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ABSTRACT: The objective of this paper is to study the
influence of nanoclay on rheological behavior and phase
morphology of immiscible polyamide 6/acrylonitrile buta-
diene styrene (PA6/ABS) blends. For this purpose, the rheo-
logical behavior of PA6/ABS/Nanoclay blends such as
storage modulus, relaxation time mechanism, zero-shear
viscosity, interfacial relaxation time, relaxation modulus,
interface modulus, and the relationship between rheology
and morphology was investigated. It was observed that the
relaxation time (k) and zero-shear viscosity (g0) increases by
increasing of the nanoclay (2–6 wt %) and ABS (15–35 wt %)
content. As, the increase in relaxation time of PA6/ABS/
Nanoclay blends with increasing of the nanoclay explained
through deformation of droplets and the physical interac-
tions across the interface that causes to enhancement of
elasticity behavior at low frequencies. In other words, this
occurrence causes the relaxation time slightly shifted to-

ward higher values by increasing of nanoclay loading. The
relaxation time spectrum caused by the interfacial tension of
the droplets can be calculated by subtracting the contribu-
tion of the components from the nanocomposite spectrum
reported by Gramespacher and Meissner. The results of the
study show that the nanoclay localization in blend can be
suggested from H(k)kinterface as a function of relaxation time
diagram which nanoclay plates located in matrix, disperse
phase, or interphase. In addition, the slopes of relaxation
modulus curves decrease by increasing nanoclay and ABS
weight fraction, indicating that the relaxation time increases
with the addition of nanoclay. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: E571–E582, 2012
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INTRODUCTION

In nano-filled blends, investigation of the rheological
behavior is the most important way to find out the
level of polymer–filler interactions and the struc-
ture–property relationship.1–6 Study of the rheologi-
cal properties can be an interesting method to
quantify the evolution of phase morphology and
nanoclay dispersion in polymer blends during
flow.7,8 Adding nanoparticles to polymer blends will
typically affect the nonlinear and time dependent
properties. In this case, Hong et al.9 reported that
the adding nanoclay to an immiscible polymer
blends stabilizes the phase morphology due to the
compatibilization effect.10,11 They described that the
nanoclay located at the interface forms the interfacial
phase along the interface and changes the interfacial
tension, which result in the coalescence suppression
of the dispersed droplets. In other work, Hong
et al.12 investigated the interfacial tension reduction
in polybutylene terephthalate (PBT)/polyethylene
(PE)/Clay blend, and the results showed that the

nanoclay located at the interface significantly influ-
ences alter in the phase morphology such as droplet
size and droplet size distribution.13 These morpho-
logical changes are caused by the compatibilization
effect of nanoclay involved in the interfacial tension
reduction.9 In particular, study of stress relaxation can
obtain interesting information about the evolution of
phase morphology.14–20 It was observed that the stress
relaxation modulus curves of blends presented two
steps: a fast relaxation, which can be related to the
contribution of the relaxation of the pure components,
and a slower relaxation, was attributed to the relaxa-
tion of the deformed droplets. Similar results by Yee
et al.,21 Okamoto et al.,15 Iza and Bousmina,16 and
Takahashi et al.22 were obtained for Polystyrene/Poly-
carbonate(PS/PC) polyisobutylene/polydimethylsilox-
ane (PIB/PDMS), and PIB/PDMS blends, respectively.
The relaxation mechanism associated with the de-

formation of dispersed droplets in a matrix as
reported by Gramespacher and Meissner,23 Bous-
mina and Muller,24 and Lacroix et al.25 The relation-
ship between the relaxation spectrum H(k) and
dynamic modulus G0 and G00 can be expressed
through the neural network model and a modified
Tikhonov regularization method developed by Hon-
erkamp and Weese26 using the following eqs. (1)
and (2)27,28:
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where H(k) is the continuous relaxation spectrum
and k is the relaxation time. Also, the relaxation
spectrum (H(k)) can be determined through Tschoe-
gle approximation29 as exposed in eq. (3):
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Using the continuous demonstration of the Maxwell
model, the relaxation spectrum H(k) is related to G0

and G00 through the Fred Holm integral equation of
the first kind.27 A method suggested by Grames-
pacher and Meissner23 consists of plotting the relax-
ation time spectrum H(k)k as a function of k and
using the position of the maximum in the resulting
curve as the relaxation time for the droplets.

