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ABSTRACT: In this study, the effect of triphenyl phos-
phate (TPP), commonly used as flame retardant, also
montmorillonite nanoclay and hybrid of them, on the mor-
phology and rheological characteristic of PC/ABS (Poly-
carbonate/Acrylonitrile-butadiene-Styrene) blends are
investigated. The blends were prepared via a direct melt
blending process in a twin-screw extruder. Morphological
properties were characterized by scanning electron micros-
copy, X-ray diffraction, and transmission electron micros-
copy. The results for the variations of complex viscosity
(n*) with angular frequency (o) showed a good agreement
with those obtained from Carreau model. A plateau mod-

ulus (Gy) was observed in the blends containing nanoclay,
indicating the formation of a network structure that
increases the modulus as the results of the intercalation of
silicate layers of nanoclay. The complex viscosity is
increased with the inclusion of nanoclay and TPP, but the
effect is more evident with nanoclay. Also, the addition of
nanoclay significantly enhances the non Newtonian behavior
of PC/ABS blends, particularly at low-frequencies. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 17961804, 2010
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INTRODUCTION

Polycarbonate (PC) is commonly used as a high-per-
formance amorphous engineering thermoplastic,
because of its distinct properties such as high-impact
strength, transparency, heat resistance and dimen-
sional stability, excellent electrical properties, colora-
bility, high-gloss, flame retardancy, and high-heat
distortion temperature (HDT). However, it is notch
sensitive and also difficult to process, because of its
high-melt viscosity hinders the fluidity and the re-
sidual stress resulting from the process could cause
fractures. To improve these, efforts have been made
to develop polymer blends and alloys."
Acrylonitrile-butadiene-styrene (ABS) copolymer
is the most popular rubber-toughened thermoplastic
with several advantages, such as low-cost, good pro-
cess- ability, and low-notch sensitivity, however, it
suffers from a relatively low-mechanical properties.'
To overcome the problems with the mechanical prop-
erties and also HDT, it is common to blend ABS with
other high-performance engineering plastics such as
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PC. As ABS has a T, about 95°C, addition of PC
enhances the mechamcal performance, whereas
improving HDT."® The desired mechanical properties
and HDT can be achieved by changing PC/ABS ratio.

Thermoplastics including PC/ABS blends are eas-
ily combustible, and however have several applica-
tions in electronics, electrical, and car industries
where the plastic parts used must have a low-flam-
mability. Therefore, flame retardants (FRs) are added
to reduce the probability of burning in the initial
phase of the fire." To achieve an optimum level of
fire retardancy, a large amount of nonhalogenated
types, needs to be used in the formulation. However,
the addition of large amounts of FRs could decrease
the mechanical properties of resin* and also affects
its rheological behavior.'

In parallel, nanocomposites have attached consid-
erable interest by the FR polymer community since
1997, because of their improved fire properties.® It
has been suggested that, the presence of clay in a
polymer can enhance the char formation providing a
transient protective barrier and hence slowing down
the degradation of the matrix.”

However, when polymer-layered silicate nano-
composites were evaluated by other testing methods
using limited oxygen index and the vertical burning
test (UL-94), do not perform better than the polymer
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TABLE I
Compositions of Formulations

Compound PC (wt %) ABS (wt %) TPP (wt %) Nanoclay (wt %)
PC/ABS 65 35 - -
PC/ABS/2% nano 63.7 34.3 - 2
PC/ABS/4% nano 62.4 33.6 - 4
PC/ABS/6% nano 61.1 329 - 6
PC/ABS/10%TPP 58.5 31.5 10 -
PC/ABS/13%TPP 56.55 30.45 13 -
PC/ABS/15%TPP 55.25 29.75 15 -
PC/ABS/2%nano/8%TPP 58.5 31.5 8 2
PC/ABS/2%nano/10%TPP 57.2 30.8 10 2
PC/ABS/2%nano/12%TPP 55.9 30.1 12 2
PC/ABS/4%nano/10%TPP 55.9 30.1 10 4
PC/ABS/6%nano/10%TPP 54.6 29.4 12 6

without nanoclay.® Because of the aforementioned
drawbacks in the application of conventional FRs
and nanoclay individually, researches have been
focused on their simultaneous use as FR systems.®’

