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Effects of mixing protocol and mixing time on viscoelasticity of compatibilized PP/PS blends
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Linear and non-linear viscoelastic properties of Polypropylene (PP)/Polystyrene (PS) blends with organoclay
(C20A) as a compatibilizer were investigated using dynamic oscillatory measurement, i.e., small amplitude
oscillatory shear (SAOS) and large amplitude oscillatory shear (LAOS) tests. Four different mixing protocols
were applied to probe the effect of mixing sequence on rheological properties. Moreover, each protocol was
conducted at three mixing times, Le., 1, 3, and 8 min, to investigate the effect of mixing time on final rheo-
logical properties. Final results revealed that mixing time had no significant effect on either the viscoelastic
response of the simultaneously mixed blends or the PP+C20A/PS (PP and C20A mixed for 30 seconds and
then PS added) blend. On the other hand, rheological properties of the PS+C20A/PP (PS and C20A mixed for
30 seconds and then PP added) blend significantly increased upon 1 min of total mixing time, whereas 3 and
8 min of mixing demonstrated almost the same results as their other blended counterparts. TEM pictures
revealed migration of C20A particles from PS phase towards the interface with increasing mixing time.
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1. Introduction

During the past few decades, many researchers have
focused on the morphological evolution of compatibilized
blends since morphology has a great impact on their final
properties (Harrats, 2010). However, most polymers are
thermodynamically immiscible, as droplets of the minor
phase are dispersed in a continuous phase of the matrix.
Compatibilizers can be used as emulsifiers to improve
compatibilities in particular blends when carefully
designed, owing to their interfacial activity (Fayt et al.,
1981; Utracki and Summut, 1988; Utracki, 1991; Brahimi
et al., 1991). Recently, inorganic fillers have been used as
alternative compatibilizers due to their unique enhance-
ment of mechanical, thermal, and barrier properties (Wang
et al., 2003; Ray et al., 2004; Hong et al., 2007; Huitric
et al., 2009; Cho et al., 2011; Labaume et al., 2013; Sale-
hiyan et al., 2013; Salehiyan and Hyun, 2013). Rheo-
logical analysis has been extensively used in order to
investigate the morphological evolution and internal struc-
tures of compatibilized blends (Gleinser et al., 1994; Ast-
hana and Jayaraman, 1999; Iza et al., 2001; Van Puyvelde
et al., 2001; Raghu et al., 2003; Van Hemelrijck et al.,
2003; Macaubas et al., 2005; Elias et al., 2007; 2008). It
has also been reported that processing conditions as well
as other factors such as concentration, blend composition,
and particle orientation throughout the blend are key fac-
tors affecting morphological development (Wang et al.,
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2003; Vermant et al., 2004; Mederic et al., 2005; Lertwi-
molnun and Vergnes, 2006; Li et al., 2007; Elias et al.,
2007; 2008a; 2008b; Hong et al., 2008; Cho et al. 2011,
Zonder et al., 2011).