The objective of this paper is to report the influence
of the nanoclay addition on the rheological properties
and phase morphology of polyamide 6/acrylonitrile
butadiene styrene (PA6/ABS) blends. For this purpose,
blends based on the PA6/ABS/Nanoclay with different
compositions from PA6, ABS, and nanoclay were pre-
pared. We have investigated the rheological properties
of PA6/ABS/Nanoclay blends such as mechanism of
relaxation time, relaxation modulus, interface modulus,
and the relationship between the rheological behaviors
of the blends and their morphologies. In addition, find-
ing out a correlation between relaxation time, relaxation
modulus, interface modulus, and elasticity behavior
was the center of this study.

EXPERIMENTAL

Materials

All materials used in this work are supplied from
commercial sources. PA6 with trade name Ultramid
B3S HP with a density of 1.13 g cm�3, and a melt
flow index (MFI at 275�C and 5 kg loading) of 175 g/
10 min was supplied commercially from BASF Com-
pany. ABS with trade name SD 0150 with a density of
1.17 g cm�3, and a MFI (200�C, 5 kg; ASTM D1238) of
1.40–2.20 g/10 min was obtained commercially from
Tabriz Petrochemical Company. EnBACO-MAH (eth-
ylene-n butyl acrylate-carbon monoxide-maleic anhy-
dride) as compatibilizer was provided by DuPont
with trade name FusabondVR A MG423D (Ethylene
Acrylate Terpolymer) with specifications of MFI
(190�C, 2.16 kg): 8 g/10 min, melting point: 62�C and
MAH content: 16.6 mg KOH/g. Nanoclay having a
cation exchange capacity of 90 mequiv/100 g, with
trade name of CloisiteVR C30B with density and d-
spacing 1.98 g cm�3 and 18.5�A, respectively, was
supplied by Southern Clay products Inc.

Preparation of PA6/ABS/Nanoclay blends

Before blend preparation, the components were
dried for 16 h in vacuum oven at 85�C. The PA6/
ABS/EnBACO-MAH/Nanoclay blends, having dif-
ferent compositions (PA6, ABS, and nanoclay), were
melt blended in a twin-screw Brabender Plasticorder
with a temperature profile of 235–236–237–238–239–
240�C at a screw speed of 80 rpm and feeding ratio
of approximately 1 kg h�1. The extrudate was rap-
idly quenched with cold water and pelletized. The
produced pellets were again dried at 85�C for 16 h
before injection molding. The barrel zone tempera-
tures of the injection molder were set at 240, 245,
and 240�C. Detailed compounding formulations of
PA6/ABS/EnBACO-MAH/Nanoclay blends for this
study have been shown in Table I.

TABLE I
Composition of the Investigated Blends

Formulation Constituents

Compatibilized ternary blends PA6 ABS EnBACO-MAH Nanoclay

PA6/ABS/ EnBACO-MAH/Nanoclay 80 15 5 0
PA6/ABS/ EnBACO-MAH/Nanoclay 60 35 5 0
PA6/ABS/ EnBACO-MAH/Nanoclay 80 15 5 2
PA6/ABS/ EnBACO-MAH/Nanoclay 80 15 5 4
PA6/ABS/ EnBACO-MAH/Nanoclay 80 15 5 6
PA6/ABS/ EnBACO-MAH/Nanoclay 70 25 5 2
PA6/ABS/ EnBACO-MAH/Nanoclay 70 25 5 4
PA6/ABS/ EnBACO-MAH/Nanoclay 70 25 5 6
PA6/ABS/ EnBACO-MAH/Nanoclay 60 35 5 2
PA6/ABS/ EnBACO-MAH/Nanoclay 60 35 5 4
PA6/ABS/ EnBACO-MAH/Nanoclay 60 35 5 6
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Characterization of blend morphologies

Droplet sizes have been observed by scanning electron
microscopy (SEM) using a VEGA TESCAN model.
Before morphological observations, samples were first
fractured in liquid nitrogen. PA6 and ABS phases
were etched by immersing the fracture surfaces in
tetra hydro furan (THF) for 72 h at room temperature
to remove the dispersed phase domains. Later, it was
dried for 24 h in a vacuum oven at 80�C and then
gold sputtered. The microscopy operating at 20 kV
was used to view the specimens, and several micros-
copy photographs were taken for each sample.