The objective of this research is to investigate the
effect of the presence of TPP and nanoclay on the
morphology and rheological properties of PC/ABS
alloys. For this purpose, the variations of storage
modulus (G'), n* and tan & with ® for various
blend systems are studied. The rheological behavior
of the blends are then interpretated according to
Carreau model.’? In addition to PC, ABS, and PC/
ABS systems, the blends containing TPP, nanoclay,
and also TPP/nanoclay hybrid are used for this
investigation.

EXPERIMENTAL
Materials and methods

PC (Makrolon 2858 of Bayer Company, Germany)
with density of 1.2 g/cm® and MFI of 10 g/10 min
(at 300°C, 1.2 kg), and ABS (SD0150, Acrylonitrile
27%, Tabriz Petrochemical Company, TPC, Iran) with
density of 1.04 g/cm3 and MFI of 1.8 g/10 min (at
230°C, 3.8 kg) were supplied as pellets. Halogen-free
FR used in this research was additive-type Triphenyl
Phosphates (TPP), Merck (Germany), with 9.5% phos-
phorus content. Nanolin DK2, a modified organoclay
(methyl tallow bis-(2-hydroxyethyl) alkyl quaternary
ammonium salt as modifier) with a cation exchange
capacity of 110-120 meq/100 g was obtained from
Zheging Fenghong Clay Chemicals of China.

Compounding procedure

All ingredients (PC, ABS, TPP, and nanoclay) in a
predetermined weight percentage were mixed in dry
state in tumbler. The formulations were prepared
via melt mixing in a modular co-rotating twin-screw
extruder, manufactured by Brabander (Germany),
with temperature profile of 200 to 250°C from the

hopper to die, L/D = 40 and rpm = 300. The PC/
ABS ratio was kept constant at 65/35 wt % (weight
percent) in all formulations. The composition of the
formulations are given in Table L

Characterization
Morphology

The dispersion state of the silicate layers of nanoclay
in PC/ABS alloy was evaluated by X-ray diffractom-
etry (XRD) and transmission electron microscopy
(TEM). XRD experiments were performed at room
temperature on a Siemense D5000, D/max — rA X-
ray diffractometer (30 KV, 10 mA) with Cu-Ka (A =
1.54178 A) irradiation scanning at a rate of 2°/min
in the range of 1.5-10°. TEM specimens were pre-
pared at room temperature using an ultra microtome
with a diamond knife. TEM images were obtained
by Philips EM208S model (with an acceleration volt-
age of 100 kV). The morphology of the PC/ABS
blend was examined in a scanning electron micro-
scope (SEM; VEGA\\ TESCAN). The sample was
cryo-fractured in liquid nitrogen. Then acid etching
was done to remove ABS phase. The detailed etch-
ing procedure is reported elsewhere.'’ The fractured
surface was coated with a thin layer of gold before
SEM examination.

Rheology

The dynamic oscillation rheological behavior of sam-
ples were measured in linear viscoelastic range of
deformation using a MCR-300, Anton Paar (Ger-
many). Rheometer at 230°C. Experiments were car-
ried out with a 25 mm diameter disk and the gap
distance was 1.5 mm. The linear viscoelastic range of
deformations were characterized by strain sweep
test at the frequency of 10 rad/sec. The response of
the melt to the applied oscillatory deformation was
evaluated in the frequency range of 0.01-100 rad/
sec, at strain amplitude of 1%.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM fractographs of PC/ABS blend showing the dispersion of ABS spherical particles in the matrix of PC resin

(a) 2000 (b) 800.

RESULTS AND DISCUSSION
Morphological characterization

The dispersion of ABS spherical particles in the ma-
trix of PC resin reveals an emulsion type morphol-
ogy for PC/ABS blend (Fig. 1), which is proved by
the yield stress phenomenon observed in rheological
study of the melts. The droplets of minor phase
(ABS) dispersed in continuous major phase (PC) can
visibly be seen in SEM images in Figure 1 as an
emulsion type morphology.

