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ABSTRACT: The crystalline morphologies of isother-
mally and nonisothermally crystallized poly(phenylene
sulfide) (PPS) and its blend with polyamide 66 (PA66)
were investigated by polarized optical microscopy with a
hot stage. The spherulite superstructure of PPS was greatly
affected by crystallizable PA66; a Maltese cross was not
clear, and the impingement between spherulites disap-
peared. This could be ascribed to the formation of small
crystals of PA66, which filled in the PPS lamellae. The
nonisothermal crystallization behavior was also measured
by differential scanning calorimetry. The presence of PA66
changed the nonisothermal crystallization process of PPS.

The maximum crystallization temperature of the PPS
phase in the blend was higher that that of neat PPS, and
this indicated that PA66 acted as a nucleus for PPS. Also,
the compatibilizer poly(ethylene-stat-methacrylate) (EMA)
was added to modify the interfacial interplay of the PA66/
PPS blend system. The addition of EMA greatly influenced
the nonisothermal crystallization process of the PPS phase
in the blend system. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 2600–2606, 2008
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INTRODUCTION

Poly(phenylene sulfide) (PPS) is a high-temperature
thermoplastic engineering resin that was first discov-
ered as a byproduct of the Friedel–Crafts reaction in
1888. It has a glass-transition temperature of about
808C and a melting temperature of 280–2908C. PPS
exhibits good dimensional stability, thermal stability,
electrical properties, strength, fatigue resistance, and
chemical resistance1,2 and is used in widespread
applications such as pump impellers, ball valves,
wear rings, electrical sockets, battery and telephone
components, chip carriers, optical-fiber cables, and
electronic component encapsulants.3 However, neat
PPS is rather brittle, has low impact strength, and
presents difficulties in injection molding. Thus, a lot
of approaches have been proposed to overcome these
disadvantages of PPS. The most popular method is to
modify PPS by physical blending or alloying with
other polymers or reinforcement with other materials.
Generally, the properties of polymer blends are
greatly determined by the phase morphology, disper-
sion, and interfacial interaction of the component
polymers. In a PPS blend system, crystallizable PPS is
usually blended with other polymers that are crystal-

line or amorphous. Hence, the morphology and ulti-
mate properties of the products are affected by the
relative crystallinity, the compatibility of the phases,
and the crystallization behavior, which are deter-
mined in turn by the thermal treatment and process-
ing conditions.

Recently, a large number of scientific publications
have dealt with blends of PPS with other thermoplas-
tics.4–11 Golovoy et al.4 investigated blends of PPS
with polyarylate. Blends of PPS with polyethylene
and poly(ethylene terephthalate) were the subjects of
investigations by Nadkarni and coworkers.5,6 PPS–
poly(ether imide) and PPS–polysulfone binary blends
as well as ternary systems were discussed by Akhtar
and White.7 They also described the experimental
study of blends of PPS with various polyamides.8

Hanley et al.11 researched blends of PPS and poly
(ethylene terephthalate). These studies showed that
the crystallization behavior of PPS was greatly influ-
enced by the other thermoplastics.

In this article, we characterize the crystalline mor-
phologies and nonisothermal crystallization behavior
of PPS blends with polyamide 66 (PA66). It is well
known that PA66 is an important engineering ther-
moplastic because of its superior mechanical proper-
ties, especially when exposed to solvents at elevated
temperatures.12–18 However, PPS cannot form misci-
ble blends with PA66, and Lee and Chun19 found that
the addition of PA66 increased the tensile strength

Correspondence to: A. Lu (ai_lu@tom.com).

Journal of Applied Polymer Science, Vol. 107, 2600–2606 (2008)
VVC 2007 Wiley Periodicals, Inc.



and impact strength of PPS by means of the compati-
bilizer poly(ethylene-stat-glycidyl methacrylate)-graft-
poly(acrylonitrile-stat-styrene) (EGMA), which is
known to improve the interfacial bonding in thermo-
plastic blends. Recently, some literature20–23 has been
published concerning the mechanical and physical
properties of PA66/PPS blends. However, few publica-
tions have focused on the crystallization of PA66/PPS
blends. As we know, the crystallization process plays
an important role in the properties of PPS blends.