Rheological measurements

Dynamic rheological measurements were conducted
with a MCR 300-Physica rheometer using a parallel
plate system with plate of diameter 25 mm. Frequency
sweeps were performed over the range of 0.01–600
rad s�1 at 245�C. All experiments were carried out at
a temperature of 245�C, under a continuous purge of
dry nitrogen, to suppress the oxidative degradation
process of melts at high temperatures and absorption
of moisture. Experimentally, in a rotational rheometer,
the test was carried out to determine the linear visco-
elastic limit consists in the evaluation of the visco-
elastic parameters as a function of the strain at a fixed
frequency (strain sweep tests). Moreover, to gain in-
formation about relaxation behavior of the blends,
stress relaxation tests have been carried under a
steady strain amplitude (c ¼ 10%) at 245�C.

RESULTS AND DISCUSSION

Characterization of PA6/ABS/Com/Nanoclay
nanocomposites

Figure 1 shows the small-angle X-ray scattering
(SAXS) patterns of nanoclay and nano-filled blends

in the region of 2y ¼ 2–10�. As shown in Figure 1,
the nanoclay exhibits the first characteristic peak at
4.89�, corresponding to a d-spacing of 1.8 nm. This
demonstrates that basal spacing of the layered sili-
cates increased due to the insertion of polymer
chains into the layer silicates. In the case of the
blends, the characteristic peak of the nanoclay
almost disappears, and the second peak regarding to
the blends is almost no longer observed. These
results indicate that the PA6 and ABS chains have
penetrated into the silicate gallery, and the nanoclay
platelets mostly exfoliated in the PA6 matrix and
ABS dispersed phase and/or interface. It suggests
that the internal structure of the layered silicates is
mainly decided by the intercalation of PA6 and ABS
chains into nanoclay galleries. This can be explained
by the competitive interaction between polymers
with nanoclay particles. Also, the reduction of the
scattering intensity indicates that the nanoclay struc-
ture becomes relatively exfoliated by the polymer
chains. The characteristic SAXS are detected in the
blends, indicating that the degree of layered silicates
exfoliation in all the blends is similar to each other.
Hence, the relatively degree of exfoliation resulted
in a significant decrease in the dispersed droplets
size.

Dynamic rheology

The storage modulus (G0) as a function of frequency
in the linear viscoelastic region for PA6/ABS/Com/
Nanoclay blends at 245�C containing different
amounts of nanoclay (2, 4, and 6 wt %) and ABS (15,
25, and 35 wt %) is illustrated in Figure 2. According
to Figure 2, the amount of the storage modulus for
all of the nano-filled blends increases with the addi-
tion of nanoclay and ABS content especially at low
frequency region. The storage modulus curves of
different blends, which are in all of the frequency

Figure 1 SAXS patterns of nanoclay and blends with 2, 4,
and 6 wt % nanoclay. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 2 Storage modulus versus frequency for the PA6/
ABS/Com/Clay blends at 245�C.
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region, show similar trend, and plateau can be
observed for all the blends at low frequencies region.
The effect of nanoclay is especially apparent plateau
at low frequencies of the storage modulus, which is
characteristic of blends exhibiting solid-like behav-
ior.30,31 In the most cases, the solid-like behavior due

to the increased of nanoparticle–polymer interaction
will lead to a larger extent exfoliation of nanopar-
ticles in the blends. Hence, the solid-like behavior
indicates strong interactions between the filler and
polymer phase.32,33 Consequently, the increase of
elasticity in the low frequency region is originated

Figure 3 Relaxation time spectra of PA6/ABS/Com/Nanoclay blends of varying nanoclay and ABS contents at 245�C.
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from the strong interaction between component and
nanoparticle.34 Thus, it seems that the amount of
nanoclay has a significant effect in the elasticity of
the interfaces. Since the dynamic modulus is directly
related to the size of the drops, this suggests that the
drop size does decrease upon increasing nanoclay
loading. Conversely, this observation suggests that,
at higher frequencies, the incorporation of nanoclay
do not significantly affect the dynamics of the PA6
chains. At these frequencies, by increasing nanoclay
content, the storage modulus is observed to increase,
which can be attributed to an increased effective
deformation rate in the matrix (PA6). Whereas the
study of elastic modulus of the blends at low fre-
quency provides further evidence of the morphologi-
cal changes. Therefore, the low frequency modulus
mainly gives information about the aggregates and
eventually the percolating structure formed by the
aggregates, the high frequency modulus is always
dominated by the polymeric matrix contributions.31