Wang et al. (2003) previously showed that increasing
mixing time of (70/30) PP/PS/organo-modified Montmo-
rillonite (OMMT) blends effectively induces domain size
reductions along with a more uniform distribution.
Mederic et al. (2005) studied the effect of increasing rota-
tional speed of the blades on PA12 (polyamidel12)/C30B
(clay, 2.5%) nanocomposites prepared at a fixed mixing
time of 6 min. The peak associated with d-basal spacing
of the C30B clay galleries gradually disapeared as rotor
speed increased, indicating exfoliation of the clay due to
shear-induced diffusion of PA12 chains into the clay gal-
leries. Moreover, the storage modulus G’(®) of the PA12/
C30B nanocomposite mixed at 100 rpm was three times
higher than that of the nanocomposite mixed at 32 rpm.
This increase in storage modulus G’(®) of the nanocom-
posites with increasing rotor speed can be explained by
the degree of exfoliation, which is consistent with x-ray
diffraction patterns. Li et al. (2007) revealed the com-
patibilization effect of styrene-butadiene-styrene (SBS)
copolymer on a (20/80) PP/PS blend with different mixing
times. Their results verified the ability of SBS to reduce
drop size as well as increase complex viscosity. However,
morphological observations suggested that this size reduc-
tion occurred within the first 2 min of mixing. Elias et al.
(2007) investigated the effects of two different hyrdophilic
and hyrdrophobic fumed silica on a (70/30) PP/PS blend.
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Their results showed that hydrophilic fumed silica was
located inside PS drops while hydrophobic ones remained
in PP phase or at the interface. Both resulted in a smaller
drop size regardless of suppressed coalescence or inter-
facial tension reduction mechanisms. However, silica par-
ticles pre-mixed with PP and then blended with PS
migrated towards PS phase. Therefore, the linear rheo-
logical properties and final morphologies of the blends are
not dependent on the nature or localization of the silica
particles. Similarly, Vermant et al. (2004) reported that
morphological developments of (70/30) polydimethylsi-
loxane/polyisobutylene/silica (PDMS/PIB/silica) blends are
independent of mixing protocols. Further, Elias et al.
(2008a) studied the effects of hydrophilic and hydropho-
bic silica particles on (80/20) polypropylene/ethylene-co-
vinyl acetate (PP/EVA) blends. In the case of simulta-
neously mixed blends, hydrophilic silica was located
inside of the EVA-dispersed droplets while hydrophobic
silica was accommodated at the interface. On the other
hand, pre-mixed silica with PP and then blended with
EVA was found to be located with the EVA droplets close
to the interface. This result indicated that silica particles
migrated towards EVA phase for a more favorable inter-
action. Therefore, although morphological developments
do not depend on the nature of the silica, effective inter-
facial tension decreases when silica particles are located in
the dispersed phase.

Alternatively, the effects of shear stress on the local-
ization of organoclays within a PBT/PS blend were exam-
ined by Hong et al. (2008). They found that clay particles
never migrated towards PS phase and always remained in
PBT phase at all shear rates regardless of the mixing pro-
tocol. This result suggests that chemical affinity between
the clay and multiple phases is the critical factor for induc-
ing migration of the clays and not the flow itself. Cho et
al. (2011) observed that C20A (clay) particles migrated
towards PS phase in a PP/PS blend as mixing time
increased. They concluded that the most striking improve-
ment of linear rheological properties occurs within the
early stages of mixing. Later on, it was revealed that the
location of carbon nanotubes (CNTs) has a remarkable
influence on the morphologies, rheological properties, and
electrical behaviors of polyamidel2/high density poly-
ethyelene (PA12/PE/CNT) blends (Zonder et al., 2011).
Finer morphology was obtained when CNTs were pre-
mixed with PE phase, resulting in solid-like behavior in
the case of PE+CNT/PA. These improvements were
observed despite CNTs supposedly having better affinity
towards PA phase. This can be explained by enhanced
compatibility between PA and PE phases, and CNTs were
found to be located at the interface as a result of migration
when pre-mixed with PE. More interestingly, CNTs at the
interface increased conductivity of the blend by showing
reduced resistivity when pre-mixed with PE.
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The literature shows that orientation of the fillers within a
blend critically determines its final properties. Processing
conditions such as mixing protocol and mixing time can
play key roles in determining the final orientation of the fill-
ers by inducing migration. In the present work, the effects
of mixing protocol and mixing time on PP/PS/C20A blends
were studied by examining linear and non-linear rheolog-
ical properties from small amplitude oscillatory shear
(SAOS) and large amplitude oscillatory shear (LAOS) tests.
Most previous works have focused on linear rheological
properties from SAOS tests in order to study the correlation
between rheology and morphology evolution. Lim et al.
(2013) and Salehiyan and Hyun (2013) reported that the
non-linear rheological properties from LAOS tests are very
sensitive to polymer morphology. In this study, both linear
rheological properties from SAOS tests and non-linear
rheological properties from LAOS tests with FT-Rheology
were investigated.

2. Experimental

2.1. Materials

The polypropylene (PP), (MI = 6.0 g/min at 230°C, grade
HP562T), used in this study was obtained from PolyMirae
Company Ltd. The polystyrene (PS), (MI =1.760 g/min at
200°C, grade HF2680), was provided from Samsung Cheil
Industries Inc. The organoclay, Cloisite20A (C20A), was
purchased from Southern Clay Products Inc. Cloisite20A
is a dimethyl-hydrogenated tallow ammonium-modified
montmorillonite with density of 1.77 g/cm’.