The aim of this work was to study the nonisother-
mal crystallization behavior of PPS blended with
PA66. Also, poly(ethylene-stat-methacrylate) (EMA)
was added to the PA66/PPS blends to improve their
interfacial interaction.

EXPERIMENTAL

Materials and compounding

A PPS resin powder with a weight-average molecular
weight of 40,000 was supplied by Honghe Limited
Corp. (Zigong, China). PA66 was supplied by
Shenma Group Ltd. Corp. (China). The crystallization
temperature of PA66 was about 2108C. The PPS sam-
ples were first treated at 1408C for 4 h to remove the
lower molecular weight ones and then blended with
PA66 (in a weight ratio of 7 : 3) under a nitrogen
atmosphere with a Stress Polylab610 rheometer
(RS600). The molten mixing was carried out at 2908C,
and the mixing time was 6 min.

After the blending with PA66 in a twin-screw com-
pounding machine, a circular film with a 1-mm thick-
ness and 20-mm diameter was prepared with a self-
made oil pressure pump for rheological testing.

Rheological testing

The compatibility of PPS blended with different PA66
contents was determined with a Stress Polylab610

rheometer (RS600); the scanning frequency ranged
from 0.01 to 100. The measurement temperature was
2908C. The data obtained are presented in Figure 1.

Differential scanning calorimetry (DSC)
measurement

The nonisothermal crystallization behavior of PPS
and its blend with PA66 were determined in a nitro-
gen atmosphere with a PerkinElmer Diamond differ-
ential scanning calorimeter. The crystallization exo-
therm was recorded when the samples (ca. 8 mg)
were heated to 3308C, held at that temperature for 5
min to ensure complete melting of the polymer, and
then cooled at a rate of 20, 15, or 108C/min to room
temperature.

Morphology observation

The crystalline morphologies of the isothermally and
nonisothermally crystallized PPS and its blend with
PA66 from the melt were observed with a polarized
optical microscope equipped with a CSS450 hot stage.
Temperature calibration of the hot stage was per-
formed with naphthalene, indium, anthraquinone,
and sodium nitrate. The samples were heated from 20
to 3308C at 208C/min, kept at that temperature for 5
min to allow complete melting, and then cooled to the
crystallization temperature at 308C/min for isother-
mal crystallization and to room temperature at 20, 15,
or 108C/min for nonisothermal crystallization.

RESULTS AND DISCUSSION

Compatibility of EMA/PA66/PPS blends

Figure 1 presents the dependence of the storage mod-
ulus (G0) on the loss modulus (G00) for PA66/PPS and
EMA/PA66/PPS blend systems. According to the cri-

Figure 1 Relationship of log G0 and log G00 for (a) PA66/PPS and (b) EMA/PA66/PPS (the weight fraction of EMA
is 2%): (1) 20/80, (2) 40/60, and (3) 60/40. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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teria for the rheological compatibility of polymer
blends established by Han and coworkers,24–26 plots
of G0 versus G00 give composition-independent corre-
lations for compatible blends and composition-
dependent correlations for incompatible blends. It can
be seen from Figure 1(a) that the plots of G0 versus G00

are dependent on the composition for the PA66/PPS
blend system. This phenomenon is consistent with
what Han and coworkers observed in incompatible
blend systems, such as nylon 6/CXA 3101 and ny-
lon 6/poly(ethylene-co-vinyl acetate) (EVA) systems.
Thus, we believe that PPS is incompatible with crys-
tallizable PA66 in the melt state. In Figure 1(b), one
can see that the plots of G0 versus G00 are independent
of the composition for the blend system, indicating
that the addition of EMA greatly modifies the interfa-
cial interaction of the PA66/PPS blend and improves
the compatibility of the blend system.

Nonisothermal crystallization behavior of
EMA/PA66/PPS blends

The nonisothermal crystallization exotherms of neat
PPS and neat PA66 at a predetermined cooling rate of
158C/min are shown in Figure 2. It can be seen from
these DSC curves that the exothermic crystallization
peaks for both neat PPS and neat PA66 are monomo-
dal. The crystallization temperature for neat PPS and
PA66 ranges from 208.85 to 243.358C and from 201.44
to 236.188C, respectively. The maximum crystalliza-
tion peak temperature of neat PPS is about 223.858C,
and that of PA66 is about 208.78C. These data indicate
that the crystallization of PPS is before that of PA66
during cooling.