This contribution of the interfacial tension to the
storage modulus is increased by the increased inter-
facial area with a change in the droplet size.35 More-
over, Huitric et al.10 have shown that the addition of
nanoclay leads to a lower interfacial tension. As,
blends with a cocontinuous morphology usually dis-
play a power law-like relaxation of the elastic modu-
lus at low frequencies region. On the contrary, the
increase of volume fraction of the disperse phase
leads to an increase of the G0 plateau [Fig. 2]. Also,
loss modulus (G00) values are not shown because G0

is more sensitive to microstructural effects.

Influence of nanoclay on the relaxation time

All of the relaxation spectra were calculated from ex-
perimental storage modulus data, using a nonlinear
spectrum calculation method, available in MCR-300
rheometer software. The H(k)k as a function of k in
the liner viscoelastic region for PA6/ABS/Com/
Nanoclay blends at 245�C containing different
amounts of nanoclay (2%, 4%, and 6%) and ABS
(15%, 25%, and 35%) is presented in Figure 3(a)–(h).
As can be seen the relaxation spectra of PA6 exhibit
two peaks and ABS only one peak. In contrast, upon
increasing of the nanoclay level to 6 wt %, all of the
spectra have a single peak for all of the blends, and
the peak slightly shifted toward a longer time. On
the other hand, it is observed that the relaxation
time for 80/15/5/6 is much longer than that of 80/
15/5/4 and 80/15/5/2 blends. Also, similar relaxa-
tion spectra were obtained for the 70/25/5/2 to 70/
25/5/6 blends. According to Figure 4, it can be con-
cluded that the relaxation time increases with the
incorporation of nanoclay loading (2–6 wt %). The
nanoclay initiates processes with long relaxation
times, thus it can be detected very sensitively by

rheology.36 This behavior implies that the polymer
chains experience increased friction forces resulting
in a delayed relaxation. Even higher relaxation time
can be assigned to the nano-filled blends, indicating
stronger filler–matrix interactions.37 Also, the relaxa-
tion time behavior for all of the blends is similar to
each other at steady ABS levels. Depending on relax-
ation times, the nanoclay particles are confined in
one of the two phases, in both phases ,or can be re-
stricted at the interface between the two polymers.
Conversely, by increasing the ABS content (15–35 wt
%) increases in relaxation times for all of the blends
with steady nanoclay content occurred. It can be
seen that the relaxation times of the dispersed drop-
lets increase when the dispersed phase concentration
increases. The relaxation time is directly propor-
tional to the size of the dispersed phase.38 Conse-
quently, the increase of elasticity can be attributed to
the form relaxation process of the dispersed phase
droplets when slightly sheared.24,25 When the dis-
persed phase content increases, the diameter of the
dispersed phase increases and the relaxation process
of the dispersed phase becomes extended, leading to
an increase of the elastic modulus.38 Also, the transi-
tion from the peak of the PA6 to the peak of the
ABS implies increasing the miscibility and compati-
bility of the PA6/ABS blend components. In other
words, when the relaxation time of the disperse
phase increases, the plateau also increases, G0 Figure
2, which was expected due to the increased elasticity
levels. Moreover, the incorporation of nanoclay
results in a broadened relaxation time spectrum and
an increase in zero-shear viscosity (g0) according to
Carreau–Yasuda model as followed to eq. (4).39–41

g ¼ ðg0 � g1Þ � ð1þ ðk:xÞaÞðn�1Þ
a þ g1 (4)

where g0 and g1 are the zero-shear viscosity and in-
finite shear viscosity, respectively, and so a, n, and k