2.2. Blend preparations

All samples were dried in a vacuum oven at 80°C for 12
hours prior to compounding. C20A was kept in a con-
vection oven at 100°C for extra moisture removal. The
samples were mixed using a Haake mixer (Thermo Fisher
Scientific Inc.) at 50 rpm and 200°C. The blend compo-
sition was 80/20/5 wt% in which PP is the matrix and PS
is the dispersed phase. After melt blending, pellets were
compressed and molded into disks with a diameter of 25
mm and thickness of 1 mm at 200°C. In order to observe
the effects of mixing time evolutions, the amount of C20A
was fixed at 5 wt%, and all protocols were conducted at
three different mixing times of 1, 3, and 8 min. Details of
the mixing protocols are shown as follows:

1) P, = Simultaneous mixing: All three components
were mixed at the same time

2) P,= PP+C20A/PS: PP and C20A premixed for 30
seconds, and then PS added

3) P;= PS+C20A/PP: PS and C20A premixed for 30
seconds, and then PP added

4) P,= PP+PS/C20A: PP and PS premixed for 30 sec-
onds, and then C20A added
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Fig. 1. (Color online) (a) Complex moduli G*(®) and (b) Complex viscosity 1" (o) for the PP, PS, and PP/PS (80/20) blends as a func-
tion of frequency from 0.1 to 100 rad/s at a fixed strain amplitude of 0.05 and temperature of 200°C. (c) Complex moduli G*(y,) for
the PP, PS, and (80/20) PP/PS blends as a function of strain amplitude from 0.01 to 5 at a fixed frequency of 1 rad/s and temperature
of 200°C. For better comparison, all compounds were mixed in a fixed time of 5 min at 50 rpm.

2.3. Rheological measurements

Two strain controlled rheometers RDA 11 (Rheometrics
Inc.) and AERS-G2 (TA Instruments) with 25 mm parallel
plate geometries were used to carry out rheological mea-
surements. Frequency sweep tests were used to obtain linear
rheological responses under small amplitude oscillatory shear
(SAOS) flow. Strain amplitudes were kept small enough (%
= 0.05) to ensure they were within linear viscoelastic regime.
Non-linear rheological properties were obtained through
strain sweep tests under large amplitude oscillatory shear
(LAOS) flows with increasing strain amplitude from j,= 0.01
to 5 at a fixed frequency of 1 rads.

FT-Rheology was used for quantification of the non-lin-
ear stress responses of polymer blends. FT-Rheology
decomposes the stress data in time domains into the inten-
sities in frequency domains. Eqn. (1) and (2) describe the
mathematical decomposition process (Wilhelm et al.,
1998; 1999; 2000; Hyun et al., 2012).

o(t) = o,sin(ot+d,)+o;sin(3ot+3;)+ossin(Sot+d;)+...,
(1
o(t)cI;sin(@t+3,)+I;sin(3ot+d;) +Issin(Sot+ds)+... .

)
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The intensities are normalized by first intensity and the
third relative harmonic [/, = [(3w)/I(w), where ® is the
excitation frequency] is the most significant intensity
among higher harmonics (Hyun et al., 2007; Hyun and
Wilhelm, 2009; Hyun et al., 2012).

2.4. Morphology

Field Emission Scanning Electron Microscopy (FE-
SEM) observations were carried out using a JSM 6700F
microscope at 5 KV to evaluate morphology evolutions.
Samples were fractured in liquid nitrogen and then cov-
ered with platinum. Locations of C20A were observed by
Transmission Electron Microscopy (TEM) using FEI Tec-
nai G* T-20s at an accelerating voltage of 200 KV and
room temperature. Samples were cut using a cryo-micro-
tome device at —140°C and put on a copper grid.

