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ABSTRACT: The formation dynamics of fibrillar morphol-
ogy in dilute immiscible polypropylene (PP)/polystyrene
blends under simple shear flow is investigated using
optical-shear technique. Two strategies in generating fibril-
lar droplets under shear flow, namely temperature quench
and shear jump, are studied. It is found that the shear-
induced deformation of PP droplets is closely related to
the total shear strain and changes of rheological
properties of components during the temperature quench
or shear-jump process. The shape evolution of fibrillar
droplets under shear flow displays large deviation to the

prediction of affine deformation theory based on Newto-
nian fluids and that of three deformation models,
which consider the viscoelastic properties of components.
The possible effect of droplet coalescence, breakup, and
interfacial slip on the deviation between the experimental
data and the prediction values for droplet deformation are
discussed. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
4838–4846, 2012
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INTRODUCTION

When an elongational flow or a shear flow is
applied to a polymer blend in the melt state, the dis-
persed droplets within the blend will undergo large
deformation and obtain a highly stretched shape
(microfibrils), which could be frozen during subse-
quent cooling process. Microfibrillar polymer blends
consisting of these microfibrils with small diameter
and high aspect ratio usually possess excellent
mechanical properties and have been studied exten-
sively for the past three decades.1 The formation and
stability of a fibrillated structure during material
processing results from interplay of viscous and inter-
facial forces and associated flow kinematics in various
melt-processing techniques. Processing parameters
(e.g., temperature, shear rate and flow condition, etc.)
and material characteristics (e.g., viscosity ratio, inter-
facial tension and elasticity ratio, etc.) have their own
influence on the fibrillation. Since the viscosity and
elasticity ratio of polymer blends strongly depends on
the melt temperature and shear rate, the fibrillar mor-
phology can be controlled and designed by rheological
properties of dispersed phase and matrix phase in
the actual-processing condition. Therefore, it is of great
importance to reveal the relationship between the

fibrillar morphology and corresponding processing or
material parameters.
The deformation of a spherical droplet under flow

is closely related to two dimensionless parameters,2,3

namely the viscosity ratio (p ¼ gd/gm, where gd

and gm are the viscosity of dispersed phase and
matrix phase, respectively) and capillary number
(Ca ¼ Rgmc/r, where R is the initial radius of drop-
let, c the shear rate, r the interfacial tension).
Huneault et al.4 defined a reduced-capillary number
Ca* (Ca* ¼ Ca/Cacrit) to describe the deformation
and breakup of a droplet, where Cacrit is the critical
capillary number and could be calculated as5:

LogðCacritÞ ¼ �0:506� 0:0994 logðpÞ þ 0:124ðlogðpÞÞ2
� 0:115=ðlogðpÞ � 0:6107Þ:

(1)

The deformation criteria of a droplet under shear
or elongation flow has been proposed4: (1) Ca* <
0.1: droplets do not deform; (2) 0.1 < Ca* < 1:
droplets can deform without breakup; (3) 1 < Ca* <
4: droplets deform followed by breakup (usually via
the end-pinching mechanism); (4) Ca* > 4: droplets
deform into stable filaments, which could survive
for certain times during shearing prior to their
disintegration via Rayleigh instability. In general,
droplets with the viscosity less or similar to that of
matrix phase will facilitate the formation of fibrillar
structures in blends when subjected to a high shear
rate.6–8 In the following discussion, the authors focus
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on the influence of shear flow on droplet deforma-
tion, since it exists in most processing processes and
can be considered systematically in well-defined
flow geometries.9

Two strategies which involve the manipulation of
viscoelastic properties and capillary number are
usually adopted in generating fibrillar structures
during processing. The first strategy is the adoption
of a relative high shear rate during processing.
Hashimoto et al.10 showed that domains formed
during spinodal decomposition of a polymer solu-
tion were elongated extremely into long strings
under strong shear flow. The string diameter
decreased with increasing in the shear rate and ulti-
mately became the same order of the interface
width, resulting in shear-induced homogenization.
As far as immiscible-polymer blends are concerned,
promoted fibrillation of dispersed phase and genera-
tion of finer fibrillar structures with large aspect
ratio under higher shear rate have also been found
in polypropylene (PP)/liquid crystal polymer
(LCP),11 polycarbonate (PC)/LCP12, and poly(ethyl-
ene naphthalate)/LCP blends.13 This shear-induced
fibrillation effect is found to be more prominent in
the blend when the viscosity ratio (gdroplet/gmatrix) is
lower than 1.