Figure 4 Dependence of the characteristic relaxation
times as a function of the nanoclay for PA6/ABS/Com/
Nanoclay blends at 245�C.
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is the width of the transition range between zero-
shear viscosity and power law region, power law
exponent, and relaxation time, respectively. The
zero-shear viscosity between the dispersed phase
and the matrix for all of the blends at 245�C is illus-
trated in Figure 5. As can be seen from Figure 5, the
zero-shear viscosity values, g0, were obtained by fit-
ting the complex viscosity curve versus frequency
using the Carreau–Yasuda model. The zero-shear
viscosity was extracted in the terminal frequency
region. It can be concluded that the zero-shear vis-
cosity increases by increasing of the nanoclay and
ABS loading. Conversely, as the content of nanoclay
increased, the peak of the relaxation spectrum
shifted to longer times and the shape of the spec-
trum became broader indicating a different relaxa-
tion mechanism. The slow relaxation was attributed
to the rigidity of the polymer molecules, which
restrict the chain mobility.42 Therefore, the relaxation
spectra of 60/35/5/6 blend is broader than other
blends. The PA6/ABS/Com/Nanoclay (60/35/5/6)
blend with a cocontinuous morphology usually
exhibits a power-law-like relaxation of the elastic
modulus at low frequencies. This is ascribed to the
presence of domains with different characteristic
length scales, resulting in a continuous relaxation
time spectrum.43,44 We concluded that in the nano-
composites, the relaxation time is delayed, and the
orientation of the polymer chains should be easier
than in the pure matrix.

Influence of nanoclay addition on morphology and
rheological properties

It was demonstrated that the results of linear visco-
elastic measurements can provide a great insight
into understanding the correlation between the inter-
facial elasticity and the morphology of immiscible
polymer blends. Figure 6(a)–(f) shows the relation-
ship between phase morphology and rheological

behavior for PA6/ABS/Com/Nanoclay blends at
245�C. As shown in Figure 6(a)–(f), the droplet-ma-
trix and cocontinuous morphology are observed for
the 80/15/5/2,4,6 and 60/35/5/2,4,6 blends, respec-
tively. These observations confirm that the cocontin-
uous and droplet-matrix morphologies are responsi-
ble for the characteristic complex rheological
behaviors mentioned above. Recently, several
authors have observed the unexpected formation of
cocontinuous morphologies in polymer blends filled
with nanoclay.45–48 Accordingly, it seems that the
interfacial relaxation time is also dependent upon
the relaxation time of the continuous phase.35 This
also confirms that the compatibility between PA6
matrix and ABS disperse phase is improved due to
suppressing the coalescence of the droplets by
increasing the nanoclay loading. The presence of
nanoclay at the interface stabilizes the blend mor-
phology by suppressing the coalescence of the drop-
lets. Also, it was observed that the disperse phase
droplets in 80/15/5/2,4,6 blends were approxi-
mately spherical whereas in the 60/35/5/2,4,6
blends were elongated disperse phase droplet to-
ward cocontinues. This deformation of the disperse
phase droplets, which is due to a better adhesion
between the phases, could clarify the increase in
relaxation time. Furthermore, the increase in relaxa-
tion time of PA6/ABS/Nanoclay blends by rising of
the nanoclay explained with deformation of droplets
and also by the physical interactions across the inter-
face that cause to enhancement of elasticity.49 The
droplet sizes obtained by rheology and those
obtained by morphology are in good agreement.
Moreover, it was interesting to note that the results
obtained from morphological observations and relax-
ation time spectrum measurements are in qualitative
agreement. Also, it is concluded that the influence of
the nanoclay loading on the morphology and rheol-
ogy of the blends is related to its location in the
blend. This interfacial tension reduction arises from
the localization of the nanoclay at the interface and
its nonhomogeneous distribution along the interface,
suppressing the coalescence between the droplets,
which is a role of a compatibilizer.9 Conclusively,
the immiscible polymer blends can be compatibi-
lized with nanoclay. Also, the nanoclay changes the
blend morphology by interfacial tension reduction
due to the localization of the nanoclay at the inter-
face and by the viscosity ratio change due to the
selective localization by its affinity to a specific com-
ponent in the blend. Hence, the addition of nanoclay
in the role of a compatibilizer results in a decreased
domain size of the dispersed phase, stabilization of
the dispersed phase, and finally, an improved inter-
facial adhesion. Recently, nanoclay particles are used
as compatibilizer for immiscible polymer blends due
to its compatibilization effect. Consequently, the

Figure 5 Comparison of the zero-shear viscosity for the
PA6/ABS/Com/Nanoclay blends at 245�C.