Figure 3 shows the nonisothermal crystallization
exotherms of PPS, a PA66/PPS blend, and an EMA/
PA66/PPS blend at predetermined cooling rates of

20, 15, and 108C/min, respectively. From these DSC
curves, one can see that the exothermic crystallization
peaks for both PPS and the EMA/PA66/PPS blend
are monomodal, whereas for the PA66/PPS blend,
they are multimodal. Apparently, the higher small

Figure 2 DSC cooling traces at a cooling rate of 158C/
min for neat PPS and neat PA66. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 3 DSC cooling traces at predetermined cooling
rates for (a) neat PPS, (b) a PA66/PPS blend, and (c) an
EMA/PA66/PPS blend. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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crystallization peak corresponds to PPS, and the
lower crystallization peak corresponds to the simulta-
neous crystallization of PA66 and PPS because the
ranges of the crystallization temperatures for the two
polymers are so close. This is because the crystalliza-
tion of PA66 is induced by the crystallites of PPS, and
this leads to the partial overlap of crystallization for
the two polymers.

From these curves, some parameters of nonisother-
mal crystallization for PPS and its blend, such as the
onset temperature (To), peak or maximum crystalliza-
tion temperature (Tp), and maximum crystallization
time (tmax; i.e., the time required to crystallize com-
pletely), are available, as shown in Table I. The crys-
tallization peak shifts to the lower temperature when
the constant cooling rate is increased, whereas To, Tp,
and tmax decrease; this indicates the retarded effect of
the cooling rate on the nonisothermal crystallization
of PPS. In the case of the PA66/PPS blend, To is a little
higher than that of neat PPS, showing that the pres-
ence of PA66 promotes the nucleation of PPS. On the
contrary, Tp is lower than that of neat PPS but higher
than that of neat PA66, indicating that PPS acts as a
nucleating agent for PA66 crystallization, whereas for
the EMA/PA66/PPS blend, To and Tp of the PPS
phase are lower than those of neat PPS. tmax is less
than that of neat PPS, and this shows that EMA mark-
edly accelerates the overall nonisothermal crystalliza-
tion rate of PPS. However, compared with that of the
PA66/PPS blend, Tp of the PPS phase shows little dif-
ference. The most interesting difference is that only
one crystallization peak occurs: the higher small crys-
tallization peak disappears, and this shows that the
crystallization of PPS is completely overlapped by
that of PA66 because of the presence of EMA. On the
basis of these results, it can be concluded that the
nonisothermal crystallization of PPS is greatly influ-
enced by PA66, and in the course of nonisothermal
crystallization, PA66 can induce the nucleation of
PPS. In addition, the addition of EMA greatly changes
the nonisothermal crystallization process of PPS and
accelerates the overall crystallization rate of PPS. This
is because the compatibilizer EMA modifies the inter-
facial interplay of the PA66/PPS blend, and this

results in the complete overlap of crystallization for
the two polymers.

Crystallization morphology of EMA/PA66/PPS
blends

Nonisothermal crystallization morphology

The nonisothermal crystallization morphology of neat
PPS, a PA66/PPS blend, and an EMA/PA66/PPS
blend at a predetermined cooling rate of 158C/min is
presented in Figure 4. It can be seen from Figure 4(a)
that the neat PPS can form a spherulite structure, and
the diameter of the spherulite can reach about 30 lm.
In the case of the PA66/PPS blend and EMA/PA66/
PPS blend, one can see that no spherulite structure
can be observed under the polarized optical field.
This phenomenon can be ascribed to the formation of
numerous small nuclei, which result from the pres-
ence of PA66. Thus, the nonisothermal crystallization
of PPS is greatly influenced by PA66 and especially
the addition of compatibilizer EMA.

Isothermal crystallization morphology

Optical micrographs of PPS isothermally crystallized
at 2508C from the melt are presented in Figure 5. The
crystalline morphology of PPS is mainly spherulite,
and a Maltese cross can be observed under an orthog-
onally polarized optical field in the initial crystalliza-
tion process [Fig. 5(b)]. The spherulite diameter can
reach about 10–30 lm when the crystallization pro-
cess is completed. However, with the crystallization
time increasing, the spherulite superstructure is not
clear anymore because the great nucleation density
leads to the overlapping of spherulites.

