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Abstract Graphene nanoplatelets (GNP) and polyphen-
ylene sulfide (PPS) were used as filler and matrix,
respectively, to produce composites. The PPS/GNP thermal
composites were prepared via a melt blending method. The
effects of GNP on crystallization behavior and kinetics,
morphology, and thermal properties of PPS/GNP com-
posites were investigated. To determine the isothermal
crystallization kinetics parameters and isothermal crystal-
lization activation energy, the Avrami model was used to
comparatively analyze the relevant DSC experimental data.
The results show that GNP provides an obvious heteroge-
neous nucleation effect on PPS to accelerate the crystalli-
zation and decrease isothermal crystallization activation
energy. Thermal conductivity values of PPS/GNP com-
posites with various GNP contents revealed that GNP
remarkably increases thermal conductivity of composites
mainly via a layered dispersion in PPS matrix. Thermal
conductivity also increased with increasing GNP content,
which was further improved at elevated temperatures. The
thermal conductivities of PPS composite containing
30 mass% of GNP were 1.156 and 1.350 W m~' K" at 30
and 110 °C, respectively, indicating an increase of more
than 3 times compared with the neat PPS.
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Introduction

Polyphenylene sulfide (PPS), with a rigid chemical struc-
ture, is composed of phenyl groups linked by sulfur atoms.
It is a semicrystalline thermoplastic engineering polymer.
Because of stiff structure, it offers good thermal stability,
chemical resistance, flame resistance, precision moldabili-
ty, and excellent frictional properties. The outstanding
characteristics of PPS make it widely popular in various
applications, including electronics and electrical appli-
ances, automobile, precision instruments, chemical sector,
and aerospace [1, 2]. However, the application of neat PPS
has been limited due to its relatively low glass transition
temperature (~90 °C), compared with its high melting
temperature (~275 °C) and narrow processing tempera-
ture range, brittleness, and low strength. Therefore, PPS is
mostly compounded with other polymers [3-5] or rigid
particles [6—-14] to overcome these disadvantages.
Graphene is an atomically thick two-dimensional (2D)
sheet composed of sp” carbon atoms arranged in a honey-
comb structure. It has attracted great research interest due to
its double traits [15-20] of graphite and carbon nanotube,
such as large specific surface area (2,630 m? g_l) [15], low
price and remarkable mechanical properties (with Young’s
modulus of 1 TPa and ultimate strength of 130 GPa) [16],
thermal conductivity (5,000 W m~' K™") [17], and electri-
cal properties (electron mobility up to 200,000 cm* V' 57!
atroom temperature) [18]. Thus, GNP, viewed as a new high-
performance reinforcing nanomaterial, can bring a wide
range of improvements to the polymer composites. In this
work, PPS composites with improved mechanical and ther-
mal properties were prepared via compounding GNP and
PPS. At present, the related researches mainly focus on
improving the mechanical performance, thermal, and elec-
trical conductivity of PPS composites via mixing graphene
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Table 1 Composition of the PPS/GNP composites in mass%

Sample PPS GNP
PPS 100 -
PPS/GNP1 99

PPS/GNP5 95 5
PPS/GNP10 90 10
PPS/GNP20 80 20
PPS/GNP30 70 30

nanoplatelets (GNP) and PPS. Whereas, studies indicated
that GNP also exhibits nucleation effect on the crystalliza-
tion of semicrystalline polymers [21, 22]. For crystalline
polymers, the strength, dimensional stability, wear resis-
tance, and some other characters of material depend on its
crystallization behavior, crystalline morphology, and degree
of crystallinity [23]. Therefore, the study of isothermal
crystallization kinetics of PPS matrix is helpful to understand
the relationship between crystallization rate and tempera-
ture. According to crystallization parameters, such as Av-
rami exponent, half-time of crystallization, and
crystallization rate, we can better understand mechanism of
formation of nuclei and crystalline growth of polymers. The
study on this subject is very important from both theoretical
and practical views. In this paper, we examined the influence
of GNP on the isothermal melt crystallization behavior and
thermal conductivity of PPS, and analyzed its variation,
using a differential scanning calorimetry (DSC) technique.