The second strategy involves the changing (usually
decreasing) of the temperature of polymer blends dur-
ing shear flow.14 Due to the different sensitivities of
components to temperature, a variation in processing
temperature will produce different viscosity ratios in
the blends and thus provides an opportunity to
manipulate the fibrillation behavior of blends.12 The
dynamic solidification of dispersed phase due to glass
transition9 or crystallization15 has been demonstrated
to be in favor of the improved stability of fibrillar
structures against breakup during shearing. This strat-
egy is of significance to the formation and stability of
a fibrillated structure, since most of the commercial
polymer blends would experience gradual cooling
during the mold-filling and subsequent solidification
process.

However, to our best knowledge, most previous
investigations have concentrated on the effect of proc-
essing parameters on the final morphology of polymer
blends. Little contribution has been devoted to the
real-time formation process of the fibrillar structure
during shear flow. Available reports on the deforma-
tion dynamic of droplets are mainly limited to blends
suffering small-shear strain.9,15 Up to now, no realistic
prediction of the large deformation subjected to large-
shear strain, such as fibrillar structures, seems to be
proposed. Qualitative understanding about the proper-
ties–processing–structure correlation in such microfi-
brillar polymer blends is still lacking.

In this study, the deformation dynamics of dis-
persed phase after temperature quench and shear

jump were examined, respectively, and compared
under large-shear strain. A deeper understanding of
the morphology evolution during temperature
quench and shear jump would correlate with visco-
elastic property of multicomponent blends more
closely. A dilute blend consisting of commercial PP
and polystyrene (PS) was chosen as a model system.
The experimental results were compared with the
prediction of affine deformation and that of defor-
mation models proposed by Delaby et al.16,17 Several
possible reasons resulting in the deviation between
the experimental data and the prediction value were
discussed.

EXPERIMENTAL

Materials and blend preparation

PS (GP5250) with Tg of 100�C and a melt-flow index
(MFI) of 7 g/10 min (ASTM D1238) was supplied
by Taihua Plastic Ningbo, China. PP (T30s) with
Tm ¼ 164.5�C and MFI of 3 g/10 min (ASTM D1238)
was purchased from Lanzhou Petrochemical,
China. To facilitate the morphological observation in
the optical-shear setup, a dilute blend ratio of
PP/PS ¼ 1/99 in weight was chosen. First, small
amount of antioxidant 1010 (0.3 wt %) was precom-
pounded with PP to prevent thermo-oxidative deg-
radation. Then the obtained material (PP/antioxi-
dant 1010) was blended with PS at a ratio of 1 wt %
PP:99 wt % PS using internal mixing at 200�C for
5 min. Samples for rheological tests and morphology
analysis were disks with 25 mm in diameter and
1 mm in thickness, which were prepared by com-
pression molding at 200�C and 10 MPa.

Rheological measurements

Viscoelastic properties of components were meas-
ured using an Advance Rheology Expand System
(ARES, TA instruments) equipped with a 25-mm
cone-plate geometry. The shear viscosity and storage
modulus of both pure components and their blends
were measured, respectively, by steady and dynamic
sweep experiments. Dynamic frequency sweep
experiments within the range of 0.01–100 rad/s were
carried out at 180, 190, 200, and 210�C, respectively.
Steady rate sweep experiments were also carried
out at these temperatures within the range of
0.01–10 s�1. The rheological results indicate that the
Cox–Merz rule holds at least within 10 s�1 as far as
the viscosity is concerned.

Morphology observation

Shear experiments were carried out at various shear
rates (0.1–0.4 s�1) and temperatures (180, 190, 200,
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and 210�C) using an optical-shear setup equipped
with an Olympus microscope (BX 51, Japan) and a
Linkam CSS-450 shear stage. This device allows us
to investigate the deformation of PP droplets under
well-controlled temperature and shear conditions.