The crystalline morphologies of PPS blended with
PA66 at a concentration of 30 wt % are shown in
Figure 6. The spherulite superstructure of PPS can be
observed under the optical microscope, and the
spherulite diameter may reach about 100 lm when
isothermally crystallized at 2508C for 12 min from the
melt. However, a Maltese cross cannot be observed
under the orthogonally polarized optical field during
the overall crystallization process. In particular, the
impingement line of spherulites cannot be observed,
and the spherulite superstructure disappears when
the crystallization process is completed [Fig. 6(c)]. In
addition, a lot of small crystals of PA66, which fill in
the middle of lamellae crystals of PPS, can be
observed, and this is believed to cause the extinct
phenomenon mentioned previously. As is well
known, PA66 is a semicrystallizable polymer, and its
crystallization temperature is about 2088C (known
from DSC data), a little lower than that of PPS. PA66
begins to crystallize too when PPS crystallizes at
2508C, and this shows that the presence of PPS indu-

TABLE I
Crystallization Parameters Obtained from DSC Curves

Sample PPS PA66/PPS EMA/PA66/PPS

108C/min Tp (8C) 236.51 222.12 223.13
To (8C) 253.86 254.81 237.13
tmax (min) 3.09 4.09 2.32

158C/min Tp (8C) 223.85 218.83 219.85
To (8C) 245.6 250.60 233.35
tmax (min) 2.45 3.20 1.85

208C/min Tp (8C) 212.90 217.43 216.91
To (8C) 239.22 248.78 230.89
tmax (min) 2.08 2.25 1.35
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ces the crystallization nucleation of PA66. In addition,
Figure 6 shows that the nucleation density of PPS in
its blend is lower than that of pure PPS. These results
indicate that the presence of PA66 dilutes the volume
of PPS, and this decreases the nucleation rate of PPS.

Figure 7 shows optical micrographs of PPS blended
with PA66 by the use of compatibilizer EMA and iso-
thermally crystallized at 2408C from the melt. One
can see that the crystalline morphologies of PPS are
not spherulite, and optical character cannot be
observed. Numerous nuclei can be observed under
the polarized optical microscope. The crystal of PA66,
as shown in Figure 6, is dispersed in the middle of

the PPS crystal. These results indicate that EMA has a
great influence on the crystalline morphology of PPS.
For one thing, EMA greatly modifies the interfacial
interplay of the PA66/PPS blend, and this results in
the cocrystallization of the two polymers. Moreover,
the nucleation rate of the PPS phase is markedly
accelerated by EMA. This is because EMA modifies
the intermolecular interplay of the two polymers, and
this promotes the formation of numerous stable
nuclei of PPS.

According to recent literature,27–39 the crystalliza-
tion process of immiscible polymer blends for two
crystalline polymers is greatly affected by the crystal-

Figure 4 Nonisothermal crystallization optical micrographs at a rate of 2158C/min for (a–c) neat PPS, (a0–c0) PA66/PPS, and
(a00–c00) EMA/PA66/PPS. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 5 Optical micrographs of neat PPS isothermally crystallized at 2508C for (a) 0, (b) 5, and (c) 12 min.
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linity, the glass-transition temperature, the melting
point temperature, and the temperature range of the
crystallization of the two components. On the basis of
the crystallizability of the individual component poly-
mers, here PA66 and PPS, the polymers may crystal-
lize concurrently or sequentially if the crystallization
temperatures are comparable. The presence of a sec-
ond component affects both the nucleation and crys-
tal growth of the crystallizing polymer PPS, thereby
modifying the morphology and mechanical proper-
ties of PPS.

CONCLUSIONS

The crystalline morphology and nonisothermal crys-
tallization behavior of PPS and its blend with PA66
have been investigated. The presence of PA66
greatly influences the crystallization process of PPS.
The nucleation and crystallization rate of PPS is
markedly accelerated by PA66. PA66 acts as a
nucleating agent and changes the crystallization
mechanism of PPS from homogeneous nucleation to
heterogeneous nucleation. Also, the addition of
compatibilizer EMA improves the compatibility of
the PA66/PPS blend, accelerates the nonisothermal
crystallization rate of the PPS phase, and modifies
the intermolecular interplay of the two polymers,
and this promotes the formation of numerous stable
nuclei of PPS.
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