E576 MOJARRAD, JAHANI, AND BARIKANI

Journal of Applied Polymer Science DOI 10.1002/app



finer morphologies with homogeneous particle dis-
persion were obtained. Accordingly, it seems that
the interfacial relaxation time is also dependent
upon the relaxation time of the continuous phase.

Nanoclay effects on interfacial relaxation time

If the amount of nanoclay within the dispersed
droplet is increased, the deformability of the droplet
filled with nanoclay is significantly reduced. On the

Figure 6 Comparison of the H(k)k as a function of relaxation time and SEM images to represent the phase structures
formed in the PA6/ABS/Com/Nanoclay blends.
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other hand, if the nanoclay is situated in the matrix,
the size reduction effect is enhanced as the amount
of nanoclay is increased.12 This selective localization
of the nanoclay results in a variation in the melt
blend elasticity. A method suggested by Grames-
pacher and Meissner23 consists of plotting the relax-
ation time spectrum H(k) k versus k and using the
position of the maximum in the resulting curve as
the relaxation time for the droplets.50

HðkÞkinterface ¼ HðkÞknanocomposite �HðkÞkcomponent (5)

Gramespracher and Meissner suggested a simple lin-
ear mixing rule for H(k)kcomponent, which is defined
as follows:

HðkÞkcomponent ¼ uHðkÞkþ ð1� uÞHðkÞkPA6 (6)

Substituting eq. (6) into eq. (5) then yields
H(k)kcomponent:

HðkÞkinterface ¼ HðkÞknanocomposite � u:HðkÞkABS
�ð1� uÞHðkÞkPA6 ð7Þ

The resulting interfacial relaxation spectra for the
blends are shown in Figure 7. All the blends show a
single interfacial relaxation spectrum corresponding
to the shape relaxation of drops. An alternative pro-
cedure to isolate the contribution of the interface has
been evaluated here as well. In this approach, the
contribution of the components is subtracted from
the spectrum of the blend to get the interfacial relax-
ation spectrum.50 This method is based on the
assumption that the contributions of the different
relaxation processes involved are additive.50 The
relaxation time at which the maximum occurs in the
spectra of Figure 3 increases with increasing nano-
clay, also the level of the maximum increases.
Because higher nanoclay content implies smaller dis-
perse phase droplets according to Figure 6 and con-

sequently a strong interface, the spectrum should
shift as observed. Corresponding to Figure 6, upon
increasing nanoclay content, the peak height of
H(k)kinterface raised and relaxation time shifted to
long-time region. The nanoclay localization in blend
can be suggested from H(k)kinterface as a function of
k diagram which nanoclay plates locate in the ma-
trix, dispersed, or interphase. According to Figures 3
and 7, the amount of H(k)kinterface is partially less
than H(k)knanocomposite so it can be suggested that the
majority component of nanoclay is located in the
interface. Because nanoclay plates is in the interface,
so elastic behavior increases in low frequency by
increasing nanoclay content. So because of being
nonoclay in interface, the mobility of chains has
been restricted and so resulted enhancement of elas-
ticity in low frequency. This increased elasticity can
be attributed to the relaxation time of disperse
phase. In other words, this phenomenon causes the
relaxation time very slightly shifted toward higher
values in comparison with the blends with a smaller
amount of nanoclay. Results show that the investiga-
tion of the relaxation time spectra of the nano-filled
blends showed a distinct peak which could be
related to the elastic response of the droplets and
interface elasticity.

Influence of nanoclay on the relaxation modulus

The relaxation spectrum can be defined from the
decomposition of the rheological functions in Max-
well modes and from the decomposition of the
relaxation modulus in terms of exponential functions
as follows27:

GðtÞ ¼
Z1
0

HðkÞe�t=k dk
k

(8)

The stress relaxation modulus G(t), in response to a
low strain (10%) in the linear regime, is equal to the

Figure 7 Interfacial relaxation time spectrum versus relaxation time for PA6/ABS/Com/Nanoclay blends at 245�C.
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oscillatory response. The initial small-time response
of G(t) is equivalent to the high frequency response,
and the long-time response is equal to the low fre-
quency response. The relaxation modulus curve in
the linear viscoelastic region has an exponential-like
decay. In this case, Marrucci51 proposed the follow-
ing equation for investigation of the relaxation mod-
ulus at low frequency.