Figure 2 shows the XRD patterns of nanoclay and
nanoclay-contained formulations. Also, the results
for 20 and d-spacing values are summarized in
Table II. The peaks correspond to the (001) plane
reflections of the clays. The average basal spacing of
nanoclay increases from 2.29 to 2.82 in mix with
PC/ABS blend. The increased d-spacing suggests
that the polymer chains intercalated into the gallery

500 A
450 —#&- nanoclay
—4— PC/ABS/2% nano
400 —#- PC/ABS/2%nano/8% TPP
= 350 —&- PC/ABS/2%nano/129TPP
g 300
= 250 -
g 200 -
5 150
100 -
50
0 T T 1
0 5 10 15

Angle (26)

Figure 2 XRD patterns for nanoclay and nanoclay-con-
tained formulations.

Journal of Applied Polymer Science DOI 10.1002/app

of nanoclay and increased the distance between the
nanoclay layers.

From the analysis of XRD patterns, the peak corre-
sponds to the reflections angle of dyy; plane of the
clay is appeared at 20 = 3.8, for the nanoclay. This
peak is shifted from 3.8 to 3.1 in PC/ABS/2%nano
composites, which is the evidence for prevalent
intercalation effects. Also, with the increase of TPP
content the space between the layer of tactoids of
nanoclay is increased, as the clay materials are inter-
calated with TPP.'* The average basal spacing of the
silicate layers (Table II) has increased from 2.29 in
organoclay to 2.82 nm in the PC/ABS/2%nano com-
posite. The increased basal spacing suggests that the
polymer chains have intercalated the gallery of
organoclay.

As it is evident, the first peak of nanocomposites
(related to organoclay) are all shifted to the lower
diffraction angles, indicating the prevalent intercala-
tion effects."® The secondary reflection at higher dif-
fraction angles occurs in all the nanocomposites.
This can be explained by the surfactant degradation
caused by the high-temperature of processing."

Figure 3 shows the TEM image of PC/ABS/
2%nano. From the figure, the intercalation of silicate
layers are evident, which confirms the XRD results
and also interpret the plateau region found in G'-o
curves for nano-filled formulations [Figs. 6(b)7(b)].

TABLE II
XRD Parameters for Nanoclay-Contained Formulations
Compound d-value (nm) Angle (20)
Nanoclay 2.29 3.85
PC/ABS/2%nano 2.82 3.1
PC/ABS/8%TPP/2%nano 2.90 3.0
PC/ABS/12%TPP /2%nano 2.96 29
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Figure 3 TEM image of PC/ABS/2% nano.

Rheological behaviors

The rheological measurements can be used as a
mean to evaluate the flow behavior of polymersand
for characterizing the polymer-polymer and poly-
mer-filler interaction in polymer blends and compo-
sites. Linear viscoelastic properties of materials are
sensitive to the structural changes.'* In polymer
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melts the rheological behavior is affected by the mo-
lecular weight and architecture of the polymer.'®
Also, the addition of additives that may be added
for various purposes influences the rheological prop-
erties. In this section, the effect of TPP, nanoclay and
their hybrids on the rheological behavior of PC/ABS
blend are investigated.

The correlation of rheological behavior with
morphology of PC, ABS, and PC/ABS Resins

In Figure 4, the variations of complex viscosity (n*),
storage modulus (G') and tan & vs frequency for PC,
ABS, and PC/ABS blend are shown.