3. Result and Discussion

Small amplitude oscillatory shear (SAOS) tests were
carried out at 200°C with a fixed strain amplitude of =
0.05 within the linear regime. Fig. 1a and 1b shows the

complex moduli G'(®) and the complex viscosity 77 (o) of
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the (80/20) PP/PS blend as well as of the virgin polymers
PP and PS as a function of frequency and strain ampli-
tudes, respectively. Surprisingly, the modulus and viscos-
ity of the PP/PS blend did not follow the log-additive
mixing rule and showed lower values than those of the
pure component at all frequencies (see inset plot in Fig.
1a). The storage modulus G’(®) and loss modulus G”(®)
demonstrated the same trends of the complex modulus G
(o) (not shown here). This negative deviation from the
log-additive mixing rule (see Fig. 1b) is believed to be due
to interfacial slip (Utracki, 1991; Zhao and Macosko,
2002). Since PP and PS have high incompatibility, their
corresponding blends show reduction of the complex
modulus G'(») due to lower entanglement in their inter-
facial areas than in the bulk system. Discontinuous shear
rate is generated in the low entanglement density area
when shear stress is applied. Therefore, a lower modulus
is a consequence of slippage at the interface. This lower
modulus of the blend was observed in the LAOS test (Fig.
1c). At large deformation (y, > 2.0), however, the inter-
facial effect disappeared since the matrix contribution was
stronger (see Fig. 1c).

In order to overcome slippage at the interface and
improve compatibility between the two phases,
compatibilizers were added to the (80/20) PP/PS blend.
Introduction of a third component, even a compatibilizer,
could have effects depending on the localization of the
compatibilizer, e.g., one of the phases or at the interface
(Elias et al., 2008; Hong et al., 2008; Zonder et al., 2011).
It is also believed that pre-shearing history (processing
conditions) could have profound effects on the extent and
amplitudes of the linear regime of the modulus (Lertwi-
molnun and Vergnes, 2006; Cho et al., 2011). Lertwi-
molnun and Vergnes (2006) found that mixing conditions,
feeding rate, and screw speed all have significant effects
on rheological properties as well as the degree of exfo-
liation of PP/C20A composites. They found that the linear
dependency of the storage modulus to strain amplitudes
decreases with increasing degree of dispersion.

From the SAOS and LAOS tests, the effects of mixing
protocol and mixing time on the linear and non-linear
rheological properties of PP/PS/C20A blends were
investigated. As shown in Fig. 2a and 2b, the linear and
non-linear complex moduli G*(w) of all corresponding
PP/PS/C20A blends subjected to four protocols at dif-
ferent time evolutions were plotted. Each protocol was
denoted with P, and its numerical index reflects the num-
ber of that protocol as described in the previous section.
As shown in the results, mixing time did not significantly
alter the rheological properties of the P, = (PP/PS/C20A
simultaneously mixing), P, = (PP+C20A/PS), and P, =
(PP+PS/C20A) blends. However, the complex moduli
G*(ow) of the blends mixed for 8 min slightly decreased
possibly due to thermal degradation. Interestingly, the
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Fig. 2. (Color online) (a) Comparison of linear dynamic rheo-
logical properties of PP/PS/C20A blends for all protocols via fre-
quency sweep test at a fixed strain amplitude of 0.05 and a
temperature of 200°C. The complex moduli of the P,=PP/PS/C20A,
P,=PP+C20A/PS, P;=PS+C20A/PP, and P,=PP+PS/C20A
blends have been artificially shifted by 10°, 10, 10% and 10°
respectively. (b) Non-linear dynamic rheological properties of
PP/PS/C20A blends for all protocols were compared via strain
sweep test under LAOS at a fixed frequency of 1 rad/s and a tem-
perature of 200°C. Strain amplitudes varied from 0.01 to 5. Com-
plex moduli of the P,= PP/PS/C20A, P,=PP+C20A/PS,
P;=PS+C20A/PP, and P,= PP+PS/C20A blends have been arti-
ficially shifted by 10°, 2, 4, and 8, respectively, for the sake of
clarity.

P;= (PS+C20A/PP) blend mixed for 1 min demonstrated
much higher G*(®) values than those mixed for 3 and
8 min for all protocols. Moreover, Fig. 2b shows that
the P;= (PS+C20A/PP) blend mixed for 1 min exhibited
strong non-linear behavior (shear thinning). Indeed, the
maximum strain amplitude defining the extent of linearity
shifted to lower strain amplitudes in this particular case. It
has been reported that this can be attributed to breakdown
and re-agglomeration of the filler network when filler
interactions are dominant (Cassagnau, 2008; Ramier et al.,
2007).