Temperature quench test

The sample was placed between two quartz win-
dows of shear cell and then the temperature was
elevated to 210�C. The gap between two windows
was modified to 300 lm. A high-rate preshearing at
5 s�1 for 400 s and a subsequent low-rate shearing at
0.1 s�1 for 20,000 s was applied to the blends to
obtain a uniform and steady dispersion of PP phase
droplets in PS. After that, a dynamic cooling process
suddenly started with a cooling rate of 10�C/min
while keeping shearing at c ¼ 0.1 s�1. The cooling
process was stopped when an isothermal temperature
(such as 180�C) was reached. The above experiments
were repeated with different quench temperature
ranges (210–200�, 210–190, 210–180, 200–190, and
190–180�C) at c ¼ 0.1 s�1.

Shear jump test

After a 20,000-s preshearing, shear experiments were
carried out at various shear rates from 0.1 to 0.2, 0.3,
and 0.4 s�1 in three different experimental tempera-
tures (210, 200, and 190�C), respectively.

The real-time morphologies of PP droplets during
deformation were recorded every several seconds by a
CCD-camera and were analyzed using a home-devel-
oped image software. The number-average droplet
length-diameter and deformation were computed in
each case based on populations of about 25 droplets.

The interfacial tensions between PP and PS at
different temperatures were determined by the
deformed droplet method18 with the optical-shear
setup. The interfacial tension of PP/PS blend deter-
mined varied from 2.6 to 3 mN/m, and changed
only slightly within the temperate range investi-
gated. The result was consistent with the results of
Kamal et al.,19 which were obtained in high molecu-
lar weight PP/PS blends.

RESULTS AND DISCUSSION

Rheological properties

The viscoelastic properties of PP and PS were pre-
sented in Figure 1. The shear viscosity of PP and PS
decreased when shear rate was increased. While the
storage modulus increased with increase in shear
rate. The viscosity ratio (gd/gm) and elasticity
ratio k ¼ G

0
d/G

0
m (defined as the ratio of the storage

modulus of components at corresponding shear

rate20) were displayed in Figures 2 and 3, respec-
tively. The experimental results showed that the
viscosity ratio at 0.1 s�1 was smaller than 1.0
below 193�C and larger than 1.0 above 193�C. The
viscosity ratio reduced with the decreasing of tem-
perature and the increasing of shear rate, as shown
in Figure 2. And the sensitivity of viscosity ratio to

Figure 1 Viscoelastic behavior of (a) PP and (b) PS at dif-
ferent temperatures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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shear rate reduced with decrease in temperature.
When the temperature was below 190�C, within the
shear rate range considered, the viscosity ratio was
always less than 1.0. Figure 3 showed the k reduced
with temperature decreased and shear rate
increased. The sensitivity of elasticity ratio to shear
rate reduced with temperature decreased.

Development of fibrillar structure via temperature
quench

The morphological evolution of PP/PS (1/99) blends
after a temperature quench from 210 to 200 �C at
0.1 s�1 was shown in Figure 4(a). After shearing at
0.1 s�1 and 210�C for 20,000 s, moderated deformed
PP droplets orientated in flow direction were pre-
sented in the blends. The aspect ratio of these drop-
lets ranged from 2 to 5. The average diameter of
these droplets was about 15 lm. When cooling from
210 to 200�C, the deformed PP droplets were further
stretched in the flow direction accompanied by a
decrease in their diameters. Long PP droplets with
aspect ratio about 22 and diameter about 8 lm were
found after 180 s and could survive for a long time.
It was reported that a fiber droplet with aspect ratio
exceeding L/D > 10 will undergo Rayleigh instability
and disintegrate into several daughter droplets with
small diameter.21 The existence of fiber droplets
with L/D > 10 in Figure 4 can be ascribed to the
suppression effect of shear flow on the surface fluc-
tuation of these droplets.22–25 The confinement effect
from neighbor PP fibrillar droplet may also contrib-
ute to the improved shape stability.26 However, the
disintegration of PP fibrillar droplet with diameter
about 6.7 lm was still observed at t ¼ 480 s.
The same morphological evolution appeared in the
temperature interval of 210–190 and 210–180�C, as