The viscosity curve of PC resin, shows a Newto-
nian plateau (n-) at low-range of frequencies, which
is about 6,850 Pa s. The general behavior of n*-o of
ABS resin is different from that of PC, and no New-
tonian plateau is observed at low-range of frequen-
cies. Also, it shows a yield behavior that can be cor-
related to the dispersion of polybutadiene particles
in SAN phase that affects the molecular mobility in
ABS resin. The presence of yield stress, which must
be exceeded for flow to occur, has been indicated as
a common characteristic for suspensions, emulsions,
and gels.'® The complex viscosity curve of PC/ABS
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Figure 4 Variations of complex viscosity (a) storage modulus (b) and tan & (c) with frequency at 230°C for PC, ABS, and
PC/ABS blend (In n*-o curves, those plotted based on Carreau model are distinguished with a solid line).
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Figure 5 Variations of complex viscosity: (a) storage modulus, (b) tan §, (c) with frequency for PC/ABS/TPP blends at
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blend shows yield behavior in low-range of frequen-
cies, with values lower than PC and ABS resins [Fig.
4(a)]. This reveals the negative deviation behavior
(NDB) in the viscosity of PC/ABS blend from log-
additivity rule. The log-additivity rule, based on
shear viscosity, can be used as a method for the
evaluation of the miscibility of the blends."”® It is
expected that, the miscible blends exhibit a linear
relation if the blend components do not interact spe-
cifically."® The NDB can be attributed to the flow,
because of interlayer slip.'” A possible reason for the
decrease of viscosity with the addition of ABS may
be the solvation of the highly entangled structure of
PC molecules by the ABS phase.”> The shear thin-
ning viscosity behavior of ABS carries over to the
blends, and the Newtonian plateau of PC resin is
obliterated by blending with ABS resin and yield
behavior appeared as is expected for emulsions.'®
Figures 4(b,c) show the variations of storage modu-
lus and tan 6 with frequency, for PC, ABS and PC/
ABS blend, respectively. Neat PC appears to have
different behavior to ABS and PC/ABS resin. The
tan 6 of PC resin sharply decrease by increasing fre-
quency. At low-rate of applied deformation most of
the stress dissipate through molecular movement.
By increasing the frequency the bigger molecules
have not enough time to relax, and the elasticity of

Journal of Applied Polymer Science DOI 10.1002/app

melt increase and tan & of PC decrease at high-range
of frequency. The tan 3-w curve of ABS and PC/ABS
blend is different from PC resin specially at low-fre-
quencies. The elasticity of the melt of ABS and PC/
ABS resin is higher than PC resin, which is due to
the emulsion type morphology in both of these resins.
The interaction between polybutadiene particles and
SAN phase in ABS resin, and also the interaction
between ABS droplets and PC in PC/ABS blend
restrict the molecular mobility at low-frequencies and
leads to increased melt elasticity. The tan & of PC/
ABS blend is higher than PC and ABS resins in me-
dium and high-range of frequencies. This is an evi-
dence of lower melt elasticity and shows the NDB
from log-additivity rule, as was mentioned earlier.

Effect of TPP on the rheological behavior
of PC/ABS/TPP blends

The effect of TPP on the n*-® behavior, storage modu-
lus (G'), and tan & of PC/ABS blend are shown in Fig-
ure 5. Moreover, the variations of n* with TPP content
at three different frequencies (i.e. 0.1, 10, 100 s™%) is
shown in this figure.

The n*o curves of the blends containing TPP
show a similar behavior and are almost parallel to
each other and the viscosity decreases with
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increasing TPP wt % [Fig. 5(a)]. At low-frequencies, the
slope of the curves is significantly decreased, com-
pared with PC/ABS blend. The storage modulus
slightly decreases with increasing TPP content, how-
ever, it is still higher than that of PC/ABS blend [Fig.
5(b)]. With increasing TPP content the melt elasticity of
PC/ABS blend is decreased, as shown in Figure 5(c).
Also, at low-frequency, the yield stress is decreased
[Fig. 5(d), ® = 0.1 s~ '] and at medium and high-fre-
quencies the shear thinning behavior is reduced [Fig
5(d), ® = 10 and 100 s ']. TPP is a type of plasticizer™
and decrease complex viscosity and storage modulus.

