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Heating-induced negative temperature coefficient
effect in conductive graphene/polymer ternary
nanocomposites with a segregated and
double-percolated structure†
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Electrically conductive polymer composites (CPCs) show considerable promise in thermistors owing to

their characteristics of positive temperature coefficient (PTC) effect and negative temperature coefficient

(NTC) effect of resistance. In contrast to traditional rigid ceramic thermistors, CPCs are lightweight with

good processibility, flexibility and variety. However, the development of polymer-based NTC thermistors

has been impeded by the polymer volume expansion effect, which usually leads to a PTC effect. Here,

we employed a segregated and double-percolated composite microstructure to inhibit the polymer

volume expansion effect and flake-like graphene as conductive filler to construct a resistant conductive

network by its overlapping contact mode, targeted at developing a favorable NTC material. This strategy

was carried out by selectively distributing graphene in a polyamide 6 (PA6) phase between isolated

ultrahigh molecular weight polyethylene (UHMWPE) particles. As a result, the graphene/PA6/UHMWPE

composites exhibited a relatively linear NTC effect through the whole heating process, a high NTC

intensity of 5.1, a wide temperature range of 30–260 1C, good reproducibility as well as high mechanical

properties. The underlying mechanism of the NTC effect originates from the morphology evolution from

crumpled to stretched morphology, enhanced electron mobility in the crumpled morphology, and the

improved conductivity of graphene triggered by increasing the temperature.

1. Introduction

Electrically conductive polymer composites (CPCs) have received
considerable attention owing to their multi-functional applica-
tions in many engineering and electronic fields.1–10 A broad range
of CPCs are marching toward the aim of developing polymer-
based thermistors based on their characteristics of positive tem-
perature coefficient (PTC) effect and negative temperature coeffi-
cient (NTC) effect of resistance.11–14 The PTC effect means an
increase in resistance with increasing temperature while the NTC
effect is a decrease in resistance with increasing temperature.13

In contrast to traditional rigid ceramic thermistor, CPCs are
lightweight, with good processibility, flexibility and variety.

Up to now, CPC-based PTC thermistors have achieved consi-
derable success towards their commercialization in self-regulating
heaters, over-current and over-temperature protection.15–18 However,
few polymer-based NTC thermistors with favorable performance
have been reported despite their applications in circuit compen-
sation, temperature measurements, and chemical reaction
detection.13,19,20 Specifically, NTC thermistors can be applied
in electric circuits and devices where temperature compensa-
tion is needed,19 and can be further applied in lab-on-a-chip
techniques for temperature measurements,21 and in stretchable
and wearable electronics for temperature detection, mapping and
compensation.22 The major issue is that most CPCs typically
exhibit a PTC effect owing to the detrimental volume expansion
effect of the polymer matrix on the conductive network and then
an NTC effect in polymer melt due to rearrangement of conduc-
tive fillers, instead of the NTC effect alone. This NTC effect can be
used for NTC thermistors while the conventional NTC effect of a
CPC usually occurs after a PTC effect and, therefore, the CPCs are
unsuitable for use as a satisfactory NTC material.

To address this issue, many innovative methods have been
proposed. For example, Ansari et al. fabricated a poly(vinylidene
fluoride) (PVDF)-based NTC material by employing high aspect
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ratio graphene, showing high NTC intensity (INTC, ratio of
maximum resistivity to minimum resistivity); however, the
ultra-high initial resistivity and nonlinear resistivity response
behavior hinder its application.23 Liu et al. reported a slight NTC
effect for a high-density polyethylene (HDPE) composite/bundle-
like structure multi-walled carbon nanotube (MWCNT) where
the contact points between MWCNTs are difficult to separate,
which was, however, still followed by an evident PTC effect.24 Tae
et al. prepared a poly(N-isopropylacrylamide)/carbon nanotubes
(CNT) NTC material by phase change-induced increase or
decrease in the tunneling barrier, which showed a detection
range between 5 and 20 1C and nonlinear responsive behavior.25

Chu et al. demonstrated that with larger aspect ratio of CNTs, a
stronger NTC effect was observed in polydimethylsiloxane (PDMS)/
CNTs CPCs due to the increase in contact points between con-
ductive fillers.26 Yan et al. fabricated a flexible PDMS/CNTs NTC
thermistor by lithographic filtration method; they found that the
INTC could be tuned from 1.9 at 0% strain to 3 at 50% strain.22 In
general, fabrication of a desired polymer-based NTC thermistor
with a high NTC intensity, a linear resistivity response behavior
and a wide temperature range remains a tremendous challenge.