Experimental
Materials

PPS-HB, with degree of crystallinity of 5 %, relative
density of 1.3 g cm ™, was obtained from Deyang Science
and Technology Company, PR China. GNP sample (KNG-
180, with diameter of 40 pm, thickness less 100 nm) was
supplied by Xiamen Knano Graphene Technology, Peo-
ple’s Republic of China.

Preparation of PPS/GNP composites

After adequately drying in a vacuum oven at 80 °C for
24 h, PPS and GNP were homogenized and compounded in
a twin-screw extruder according to the compositions pre-
sented in Table 1 to obtain PPS/GNP composite with
various GNP contents. The extrusion temperatures for
compounding were set between 220 and 290 °C and the
screw speed at 120 rpm. In this article, PPS/GNP com-
posites are denoted as PPS/GNP; for example, PPS with
1 mass% GNP is denoted as PPS/GNPI.
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DSC characterization

A Q200 DSC (TA Instruments Ltd, Crawley, West Sussex,
UK) was used to study the thermal behavior of PPS/GNP
composites. Samples of 8-9 mg were accurately weighed
for DSC examinations. All measurements were performed
in a nitrogen atmosphere.

For isothermal crystallization behavior characterization,
a composite sample was heated to 320 °C for 5 min to
eliminate the previous thermal history. Then, it was cooled
to the desired crystallization temperature (7.) of 248, 250,
252, 254, or 256 °C at a rate of 100 °C min~! and held for
a certain period of time until the crystallization was com-
pleted. It is important to mention that each sample was
used only once in DSC examinations.

Morphology examination

The specimens, which were broken in the impact property
examinations, were used for morphology studies. The
fracture surfaces of the specimens were sputter coated with
gold before conducting microscopic examinations with a
Philips XL-30 environmental scanning electron microscope
(ESEM) at an acceleration voltage of 20 kV.

The thermal conductivity

Thermal conductivity of composite materials was
examined in temperature range of 30-110 °C using
Netzsch LFA 427 instrument according to laser flash
method [24, 25].

Results and discussion
Isothermal crystallization kinetics

Figure 1 shows the isothermal crystallization curves of PPS
and PPS composites containing 1 and 5 mass% of GNP
crystallizing at various temperatures. As Fig. 1 reveals, the
broader crystallization peaks appeared at higher crystalli-
zation temperature (7,) and longer time required to com-
plete crystallization.

At the same crystallization temperature, the addition of
GNP obviously reduced the total time of crystallization. It has
great influence on the crystallization behavior of composite
with only introducing 1 mass% GNP. It is assumed that the
variation in crystallization can be attributed to the special
structures of GNP. The larger specific surface area of GNP
produces a large interaction interface with the polymeric
matrix, so that GNP particles provide strong adsorptive effects
to PPS chains and a nucleation effect on PPS, acting as a
nucleating agent. This effect shortens the crystallization



Graphene nanoplatelets/polyphenylene sulfide composites

199

Fig. 1 Isothermal
crystallization curves of PPS
and PPS/GNP composites at
different temperature
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induction period, improves crystallization rate, and reduces
time to complete crystallization.

The overall isothermal melt crystallization kinetics of
neat PPS and its composites with various GNP loadings
were further analyzed using the well-known Arami equa-
tion [26-28]

X, = 1 — exp(—kt"), (1)

where X, is the relative crystallinity at crystallization time f,
k is crystallization rate constant involving both nucleation
and growth rate parameters, and » is the Avrami exponent
depending on the nature of nucleation and growth geom-
etry of the crystals. The double-logarithmic form of the
Avrami equation is as follows:

In[—In(1-X;)] = Ink + nlny, (2)

X, is the relative crystallinity at crystallization time ¢, which
can be calculated according to Eq. (3)

t 2

/ (dH,/dr) / (dH,/dr)dr, 3)

fo 1o

X[ -

where 1, is the initial crystallization time, 7., is infinite
time, and dH./dt is the heat evolution rate. From a plot of
In[—In(1 — X|)] versus Int, a straight line is obtained. The
Avrami exponent n and crystallization kinetic constant k
are determined from the slope and intersection of the