Effect of nanoclay on the rheological behavior of
PC/ABS/nanoclay blends

The effect of nanoclay on the n*w behavior, storage
modulus (G'), and tan 6 of PC/ABS blend are shown
in Figure 6. Also, changes of n* with nanoclay con-
tent at three different frequencies (i.e. 0.1, 10, 100 s h
is illustrated in this figure.

Two different behaviors in the n*-® curves of the
blends at low- and high-frequencies can be observed
[Fig. 6(a)]. At low-frequencies, with increasing nano-
clay content the viscosity is increased, whereas at high-

frequencies this is reversed. The addition of even small
quantities of nanoclay leads to a non Newtonian
behavior with a significant increase in viscosity espe-
cially at low-frequencies.”* This is better illustrated in
Figure 6(d), where at low-frequencies (& = 0.1 s 1), the
viscosity of the blends is sharply increased with
increasing nanoclay content. Also, a decreased shear
thinning behavior at medium and high-frequency
ranges (o = 10 and 100 s~ ") is observed.

The storage modulus provides a measure of nano-
composite stiffness and its frequency dependence char-
acterizes whether the material is in a liquid-like or
solid-like state.?? In the other words, melt rheology can
be used to characterize exfoliation of nanoclay and has
been limited to qualitative assessment of a solid-like,
because of the dispersing nanoclay particle forming and
acting as a reinforcing network structure.”® Plateau
modulus (Gy) in the nanocomposites, indicating that
network structure has created and leads to higher mod-
ulus than blend without nanoclay.” According to Figure
4(b), for the blends containing nanoclay, the liquid-
like state, which is observed for PC/ABS blend at low-
frequency, is disappeared and the storage modulus
becomes almost constant. This indicates a transition
from a Newtonian liquid to an ideal hookean solid,

Journal of Applied Polymer Science DOI 10.1002/app



1802

1000000 1

0

& 10000 7

&

2

wn

Q

Q

k]

5

%

E" 100 4

a A PC/ABS #® PC/ABS/2% nano/8% TPP

@]
& PC/ABS/2% nano/10% TPP * PC/ABS/2% nano/12% TPP
B PC/ABS/4% nano/10% TPP + PC/ABS/6% nano/10% TPP

1 T T T T T T T T TTTTIT —TTTTTrm

0.01 0.1 100

1
Angular Frequency (rad/s)

(c) +PC/ABS

tan 8

A PC/ABS/2% nano/10% TPP
* PC/ABS/4% nano/10% TPP

FEYZ ET AL.

1000000

®) APC/ABS % PC/ABS/2% nano/8% TPP
® PC/ABS/2% nano/10% TPP  + PC/ABS/2% nano/12% TPP
. W PC/ABS/4% nano/10% TPP  x PC/ABS/6% nano/10% TPP
o
T 10000 ”x*x*ﬁiﬁi‘i
[ ] A
TPt | L L1 A
2 T T L L Ll T LT
(=] ‘i‘+++++++++++++++‘;;;; Ak
= Sassanansenanan ‘A.‘
o
s ah
A
E 100 adat
= AAA
5] Y
aadaast
AaAas
1 T T T ™
0.01 0.1 100

1 10
Angular Frequency (rad/s)

B PC/ABS/2% nano/8% TPP
% PC/ABS/2% nano/12% TPP
® PC/ABS/6% nano/10% TPP

1
Angular Frequency (rad/s)

10 100

Figure 7 Variations of complex viscosity: (a) storage modulus, (b) tan 5, and (c) with frequency at 230°C for PC/ABS/
TPP /nanoclay blends (In n*-o curves, those plotted based on Carreau model are distinguished with a solid line).

which accompanies the formation of a mechanically sta-
ble network structure in the test.”?