In addition to mixing time, Fig. 3 illustrates the effect of
mixing protocol at different times. The P; = PS+C20A/PP
blend mixed for 1 min showed significant enhancement of
the linear complex modulus. This result is similar to that
of reported by Ramier et al. (2007), who carried out a sec-
ond strain sweep test 30 min after the first run on silica-
reinforced styrene-butadiene rubber (SBR). The silica/
SBR sample underwent irreversible breakdown of the
filler network. As a result, the elastic modulus G’(y) of the
silica/SBR sample decreased after the second strain sweep
run due to permanent network breakdown.

FT-Rheology was used to quantify the non-linear
responses of the blends. Fig. 4a and 4b shows the nor-
malized third intensities (I3,) of the blends mixed for 1

Korea-Australia Rheology J., Vol. 26, No. 3 (2014)
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Fig. 3. (Color online) Comparison of the complex moduli of the
blends for different protocols at fixed mixing times via frequency
sweep tests at a fixed strain amplitude of 0.05 and a temperature
0f 200°C. Complex moduli of the blends mixed for 1 min, 3 min,
and 8 min have been artificially shifted by 10° 10, and 107,
respectively. Different protocols are named as P,=PP/PS/C20A,
P,= PP+C20A/PS, P;= PS+C20A/PP, and P,=PP+PS/C20A.

min and 8 min for all protocols, relatively. The non-
linearity (I3;) from FT-Rheology is very sensitive to
polymer topology (Hyun and Wilhelm, 2009; Wagner,
2011; Hyun and Kim, 2012; Hyun et al., 2013),
microstructure of the polymer blends (Filipe et al., 2004;
Salehiyan and Hyun, 2013), and the nanostructure of the
polymer composite (Hyun et al., 2012; Lim et al., 2013).
Lim et al. (2013) concluded that the non-linearity (1) is
related with interfacial properties of the polymer
nanocomposite. Reinheimer ez al. (2011) reported that the
non-linearity (/3,) is related with the inverse of interfacial
tension based on a theoretical model for emulsion
systems. Compared with the linear rheological properties
(Fig. 3) and non-linear rheological properties of 1 min
mixing (Fig. 4a), the non-linearity was able to distinguish
four different protocols better than the linear rheological
properties. Complex modulus G*(®) (linear rheological
properties) represents the modulus for all contributions,
i.e., matrix phase (PP), dispersed phase (PS), clay (C20A),
and interfacial properties. However, non-linearity can
better emphasize contributions of interfacial properties
than the properties of PP, PS, or C20A (Lim et al., 2013;
Reinheimer et al., 2011). For this reason, Fig. 4a shows
very different values of the blends subjected to the

Korea-Australia Rheology J., Vol. 26, No. 3 (2014)
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Fig. 4. (Color online) The normalized third relative intensities (I,)
of the P,= PP/PS/C20A, P,=PP+C20A/PS, P;=PS+C20A/PP,
and P,= PP+PS/C20A blends mixed for (a) 1 min and (b) 8 min
as a function of strain amplitude at a fixed frequency of 1 rad/s
and a temperature of 200°C.

Fig. 5. (Color online) Morphological evolutions of the PP/PS
blend mixed for (a) 5 min and P;=PS+C20A/PP blends mixed
for (b) 1 min, (¢) 3 min, and (d) 8 min. Scale bar length is 10 um.
Droplet size of (a) is bigger than (b), (c), and (d).

different protocols. Especially, P; mixed for 1 min showed
the largest values compared with the other protocols.
Since P; mixed for 1 min showed complex morphology
(see Figs. 5 and 6), larger non-linearity than the other
three protocols was obtained (discussed later). In Fig. 4b,
all non-linearity (/5,) at different protocols showed almost
the same results. This means that sufficient mixing time (8
min) abrogated the mixing protocol effect (described
later).

In polymer nanocomposites, filler interactions with
either other adjacent fillers or polymer chains affect the
linear and non-linear rheological properties (Cassagnau,
2008). Formation of a three-dimensional interconnected
filler network immobilizes polymer chains by entrapping
them, thereby increasing the modulus of the polymer
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Fig. 6. (Color online) TEM images of the P;=PS+C20A/PP
blends mixed for (a) 1 min, (b) 3 min, and (c, d) 8 min. Scale bar
length is 0.2 um for (a-c) and 1 pm for (d).

nanocomposite (Cassagnau, 2008; Huitric et al., 2009).
Morphological evolution of the blends for this particular
protocol reveals interesting results, as shown in Fig. 5.