Time/min

straight line, respectively. The half-time of PPS crystalli-
zation (f;,, = (In2/k)"™) is defined as the time at which X(t)
is 50 %. The reciprocal of #,,, can be used to characterize
the crystallization rate

G = 1/t (4)

According to Eq. (3), the development of the relative
crystallinity with time for isothermal crystallization of PPS
and its composites is shown in Fig. 2. The half-time of PPS
crystallization (#1,,) can be determined conveniently from
plots in Fig. 2. These diagrams show that the crystalliza-
tion time is prolonged with increasing 7. in both samples.
In addition, the crystallization time becomes shorter in the
composites than in neat PPS. These results indicate that the
presence of GNP accelerated the isothermal melt crystal-
lization of PPS in the PPS/GNP composites.

Using diagrams of Fig. 2, plots of In[—In(l — X})]
versus Int at the same cooling rates for the neat PPS and its
composites were drawn (Fig. 3). The obtained values of
kinetic parameters of ty,, Gy, k, and n are listed in
Table 2. The plots show linear relationship throughout the
crystallization process, indicating that the Avrami equation
is suitable for describing the isothermal crystallization
behavior of these nanocomposites. However, they later
deviate from the linear relationship, which suggests that the
actual crystallization process of PPS nanocomposites is
more complicated than the model presented by Avrami
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equation. This behavior can be attributed to the fact that
GNP as a nanomaterial with large specific surface area,
high surface energy, and easy reunion characters affects the
crystallization rate of PPS in the composites.

The kinetic parameters of n and k for neat PPS and
composites are presented in Table 2. The Avrami exponent
n is related to the type of nucleation and growth geometry
of the crystals. As shown in Table 2, the n values of neat
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Table 2 Kinetic parameters of PPS and PPS/GNP composites

Samples T./°C n k/min™  #;,/min  Gy/min~'  AE/KJ mol !
PPS 248  1.10 0.9950  1.69 0.592 478.12
250  1.07 0.0631 248 0.403
252 1.00 0.0427  4.03 0.248
254 1.02 0.0282 492 0.203
256 1.04 00132 646 0.155
PPS/GNP1 248 101 15574 028 3.571 373.95
250  0.84 1.1584 0.35 2.857
252 1.02 0.7153 048 2.083
254 1.04 04757 0.64 1.563
256 1.07 03166  0.88 1.136
PPS/GNP5 248  1.00 17177 0.6 3.846 377.91
250  1.04 12892 034 2.941
252 111 07520  0.46 2.174
254 1.01 05107 0.6l 1.639
256 1.04 03584 0.86 1.163

PPS and PPS/GNP composites ranged from 1.00-1.10 to
0.84-1.11, respectively, which means that the nucleation
mechanism was not modified significantly in the PPS/GNP
composites at the examined T, range. It can be observed
from the data that the crystallization rate constant k of PPS
decreased with increasing crystallization temperature, an
indication of a strong dependence of k on the crystallization
temperature. The crystallization rate constant k of PPS/
GNP composites also decreased with increasing crystalli-
zation temperature, but at smaller degree than that of neat
PPS. This observation suggests that PPS/GNP composites
are less sensitive to temperature than PPS due to presence
of GNP particles in the polymer. It is clear from the data
presented in Table 2 that G;, decreases, whereas f,
increases with increasing 7, for all the three samples,
indicating a slow-down of the isothermal crystallization
rate at higher 7,. It is because the macromolecular chains
with great exercise capacity become more difficult to be
fixed with increasing T, resulting in prolonging crystalli-
zation time. Table 2 obviously shows that, at a given T,
G, is greater in composites than in neat PPS, whereas G,
is greater in PPS/GNP5 than in PPS/GNP1 composite.
Therefore, it can be concluded that the isothermal melt
crystallization process of PPS is gradually accelerated in
composites with increasing the GNP content owing to the
heterogeneous nucleation effect.