Previous research has revealed two valuable points for the
fabrication of favorable polymer-based NTC thermistors. The
first one is to avoid the separation of contact points between
conductive fillers by employing high aspect ratio conductive
fillers, such as CNTs. The reason is that wire-like CNTs can
generate more overlapping contacts than sphere-like CB particles,
leading to a more resistant conductive network.27,28 Compared to
the wire-like conductive network of CNTs, the flake-like over-
lapping conductive network with more junctions constructed by
graphene should make it more difficult to respond to the thermal
stimulus,29–31 and would be a better alternative. The second one is
to reduce the destructive volume expansion effect of the polymer
matrix to the conductive network. According to Chen et al.,32 a
zero-temperature-coefficient effect (ZTC, resistance does not
change with increasing the temperature) rather than PTC effect
was observed in CB/polypropylene (PP)/polyamide 6 (PA6) compo-
sites below 200 1C where CB was selectively distributed in the PA6
phase (double-percolated structure). This ZTC is due to the fact
that the PA6 phase effectively protects the CB conductive network
from the volume expansion effect of the PP matrix. In addition,
the segregated conductive network has also been used to tune the
thermal response behaviors of a CPC.33 The application of a
conductive filler with large aspect ratio together with the con-
struction of a segregated and double-percolated conductive struc-
ture is therefore believed to be a more probable strategy to develop
a novel NTC material, which has not been studied yet.

In the present paper, graphene was selected as the conductive
filler and selectively localized in the PA6 phase, and the graphene/
PA6 phase formed continuous conductive layers between isolated
ultrahigh molecular weight polyethylene (UHMWPE) particles,
generating a fascinating segregated and double-percolated con-
ductive network. The volume ratio of UHMWPE/PA6 was fixed at
70/30 and 1.5 vol% maleic anhydride grafted PE (PEMA) was
added to improve the interface adhesion. A novel NTC effect of
graphene/PA6/UHMWPE CPCs has been achieved through the

whole heating process from 30 to 260 1C. Consecutive heating–
cooling runs were conducted to evaluate the reproducibility.
A mechanism considering the stretched morphology and
enhanced conductivity of graphene triggered by temperature
was proposed to interpret this novel NTC effect. The tempera-
ture sensing behaviors of the CB/PA6/UHMWPE and CNTs/PA6/
UHMWPE nanocomposites were also studied for comparison.

2. Experimental
2.1 Materials

UHMWPE (M-II, MFI = 0 g/10 min at 230 1C, 2.16 kg,
r = 0.94 g cm�3, thermal expansion coefficient a = 1.50 �
10�4 mm 1C�1) was supplied by Beijing No. 2 Auxiliary Agent
Factory. PA6 (M2500I, MFI = 22 g/10 min at 230 1C, 2.16 kg,
r = 0.90 g cm�3, a = 8.30 � 10�4 mm 1C�1) was purchased from
Guangdong Xinhui Meida Nylon Co., Ltd, China. PEMA, with a
grafting ratio of 1%, was obtained from Suzhou Yasai Plastic
Co., Ltd, China. Graphene aqueous dispersion with a mass
fraction of 0.45 wt% was supplied by Chengdu Organic Chemicals
Co. Ltd, China. CNTs with diameter of 10–20 nm and length of
5–20 mm were also provided by Chengdu Organic Chemicals Co.
Ltd, Chengdu, China. CB, model VXC-605, was purchased from
Cabot Co. Ltd.

2.2 Sample preparation

PEMA pellets were dissolved in xylene at 135 1C with mechanical
stirring for 2 h to get a solution with a weight fraction of 10%.
After the complete evaporation of xylene, the obtained PEMA
bulks were then smashed into powders by a high speed mixer.

For the fabrication of graphene/PA6/UHMWPE composites,
a solvent co-coagulation process was employed (Fig. 1). First,
PA6 pellets were dissolved in formic acid at 55 1C. The required
amount of graphene aqueous dispersion was added into formic
acid and then treated under ultrasonication for 10 min to
obtain a homogeneous graphene dispersion. The PA6/formic
acid and graphene/formic acid were mechanically mixed
together. At the same time, UHMWPE and PEMA powders were
added into the solution and then ultrasonically treated to
achieve a homogeneous mixture. To ensure the simplicity of
the schematic, PEMA is not illustrated in Fig. 1. The mixture was
flocculated using ethanol, filtered and then dried at 80 1C under
vacuum for 24 h. The composites were finally hot-compression
molded into films at 240 1C for 10 min under a pressure of 14
MPa. The volume ratio of UHMWPE/PA6 was 70/30, and 1.5 vol%
PEMA was added to improve the interface adhesion. For comparison,
CB/PA6/UHMWPE, CNTs/PA6/UHMWPE and graphene/PA6 compo-
sites were also prepared in the same manner. The dimensions of
the samples for the morphological, electrical, mechanical and tem-
perature sensing characterizations were all 40 � 10 � 0.4 mm3.

2.3 Characterization

For the electrical properties measurements, copper grids were
attached to both ends of the sample during the hot-compression
process to reduce contact resistance between the sample and the
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electrode. Volume electrical resistivity lower than 106 O cm was
measured using a four probe method; volume electrical resistivity
above 106 O cm was measured using a high-resistance meter.

The morphology of the composites was observed using a
field emission SEM (FESEM, JEOL 7500F, Japan). The specimens
were cryogenically fractured after immersion in liquid nitrogen for
30 min and then sputter coated with a thin layer of gold to ensure
good conductivity. For optical microscope (OM) observation, the
samples were cut into films (15 mm) using a microtome.