The SEM images clarify the compatibilization effect of
C20A fillers by showing a dramatic reduction in droplet
sizes in PP/PS blends (Please compare Fig. 5a and 5b-d).
This result is consistence with increase in I5,; values of the
PP/PS blend with filler compared without filler (Fig. 4a).
Moreover, complex blend morphology (not well-devel-
oped morphology) after 1 min of mixing can be seen in
Fig. 5b. This unstable morphology could be the reason for
the enhancement of rheological properties. Relatively
heterogeneous phase after 1 min of mixing compared to
3min and 8min of mixing increased non-linearity.
Therefore, the rheological properties of the blends mixed
for 1 min showed diverse values at each measurement (not
shown here; however, the moduli of the blends mixed for
1 min were always larger than those prepared under other
conditions). More uniform stress is observed when the
morphology is complex and thus the rheological proper-
ties enhanced (Li et al., 2007). Shearing for longer times
led to formation of droplet morphologies, as observed in
Fig. 5. Where morphologies after 3 min and 8 min of
mixing showed well dispersed droplets. In fact, clay incor-
poration increased the viscosity of PS phase, which made
it even more difficult for droplets to deform under certain
shearing conditions within 1 min of mixing. In the case of
P; = PS+C20A/PP, clay particles stuck to each other and
made particle clusters at lower mixing times (1 min and 3
min). Therefore, clustering of PS phase hosting C20A
might induce solid-like behavior at low frequencies (Fig.
3) in the P; = PS+C20A/PP blend mixed for 1 min. Fur-
thermore, clay migrations are unlikely within 30 seconds.
The migration time could be 30 seconds since the second
phase, PP, was added after 30 seconds. The mechanisms
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of clay migrations are self-diffusion by thermal Brownian
motion and external hydrodynamic shear stress with suf-
ficient time (Elias et al., 2008b). Thus, increasing shear
time caused the cluster of clay particles to break up into
smaller clusters and induced the migration of clays
towards the interface. In Fig. 6, TEM images show that
clay tactoids remained in PS phase at early stages of mix-
ing. With time, most clays migrated towards the interface
where they were thermodynamically more stable. This
effect is evident in Fig. 4b in which all relative third inten-
sities (I3,;) of the blends mixed for 8 min for this protocol
are depicted. In Fig. 4b, all curves showed the same
behavior, which indicates that clays reached to the more
equilibrium state after 8 min of shearing by migrating
towards the interface than that of 1 min and 3 min mixed
blends. On one hand, the orientation of these nano-sized
clays at the interface of multiphase systems (see Fig. 6¢
and 6d) can reduce the size of the dispersed phase, as
shown in Fig. 5c. On the other hand, localization of the
clays at PS phase changes the viscosity of the PS and
makes it difficult to deform under shear conditions. There-
fore, the P; = PS+C20A/PP blend mixed for 1 min did not
show any perfect spheres in the dispersed phase due to
unwell-deformed parts of PS phase within 30 seconds
after addition of PP.

4. Conclusions

Correlation between morphological evolutions and rheo-
logical properties of PP/PS/C20A (80/20/5 wt%) blends
were studied to determine the effects of mixing protocol
and mixing time. It was found that the P;= PS+C20A/PP
blend mixed for 1 min had the highest values due to its
unique complex and not well-mixed morphology which is
observed when the dispersed phases is less mixed. TEM
images revealed that C20A particles were located inside
of PS phase within 1 min. However, the clay particles
migrated to the interface where they were more stable
upon longer mixing time. It is confirmed that morphology
is an important factor affecting rheological properties in
this particular blend system (P; = PS+C20A/PP). On the
other hand, rheological properties of the other blends (P,
P, and P,) for different protocols with different mixing
times were roughly the same. However, viscoelasticities
of the blends mixed for 8 min were relatively lower than
those of the blends mixed for 1 min and 3 min due to pos-
sible thermal degradation. Finally, clay localizations could
be a dominant factor to control morphology and vis-
coelastic properties only within a specific mixing time.
Chemical affinity between clays and one of the phases
acts as a chemical potential, resulting in the migration of
clays from their original locations to the more compatible
phase if a certain time is given.
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