PS composite, where the G(y, t) shows a linear decline in the whole time
range with a much smaller slope. When nano-silica particles are filled, even though the internal
stress still exists, the internal friction is increased and the mobility of molecular chains becomes
suppressed. As a result, the stress relaxation becomes slow. With the formation of a particle
network, a huge friction resistance produces and the mobility of the molecular chains is

significantly suppressed, leading to that the stress relaxation is significantly slowed.

@ormation Aelaxation

R see @

PS molecular chains  Nano-silica particle

Particle network

Fig.10 Schematic diagram of retarded shape relaxation of dispersed droplets filled with nano-silica particles.

Fig.10 schematically shows the retardance effect of nano-silica particles on the shape relaxation
of PS droplets in the blend. Upon the application of a strain to the blend, PS droplets deform and
form fibrillar droplets. PS molecular chains also move along the direction of the applied strain and
the entangled state of molecular chains is changed, more precisely, the molecular chains are
oriented compulsively. After the application of the strain, the droplets will relax from the stretched
shape to spherical shape to decrease the interfacial energy, and at the same time, the molecular
chains move back to original position and the oriented chains relax to original entangled state.
Both processes are highly dependent on the mobility of molecular chains. When nano-silica
particles are filled, molecular chains are absorbed on the particle surface, which increases the
frictions when the chains move. So the movement of the molecular chains and the relaxation of
the oriented chains become difficult and the shape relaxation of the deformed droplets becomes
slow. With the formation of a particle network, the molecular chains are highly trammeled. Upon
the application of a strain, the particle network is also deformed accompanying the deformation of

the droplets. What differs from the deformation of droplets is that the deformation of particle
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network only means that the location of particles is changed, however, the particles are still in an
equilibrium state and no internal stress exists in the network. As a result, the deformed particle
network cannot recover itself. To relax, the molecular chains must drive the particle network to
deform, which will consume a large amount of energy. As a result, the relaxation of molecular
chains is significantly slowed and the shape relaxation of the droplets is significantly retarded.
3.5 Morphology compatibilizing effect of nanoparticles

In recent years, the concept of compatibilization by using inorganic nanoparticles has been put
forward and widely utilized. The compatibilizing effect of inorganic nanoparticles is often

evidenced by the morphology refinement of polymer blends such as the reduction of the size of

36, 50-63 56-60

the dispersed droplets, the improvement of interfacial interaction and the stabilization

61-64

of blend morphology. The morphology compatibilizing mechanism of inorganic nanoparticles

is often attributed to the reduction of the interfacial tension due to the selective location of the

particles at the interface.’® *>*° Furthermore, mechanisms including viscosity increase of the
phases® ® and the inhibition of coalescence with the presence of a solid barrier around the
droplets °"* are also proposed.

Fig.11 Morphology evolution of pure PP/PS 70/30 blend annealed at 190-C for different time.

We also observe the morphology compatibilizing effect of the nano-silica particles in PP/PS
blends. Fig. 11 and Fig.12 show the morphology evolution of pure PP/PS blend and the blend with

8wt% nano-silica particles (relative to the weight of PS phase) filled in PS phase after annealing
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for different time, respectively. It is found that both blends, just after processing, present a fibrillar
structure with the PS droplets being highly stretched. By annealing in the melt state, the stretched
PS droplets quickly retract into spherical droplets in a time scale less than 10min for pure blend.
After that, serious coarsening by coalescence of the spherical droplets happens, leading to a huge
increase in the droplet size. For the blend with 8wt% particles filled in PS droplets, however, the
retraction of the stretched PS droplets to spherical droplets is very slow, the reason of which has
been expounded previously. Due to the poor mobility of the stretched droplets, the coalescence of
the droplets is greatly suppressed. As a result of the slow retraction and slight coalescence of PS
droplets, the size increase of the droplets is very limited. According to Tab.2, the interfacial
tensions between PP and PS do not decrease after the incorporation of nano-silica particles in PS
phase, on the contrary, they are slightly increased. So the reduction of the droplet size is achieved
by slowing the shape relaxation and coalescence process of the deformed droplets. These results
also agree with the reports of Okubo 67 and Vignati and Piazza 68 who demonstrated that the
interfacial tension between the two liquids of the emulsion was unaffected by particles. In essence,

the morphology compatibilizing effect of inorganic nanoparticles is a result of the retarded

movement of molecular chains rather than the reduction of interfacial tension.

Fig.11 Morphology evolution of 8wt% A200 nano-silica particle (relative to the weight of PS phase) filled

PP/PS 70/30 blend annealed at 190-C for different time.
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4 Conclusions

The effect of nano-silica particles on the shape relaxation of deformed droplets in PP/PS
blend is studied in detail. With the selective distribution of the particles in PS droplets, the shape
relaxation of PS droplets from fibrillar structure towards spheres is retarded. The relaxation
process is more significantly retarded when the particles form a network structure in PS phase. It
is showed that the shape relaxation of the deformed droplets is essentially related to the movement
of the molecular chains and the relaxation of the oriented chains. When nano-silica particles are
introduced, the mobility of molecular chains is decreased due to the increased friction, which leads
to that the relaxation of molecular chains becomes slow. With a particle network formed, the
movement of the molecular chains and the relaxation of the oriented chains become even slower
since the molecular chains must drive the particle network to deform, which will consume large
amounts of energy. As a result, the shape relaxation of the droplets is significantly retarded. Based
on this research, it is considered that the morphology compatibilizing mechanism of nanoparticles
in polymer blends is achieved by retarding the movement of molecular chains rather than reducing

the interfacial tension.
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Nanoparticle network in dispersed droplets of polymer blends retards the shape relaxation of
droplets by inhibiting molecular movement.