shown in Figure 4(b,c), respectively. However, the
average aspect ratio of PP fibers was the largest when
cooling from 210 to 180�C. The breakup time of molten
PP fibers was also the longest within the temperature
quenching process from 210 to 180�C.
As shown in Figure 5, the growth rates of the

average droplet aspect ratio (L/D) under different tem-
perature ranges were basically consistent in the early
time, but gave rise to large differences after 120 s. The
growth rate of L/D was the fastest for the largest tem-
perature quench depth (cooling from 210 to 180�C)
while it was the slowest for the smallest temperature
quench depth (i.e., from 210 to 200�C).
The effect of viscosity ratio and elasticity ratio on

the fibrillar phase morphology of immiscible-poly-
mer blends has been studied extensively in the avail-
able published reports. In general, for good fibrilla-
tion to be achieved, the viscosity of the dispersed
phase had to be equal to or less than that of the ma-
trix phase (i.e., gd/gm � 1).6–8 Mighri et al.27,28 dem-
onstrated that matrix elasticity helped to deform the
droplets, whereas the droplet elasticity resisted the
droplet deformation. In Figure 5, when PP/PS
blends were cooled from 210�C to different final
temperatures, the difference in the rheological prop-
erties of components within 120 s was not signifi-
cant. Therefore, the initial trend of three curves was
basically the same. The noticeable differences
between three curves after 120 s could be ascribed to
the decreased viscosity ratio and elasticity ratio of
blends at three different final temperatures, as dem-
onstrated in Figures 2 and 3. These PP fibers were
stable against disintegration via Rayleigh instability
for certain times due to the damped interfacial dis-
turbances by the shear flow.22,24 Breakup of PP
fibers did not occur until they were highly stretched.

Figure 2 Shear rate dependence of viscosity ratio of PP/
PS blends at different temperatures. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 Shear rate dependence of elasticity ratio of
PP/PS blends at different temperatures. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6 displayed the growth of the average
droplet aspect ratio (L/D) in PP/PS blends at same
quench depth but within different cooling tempera-
ture ranges at a shear rate of 0.1 s�1. As shown in
Figure 6, the temperature ranges were different, but
the growth trends of these curves were similar. The
deformation of droplet with smaller radius R was
more difficult due to a smaller capillary number.
The steady droplet radius at 210, 200, and 190�C
were 14–17, 8–11, and 5–8 lm, respectively. The vis-
cosity of PP/PS blend was the minimum when cool-
ing from 190 to 180�C. However, the deformation
rate of these droplets was significantly restricted due
to their small initial droplet size. The initial size
of droplets was larger at the cooling range of
210–200�C, but the viscosity ratio and elasticity ratio
were higher. As a result, the trend of the three
curves was basically the same.

Development of fibrillar structure via shear jump

The morphological developments of PP droplets
after different shear jump processes were similar to

that observed in temperature quenching process.
After a sudden increase in shear rate, PP droplets in
steady state were gradually stretched along the flow

Figure 4 The morphological development of PP/PS(1/99) blends during different cooling processes: (a) 210–200�C,
(b) 210–190�C, (c) 210–180�C. The scale bar denotes 100 lm. The arrows indicate the flow direction.

Figure 5 The aspect ratio of PP droplets versus shear
time during different cooling processes at 0.1 s�1. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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direction to form microfibrils. Then, long microfibrils
were broken into smaller droplets via Rayleigh insta-
bility. The dependence curves of droplet deforma-
tion on matrix deformation at different ranges of
shear jump were shown in Figure 7. The deforma-
tion of dispersed phase increased with shear rate.
Differences in the rate of droplet deformation under
different shear rates decreased with increasing
temperature.