Figure 6(c) shows tan & of PC/ABS blend and its
composites with various amounts of nanoclay. Tan 6
is the ratio of G” to G’ and increase by enhancing
damping behavior, which is directly related to vis-
cose property of the melt. The tan & of PC/ABS and
its composite with 2 wt % nanoclay is higher than
one in all range of frequencies and located on the
upper side of reference line of tan 6 = 1. It means
that the G"is bigger than G’ in all the range of tested
frequencies. At the peak of tan & the viscose behav-
ior of the melt is in its maximum comparing with
melt elasticity. By increasing nanoclay content to 4
and 6 wt %, the melt elasticity of PC/ABS blend is
increased and the peak of tan 6 shifted to higher fre-
quency [Fig. 6(c)]. This is a typical behavior that is
usually observed in filled thermoplastics.'®**

Effect of TPP/nanoclay hybrid on the rheological
behavior of PC/ABS/TPP/nanoclay blends

Figure 7 presents the response of complex viscosity,
storage modulus, and tan & against frequency for
PC/ABS/TPP/nanoclay blends at various TPP/
nanoclay ratios.

As it can be seen, complex viscosity and storage
modulus are only slightly affected by TPP content,

Journal of Applied Polymer Science DOI 10.1002/app

whereas they are remarkably affected by nanoclay con-
tent [Figs. 7(a,b)] because of the behavior of changes in
PC/ABS/TPP /nanoclay blends is more similar to PC/
ABS/nanoclay than PC/ABS/TPP. The complex vis-
cosity of the blends containing both TPP and nanoclay
[Fig. 7(a)] is higher than that of the blends containing
either TPP or nanoclay [Figs 5(a),6(a)]. This observation
is attributed to the simultaneous effect of TPP and
nanoclay. Also, these blends show different viscosity
values at low-frequencies, depending on TPP/nano-
clay ratios. The storage modulus of the blends contain-
ing TPP /nanoclay [Fig. 7(b)] is improved in compari-
son with other blends [Figs. 5(b),6(b)]. The effect of
TPP /nanoclay hybrid on tan  is shown in Figure 7(c).
As it is evident, the hybrid system leads to a further
increase of melt elasticity of PC/ABS blend as com-
pared with nanoclay-contained blend.

In Figure 8, the variations of complex viscosity of
hybrid blends with TPP [Fig. 8(a)] and nanoclay [Fig.
8(b)] at three different frequencies, 0.1, 10, 100 s ! are
shown. A similar trend is observed as for the blends,
which only contained nanoclay [Fig. 6(d)]. From the
results obtained from Figures 7 and 8, one can con-
clude that the rheological behavior of PC/ABS/
TPP/nanoclay blend is mainly controlled by the
presence of nanoclay rather than TPP.

Figure 9 shows the relationship between the stor-
age modulus (G') and loss modulus (G”) with the
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frequency. For comparison purposes, only one for-
mulation is used from each group, randomly. This
kind of plot is used to describe the rheological
behavior of the blends and was introduced by Han
in 1983 and later on the plot G’ vs G” was named as
modified Cole-Cole plot by Harrel and Nakayama.*
This plotting technique reveal structure features of
polymers. The curve that has more storage modulus,
has higher melt elasticity.

As it is evident, at low-frequencies PC/ABS
blends shows a behavior similar to PC, whereas at
higher frequencies this is shifted to ABS. The
dynamic of ABS and PC resin is different in shear
field and because of hydrodynamic effect of ABS
droplets in the movement of PC macromolecules as
matrix resin in PC/ABS blend the elastic part of
modulus (storage modulus) shows a significant
increase at higher range of shear rates (frequency).
The increased elasticity of the PC/ABS is because of
emulsion type morphology observed in SEM images.
At lower frequency, there is enough time for the
relaxation of PC molecule against applied stress and
induced deformation and the general behavior of
PC/ABS blend is more similar to PC matrix resin.