GðtÞ ffi Gp (9)

where G(t) is the relaxation modulus and GP is the
plateau modulus. According to eq. (9), the relaxation
modulus enhanced with increasing the plateau mod-
ulus at low frequency domains. The effect of nano-
clay addition on the variation of the relaxation
modulus in response to a low strain (10%) in the

Figure 8 Relaxation modulus versus time of PA6/ABS/Com/Nanoclay blends of varying ABS and nanoclay contents at
245�C.
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linear regime is shown in Figure 8. According to Fig-
ure 8, the slopes of G(t) curves decrease by increasing
nanoclay and ABS content, indicating that the relaxa-
tion time increases with the incorporation of nanoclay
and ABS. We can observe that the nanoclay loading
has significant influence on the storage modulus of
the blends, so results increasing of plateau modulus,
that corresponding to eq. (9), by increasing of GP

relaxation modulus have been raised. The relaxation
modulus behavior was also enhanced by showing
more solid-like characteristics by increasing nanoclay
loading. Corresponding to Figure 8, all of the blends
first exhibited quickly and then slow relaxation proc-
esses. It can be seen that the length of the plateau
increases with increasing dispersed phase concentra-
tion due to larger deformations of the droplets. It can
also be seen from Figures 6 and 8 that the slope of the
plateau is declining when the nanoclay and dispersed
phase content of the deformed droplet is increasing.
Hence, two relaxation stages presented for all the
blends: a first fast relaxation to 1 s, which can be
related to the contribution of the pure phases;
whereas a slower one, which was characterized by the
presence of a plateau, which corresponds to the relax-
ation of the deformed droplets.21 It can also be

observed that, upon increasing dispersed phase con-
tent the slope of the plateau decreases,21 indicating a
slower relaxation when the size of the dispersed
phase increases especial in the case of 60/35/5/6
blend. As, in immiscible polymer blends, the compo-
nent polymers relax nearly alone in each phase.22 On
the other hand, the relaxation modulus increases with
increasing amount of nanoclay added to the blend
because the contribution of the interface increases
with increasing nanoclay loading. For any fixed time,
the G(t) increases with increasing nanoclay loading,
similar to that observed in the dynamic oscillatory
shear measurements.

Influence of nanoclay on the interface modulus

In general, the dynamic storage modulus (G0) of the
immiscible polymer blend contains two interfacial
contribution to the storage modulus is defined as
follows:

G0
nanocomposite ¼ G0

components þ Ginterface0 (10)

The Gramespracher and Meissner23 suggested a sim-
ple linear mixing rule for G0

component:

Figure 9 Interface modulus versus frequency for PA6/ABS/Com/Nanoclay blends at 245�C.
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G0
components ¼ uG

0
ABS þ ð1� uÞG0

PA6 (11)

Substituting eq. (11) into eq. (10) then yields
G0

component:

G0
interface ¼ G0

nanocomposite � uG0
ABS � ð1� uÞG0

PA6 (12)

where u is the volume fraction of the dispersed
phase, G0

ABS and G0
PA6 are the storage modulus of

dispersed phase and matrix, respectively. In this
case, it can be considered that the (G0

nanocomposite) as
contribution of intercalated nanoclay to the storage
modulus can be studied in terms of the confinement
effect (G0

confinement) and the interaction between the
tactoids (G0

interface) effects, which result in the
enhancement of G0 at low frequency in comparison
with G0

matrix the polymer matrix.21,35 Where G0 com-
ponents and G0 interface represent the modulus of
the two components and of the phase interface,
respectively. These interactions can result in the re-
markable enhancement when the nanoclay loading
is higher than a percolation threshold, which may
lead to the considerable enhancement of low fre-
quency elasticity.52 The G0

nanocomposite may be domi-
nated by G0

interface because the contribution of
G0

interface is much bigger than those of G0
matrix and

G0
confinement at low frequencies. The component poly-

mers contribution is negligible at low frequencies,
and therefore G0

interface at low frequencies is not sen-
sitive to choice of G0

component. The effect of nanoclay
addition on the G0

interface as a function of frequency
is shown in Figure 9. As can be seen, the value of
plateau interfacial elastic modulus is also consider-
ably influenced by the presence of nanoclay loading.
Increases at nanoclay weight fraction, confirming an
enhanced interfacial contribution. According to Fig-
ure 9, the results confirm the enhancement in elastic-
ity and formation of plateau at low frequency
domains. On the other hand, the elasticity seems to
provide a sensitive way to assess the cocontinuity in
immiscible polymer blends. Hence, the interfacial
elastic modulus of the blends measured at all of the
frequencies provides further evidence of the mor-
phological changes (Fig. 6). This deceleration in
relaxation mechanism at low frequencies is reported
often for a variety of nano-filled polymer melts.53