The deformation of droplet under shear flow
could be predicted by the affine deformation
theory29 or three deformation models proposed by
Deyrail et al.9 According to the affine deformation
theory,29 the strain k that really applied to a droplet,
based on an affine deformation, is given by:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c2=2þ c=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ c22

pq
(2)

And the effective strain applied to the droplet is k
� 1. The droplet deformation is denoted as kd,

kd ¼ L=L0 (3)

where L is the major axis of the ellipsoidal droplet
and L0 is the initial major axis of the droplet. There-
fore, kd � 1 represents the effective deformation of
droplet. On the other hand, based on the theory
of droplet deformation under elongation strain
proposed by Delaby et al.,16,17 Deyrail et al.9 derived
three equations for droplet deformation of three
kinds of blend systems under shear flow. Each
of them takes into account relevant parameters,

which affect the deformation of droplets, namely the
viscosity ratio, the interfacial tension, the shear
rate, the shear strain or the relaxation times of the
dispersed phase, and matrix phase: (1) Model I: The

Figure 7 Droplet deformation as a function of shear time
at different temperatures: (a) 190�C, (b) 200�C, (c)
210�C.[Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 6 The average droplet aspect ratio (L/D) of
PP/PS blends at same quench depth but within different
cooling temperature ranges at a shear rate of 0.1 s�1.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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deformation of Newtonian phases without interfacial
tension,

kd � 1

k� 1
¼ 5

2pþ 3
: (4)

(2) Model II: The deformation of Newtonian phases
with interfacial tension,

kd � 1 ¼ 19pþ 16

16pþ 16

2cgmR

r
1� e�tð20rÞ=ðRgm19pÞ
h i

(5)

and (3) Model III: The viscoelastic phases without
interfacial tension,

kd � 1 ¼ 5

2pþ 3
cðtÞ þ 10pc

ð2pþ 3Þ2 ðsd � smÞ: (6)

where r is the interfacial tension. R represents the
initial radius of droplet, p viscosity ratio, t the shear
time, gm the matrix phase viscosity. sd and sm are
the relaxation time of the dispersed and the matrix.
It was found that the Model I and the Model III
fitted quite well with the deformation of PC droplets
in ethylene-methyl acrylate copolymer (EMA) matrix
under shear flow.9

Figure 8 shows the comparison between experi-
mental results and the predictions of these models at
210�C. The predictions of Model I and Model III
were more close to the experimental data than those
of the other two models, which was consistent with
the result of Deyrail et al.9 However, on the whole,
the experimental results exhibited a large negative
deviation compared with prediction of these
models at different ranges of shear jump. This large
deviation also existed in the cases of 200 and 190�C.

The significant deviations observed may stem
from several factors, including droplet dynamics
(breakup and coalescence), interfacial slip between
components and flow field. First, the models
mentioned above were also derived based on the
deformation of a single droplet under flow.
However, actual blends usually consist of many
dispersed droplets. Under this circumstance, the
droplet–droplet interactions and dynamics of drop-
lets (such as breakup and coalescence) may play an
important role in determining the development of
fibrillar structure in the blends. The droplet breakup
phenomenon is controlled by the capillary number
(Ca). A low Ca will result in stable and less
deformed droplets.3,30 When the viscous stress
dominates the interfacial stress, i.e., with Ca larger
than a critical value Cac, the droplets will become
unstable and break.31,32 The capillary number and
critical capillary number of PP droplet in PS matrix
at various temperatures and shear rates were listed

in Table I. According to Table I, it was possible that
droplet would break up in shear in most cases,
except for the case of being sheared at 0.2 s�1 and

Figure 8 Droplet deformation versus matrix deformation
for different ranges of shear jump at 210�C: (a) from 0.1 to
0.2 s�1, (b) from 0.1 to 0.3 s�1, (c) from 0.1 to 0.4 s�1.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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210�C. The average volumes of droplets just after
the shear jump (Vb) and 34 s after shear jump (Ve)
were presented in Table II. The result in Table II
indicated that the volumes of PP droplets were basi-
cally constant during the process of droplet defor-
mation considered. Tables I and II revealed that
there was a dynamic equilibrium between breakup
and coalescence of droplets. The presence of
breakup phenomenon would produce smaller drop-
lets with less deformability and thus resulted in the
negative deviation between the experimental and
predicted values.