All the blends except the hybrid one show an almost
similar behavior from the elasticity point of view. The
hybrid blend is set above the reference line (the line
that G’ is equal to G”). Above this line, the elasticity of
melt is more than its viscose counterpart. This is in
agreement with the results reported for the hybrid sys-
tems containing nanoclay and traditional FRs.*®

Modeling of the rheological behavior
Modeling of the rheological behavior of PC resin

The experimental data of complex viscosity against
frequency of PC resin [Fig. 4(a)] showed a Newto-
nian plateau, which was then changed to a power-
law-like behavior at high-frequencies. The following
equation [eq. (1)] has been suggested to correlate the
complex viscosity with frequency:'’

| = (1 + 22?7 1)

where n* is the zero shear viscosity (6850 Pa s); n*
complex viscosity; o, frequency; X, relaxation time
(0.01848 s); and N is the power-law index (0.65).
Using the eq. (1) and by substituting the relevant
values, the complex viscosity is calculated theoreti-
cally and the plot of n*w is shown in Figure 4(a)
(solid line). The results show that the experimental
and the calculated values are in good agreement
with each other and that the eq. (1) can be used to
predict the viscosity behavior of PC resin.

Modeling of the rheological behavior of the blends
with yield stress

The blends PC/ABS, PC/ABS/TPP, and those hav-
ing hybrid of TPP/nanoclay show yield behavior at
melt state. Also, their n*® curves show a linear
power-law-like behavior, with two different slopes
in low- and high-frequency ranges. For these blends
the following equation [eq. (2)] is used to evaluate
the experimental data.'”

/
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Figure 9 Cole-Cole diagram for various formulations.
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TABLE III
Viscose Parameters of Various Blends
Compound K n' n”
PC/ABS 200 —-0.4 —-0.16
PC/ABS/10% TPP 865 —0.24 —0.15
PC/ABS/2% nano/8%TPP 1079 -0.9 —-0.21

where K, complex viscosity at frequency of 1 rad/s
and at ' = n”; n’, slope of the In*l-o curve in the
region of 0.1 < o < 1; n”, slope of the In*l-o curve
in the region of 1 < ® < 102,

At very low- and high-frequency ranges, » << 1
and o >> 1, the following power-law equations
[egs. (3) and (4)] can be obtained:

nx«=Ko" ! ow0<<1 (3)

nx = Ko™ ! o>>1 4)
where n; and 1, are power-law exponents equal to
(I—1n'1), and (1—1n"1), respectively. The viscose
parameters of K, n/, and n”| for the blends are
shown in Table III.

The n*-o curves plotted according to model para-
meters given in Table III are shown in Figures 4(a),
5(a), 7(a) (solid line). It is seen that eq. (2) can pre-
dict properly the complex viscosity behavior of these
blends in a wide range of frequencies by relevant
viscose parameters.

However, in cases where the n*-® curves show an
initial yield stress followed by a plateau and then a
frequency-thinning region, like what is observed for
ABS resin and formulations that have nanoclay, nei-
ther of the two equations suggested above can be
used. In such circumstances, it might be necessary to
break up the curves into two or three regions and fit
separate equation for each region.”

CONCLUSIONS

This systematic study was carried out to understand
the effect of TPP, nanoclay, and hybrid of them as
FRs, on the morphology and rheological character-
izations of PC/ABS blends, and leads to the follow-
ing conclusions:

PC/ABS blend showed a yield behavior in the
complex viscosity curve in all range of frequencies,
with values lower than PC and ABS. This proved a
negative deviation in viscosity behavior of this blend
from log-additivity rule.

In TPP-contained formulations, the melt viscosity
was increased, and melt elasticity and yield stress
were decreased by increasing TPP content.

XRD results proved an intercalated structure for
nano-filled systems. This was supported by TEM
image. Also, an improved intercalation was achieved
in presence of TPP.
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In nano-filled formulations, at low-frequencies, with
increasing nanoclay content the viscosity was increased,
whereas at high-frequencies this was reversed. Also,
the addition of even small quantities of nanoclay led to
a non Newtonian behavior with a significant increase
in viscosity and melt elasticity of PC/ABS blend.

In composites containing hybrid of nanoclay and
TPP, it was concluded that the rheological behavior
of the blend is mainly controlled by the presence of
nanoclay rather than TPP. From the Cole-Cole dia-
grams an improved elasticity and ease of processing
was concluded for the hybrid system.

The authors wish to acknowledge the Iranian National Petro-
chemical Company (INPC) for the financial support during
the course of this research.
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