As, interactions can also sharply increase when the
nanoclay loading is above a percolation threshold,
which may lead to the significant enhancement of
low frequency G0

interface. In the literature, the plateau
in G0 exhibited by nanocomposites at lower frequen-
cies above a critical concentration was often inter-
preted as the occurrence of a transition from a
liquid-like to a solid-like behavior.52 This solid-like
behavior is characterized by the appearance of a pla-
teau modulus at low frequencies corresponding to a
enhancement of elasticity and the longest relaxation

time. At high nanoclay loading, the contribution of
the interphase was evidenced.

Han plot

Figure 10 represents a comparison of the curves of
G0

interface versus G0
interface for different compositions of

the PA6/ABS/Com/Nanoclay blends at 245�C to
investigate the compatibility and alter of the micro-
structure in polymer blends.54–57 It can be seen that the
slope slightly decreases with the nanoclay and ABS
content. Additionally, the curves indicated that the
addition of nanoclay and ABS enhanced the elasticity
of the blends and changed the microstructure. There-
fore, the differences in the shapes of the curves that
means the addition of nanoclay and ABS changed the
melt behavior blends from viscose to elastic, and also
altered morphological structure from disperse–matrix
to cocontinuous in some of the blends. The change in
overall behavior of G0

interface–G
00
interface plot of nanocom-

posites over 2 wt % nanoclay in many of the blends is
the evidence of interparticle interactions. So with
increasing the nanoclay loading elasticity increases and
the phase morphology of system is going toward
cocontinuous (60/35/5/2,4,6). From this result, it can
be expected that the high elasticity justifies the compati-
bility of components. In addition, it was interesting to
note that morphological observations and rheological
measurements are in good agreement.

CONCLUSIONS

The purpose of this research was to study the influ-
ence of nanoclay on the rheological behavior of
PA6/ABS/Nanoclay blends such as mechanism of
relaxation time, interfacial relaxation time, relaxation
modulus, interface modulus, and the relationship
between the rheological behaviors of the blends and
their morphologies was investigated. The melt

Figure 10 G0
interface versus G00

interface for the PA6/ABS/
Com/Nanoclay blends at 245�C.
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rheological analysis on PA6/ABS/Nanoclay blends
was performed to obtain the linear viscoelastic
behavior and to get information on the relaxation
times of the blends, which are essential for a signifi-
cant understanding of the increasing nanoclay effect
on melt elasticity behavior. The main results
obtained in this work are summarized as follows.

1. It can be concluded that the incorporation of
nanoclay (2–6%) and ABS (15–35%) causes to
increasing of relaxation time and zero-shear vis-
cosity for all of the blends. On the other hand,
the increase in relaxation time of PA6/ABS/
Nanoclay blends by rising of the nanoclay
explained with deformation of droplets and also
by the physical interactions across the interface
that causes to enhancement of elasticity. More-
over, the enhancement of elasticity can be attrib-
uted to the relaxation time of disperse phase. In
other words, this phenomenon causes the relaxa-
tion time very slightly shifted toward higher val-
ues by increasing of the nanoclay loading.

2. The relaxation time spectrum caused by the interfa-
cial tension of the droplets can be calculated by
subtracting the contribution of the components
from the global nanocomposite spectrum. Further-
more, the nanoclay localization in blend can be
suggested from H(k)kinterface as a function of k dia-
gram which nanoclay plates locate in matrix, dis-
persed, or interphase.

3. In addition, the slopes of G(t) curves decrease by
increasing nanoclay and ABS content, indicating
that the relaxation time increases with the addi-
tion of nanoclay and ABS content.

4. Also, the value of plateau interfacial elastic modulus
is also influenced considerably by the presence of the
nanoclay. Increases at nanoclay weight fraction, con-
firming an enhanced interfacial contribution.
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36. Kovács, J.; Dominkovics, Z.; Vörös, G.; Pukánszky, B. Macro-
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