The existence of interfacial slip in PP/PS blends33,34

may also influence the droplet deformation and thus
contribute to the deviation observed. When subjected
to shear flow, the low entanglement densities and
weak interaction at interface in immiscible-polymer
blends will cause the interface appears to ‘‘slip"35 and
result in negative viscosity deviation. Table III dis-
played the viscosity of PP/PS blends (g) and the sim-
ple additive viscosity of blends (ga) under different
temperatures and shear rates. The ga of PP/PS blends
was given by the simple additive rule,

ga ¼ xPPgPP þ xPSgPS: (7)

Where gPP and gPS are the viscosities of PP and PS,
respectively. And xPP and xPS are the weight fractions
of the two components. Table III showed that the neg-
ative viscosity deviation in the dilute PP/PS blends at
190, 200, and 210�C were about 6–8, 11–15, and 2–5%,
respectively. The viscosity deviations are evident in
these blends in regard for the low concentration of PP
droplets. Due to the interfacial slip between PP drop-
lets and PS matrix, the shear strain that actually
applies to the droplets would be smaller than the
strain predicted by the models. Therefore, the interfa-
cial slip may be an important factor, which caused the
negative deviation observed.
It had to be noted that all of the models reported

by Delaby et al. were derived originally from the
uniaxial elongational flow, which is more effective
than shear flow in deforming droplets from an
experimental and theoretical point of view.11,36

Although Deyrail et al.9 reported that the Newtonian
model without interfacial tension (Model I) and the
viscoelastic model (Model III) fitted quite well with
the deformation of PC droplets in EMA matrix
under shear flow, the applicability of these models
in other polymer blends under shear flow still
requires more experimental verifications.

TABLE I
Capillary Number, Critical Capillary Number, and Reduced Capillary Number of Droplets at Various Temperatures

and Shear Rates

Shear rate (s�1)

190�C 200�C 210�C

Ca Cac Ca* Ca Cac Ca* Ca Cac Ca*

0.1 2.25 0.47 4.83 1.75 0.55 3.20 0.94 2.55 0.37
0.2 4.25 0.46 9.15 3.43 0.53 6.41 1.87 1.94 0.96
0.3 5.96 0.46 12.86 4.88 0.53 9.15 2.78 1.43 1.95
0.4 7.62 0.46 16.46 6.37 0.52 12.28 3.66 1.21 3.02

TABLE II
The Average Volumes of Droplets at Various Temperatures and Shear Rates

Shear rate (s�1)

190�C 200�C 210�C

Vb (lm3) Ve (lm
3) Vb (lm3) Ve (lm

3) Vb (lm3) Ve (lm
3)

0.2 3396 3407 5087 5193 6061 6231
0.3 3056 3197 4939 4965 6243 6270
0.4 3286 3193 4921 4835 5935 6035

TABLE III
The Viscosity and the Simple Additive Viscosity of PP/PS Blends

Shear rate (s�1)

190�C 200�C 210�C

ga (Pa s) g (Pa s) ga (Pa s) g (Pa s) ga (Pa s) g (Pa s)

0.2 10,255 9405 6260 5319 3161 2990
0.3 9585 8947 5911 5175 3070 2922
0.4 9184 8528 5657 5029 2925 2865
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CONCLUSIONS

The formation dynamics of PP microfibrils in a
PP/PS (1/99) blend under simple shear flow were
investigated by changing the temperature and shear
rate, respectively. It has been demonstrated that a
larger-quench depth in temperature facilitated the
development of the PP microfibrils with higher
aspect ratio due to the smaller viscosity and elastic-
ity ratio of blends. At the same quench depth, the
trend in the shape evolution of PP microfibrils at
different temperatures was similar due to their
differences in the initial droplet size. Differences in
deformation rate of droplet under different shear
rates decreased with increasing temperature. The
shape development of fibrillar PP droplets under
shear flow displayed large deviation both to the pre-
diction of affine deformation theory and to that of
Delaby’s models, which may be ascribed to the
breakup of PP droplets and the presence of interfa-
cial slip between the droplets and the PS matrix. The
applicability of Delaby’s models in describing the
large deformation of droplets under flow field may
also require a more comprehensive evaluation.
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