Isothermal crystallization activation energy

According to the Arrhenius model, crystallization activa-
tion energy can be expressed as Eq. (5)

k'™ = ko exp[—(E; — Ey)/RT.], (5)
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Fig. 4 Relationships between Ink/n and 1/RT, of PPS and composite
materials

where E; is crystalline state energy, E; is melt state energy,
ko is pre-exponential factor, R is the gas constant, and 7 is
crystallization temperature. Substituting crystallization
activation energy AE for E; — E, and taking logarithms
on both sides of Eq. (5), one obtains

Ink/n = Inky + AE/RT.. (6)

Plotting Ink/n against 1/RT, gives straight lines (Fig. 4).
The values of AE were calculated from the slopes of the
straight lines (Table 2). The obtained values of AE for neat
PPS, PPS/GNPI1, and PPS/GNP5 samples were 478.12,
373.95, and 377.91 kJ mol !, respectively. As these values
indicate, AE of neat PPS is much greater than those of
composite samples. Moreover, the AE of PPS/GNP5 was
found greater than that of PPS/GNPI. This observation
reveals that the existence of large amounts of GNP in the
PPS matrix may reduce the mobility of PPS segments due
to the large surface area and special nanostructures of GNP.
Generally, the AE of PPS composites exhibited a
decreasing trend with introducing GNP particles. This
suggests that, as the crystallization progressed, it is easier
for polymer to crystallize, which once again proved that
GNP acts as an effective nucleating agent for PPS.

Thermal properties of PPS/GNP composites

The SEM micrographs in Fig. 5 illustrate the morphologies
of PPS and PPS/GNP composites containing 5, 10, and
30 mass% GNP. Figure 5a, b reveals that GNP particles
were uniformly dispersed in the PPS matrix and wrapped
by PPS matrix resin. The two phases were integrated
tightly, but they did not have a high degree of intercon-
nection, resulting in less thermal path. Figure 5c, d
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Fig. 5 SEM images of a PPS,
b PPS/GNP5, ¢ PPS/GNP10,
and d PPS/GNP30 composites
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evidences that the impact fracture surface became rough
with increasing the GNP content through a layered dis-
persion in PPS matrix. In addition, GNP particles aggregate
on the surface of matrix when the filler content in the
composite reach 30 mass%. As shown in Fig. 6, thermal
conductivities of PPS/GNP30 composite at different tem-
peratures rise more rapidly, showing formation of a rela-
tively complete thermal network at this point.

Figure 6 plots the effective thermal conductivities (kegr) of
GNP reinforced PPS composites at various temperatures. In
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the diagrams, at the same filler content, k. increased when
temperature increased. Moreover, at the same temperature,
kere of composites basically exhibited an increasing trend.
When the GNP particle content in the composite reached
5 mass%, the k¢ can be improved stably. Especially, when
the particle content increased to more than 20 mass%, the kg
greatly improved. Results revealed that the largest k. was
achieved when PPS was loaded with 30 mass% of GNP. The
GNP promoted the thermal conductivity of the neat PPS
(0219 W m~' K™ by about fivefold (1.156 W m~' K™
at 30 °C, whereas promoted the thermal conductivity of the
neat PPS (0.352 W m™! K_l) by about threefold
(1.350 W m~' K™') at 110 °C. These phenomena may be
described based on large surface area and higher aspect ratio
of GNP particles [29]. The large surface area was beneficial to
promote more polymer-filler interaction that facilitates heat
conduction. Moreover, the high aspect ratio was beneficial to
promote the interconnectivity among filler particulates.

Conclusions

The crystallization, morphology, and thermal properties of
PPS in PPS/GNP composites prepared via a melt blending
process were strongly influenced by GNP. DSC analysis
suggested that GNP accelerates the crystallization and
decreases isothermal crystallization activation energy of
PPS in the composites due to the strong heterogeneous
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nucleation effect of GNP particles. The results were
interpreted using Avrami model that successfully describes
the isothermal crystallization kinetics. The presence of a
high GNP content in PPS matrix remarkably increased
thermal conductivity of composites mainly via a layered
dispersion. Moreover, thermal conductivity of composites
can be further improved with the increase in examination
temperature. The largest k.¢ at different temperatures was
attained through adding 30 mass% of GNP to PPS, which
all promoted the thermal conductivity of the neat PPS by
above threefold. Therefore, good performance PPS/GNP
thermal composites were successfully prepared through
using industrialized GNP as thermal filler at a reasonable
cost.
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