The temperature sensing tests were carried out using a
temperature-controlled apparatus (Fig. S1, ESI† data). In such
a system, the samples were immersed in a silicone oil bath
to avoid oxidation. The volume resistivity was recorded in situ
by a high resistivity meter (Model TH2683, Changzhou Tonghui
Electronics Co. Ltd, China). For the temperature resistivity
behavior test, all the samples were heated from ambient tem-
perature to 260 1C at 2 1C min�1. Four consecutive heating–
cooling runs (HCR, heated to 260 1C at 2 1C min�1, held at
260 1C for 3 min and then cooled at 2 1C min�1) were also
performed to check the reproducibility of the temperature
resistivity behavior of the graphene/PA6/UHMWPE nanocomposites.

The thermal behavior was examined by differential scanning
calorimetry (TA DSC-Q2000) at a heating rate of 2 1C min�1

under N2 atmosphere to match the measurement condition of
the temperature resistivity behavior. The specimens were also
heated from ambient temperature to 260 1C.

The mechanical properties test was carried out using a
displacement controlled Suns UTM2203 universal testing
machine with a gauge length of 16 mm and a crosshead speed
of 50 mm min�1.

3. Results and discussion
3.1 Morphological characteristics

Fig. 2 displays the typical morphology of three conductive fillers,
and the optical micrographs and SEM images of the fractured
surface of the three composites: graphene/PA6/UHMWPE, CNTs/
PA6/UHMWPE and CB/PA6/UHMWPE. In Fig. 2a, graphene exhi-
bits a typical 2D folded plane, which is in good agreement with
previous reports.29–31 The CNTs appear as 1D wire-like strings
(Fig. 2b) and CB exists as 0D sphere-like particles (Fig. 2c). For
the three composites, a segregated and double-percolated micro-
structure was successfully constructed, as shown in Fig. 2a0–c0.
In the graphene/PA6/UHMWPE nanocomposite (Fig. 2a0), the
graphene was selectively dispersed at the PA6 phase, forming a
percolated phase; the graphene–PA6 conductive paths surrounded
the UHMWPE particles, forming a typical segregated and double-
percolated microstructure. The formation of such a unique con-
ductive network originated from the fabrication process. Initially,
the graphene and PA6 were pre-mixed and then mechanically
stirred with UHMWPE particles; as a result, the graphene/PA6
gradually assembled surrounding the surfaces of UHMWPE
particles. Subsequently, during the hot compression, the
UHMWPE particles failed to wet the graphene/PA6 phase owing
to its high melt viscosity and lack of shear flow. The graphene/PA6
then wrapped up the UHMWPE granules and constructed a
segregated microstructure. The selective distribution of graphene
in PA6 and the fusion of the graphene/PA6 phase then formed the
double-percolated conductive network through the composite.
Similar construction of this novel conductive network could also
be observed in the CNTs/PA6/UHMWPE and CB/PA6/UHMWPE
nanocomposites (Fig. 2b and c).

Fig. 1 Schematic for the fabrication of graphene/PA6/UHMWPE composites.
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In order to investigate the subtle structure of the conductive
channels, SEM images were also taken (Fig. 2a00–c00). Obvious
crumpled structures in graphene nanosheets were observed in
graphene/PA6/UHMWPE (Fig. 2a00). This folded feature of graphene
has also been revealed in other literature: the experimental acces-
sible surface area of graphene material is far below the theoretical
value of a single graphene sheet, namely 2630 m2 g�1.31 Ren et al.30

reported that the percolation threshold of graphene/UHMWPE
(ca. 0.25 wt%) is higher than that of multi-walled MWCNT/
UHMWPE (ca. 0.20 wt%). They considered that the graphene sheets
were in an overlapping state rather than in plane-to-plane mode and
were easier to aggregate than CNTs due to their larger specific
surface area, resulting in the high percolation threshold. Results
indicate that the folding, crumpling, aggregation and overlapping
are easily formed in graphene/polymer composites. With regard to
CNTs/PA6/UHMWPE and CB/PA6/UHMWPE (Fig. 2b00 and c00), wire-
like CNTs and sphere-like CB particles contacted with each other and
formed nice conductive channels in the PA6 domain, respectively.

3.2 Percolation behavior

Fig. 3 displays the volume resistivity as a function of filler
content for graphene/PA6/UHMWPE, CNTs/PA6/UHMWPE and

CB/PA6/UHMWPE. With increasing filler content, sharp resis-
tivity decreases were observed for the three composites, indi-
cating typical percolation behavior. The percolation thresholds
can be further estimated from the three curves by using the
classical percolation theory, as shown in eqn (1):34

s = s0(j � jc)t (1)

where jc is the percolation threshold, s is the measured
conductivity of the composites, j is the volume fraction of
the filler, and t is the critical exponent. Using eqn (1), the
percolation thresholds are estimated to be 0.15 vol% for
graphene/PA6/UHMWPE, 0.07 vol% for CNTs/PA6/UHMWPE
and 0.59 vol% for CB/PA6/UHMWPE. Here, CNTs/PA6/
UHMWPE CPC exhibits the lowest percolation threshold.
As discussed in the morphology section, the origin might be
from the folding, crumpling, aggregation and overlapping of
graphene due to its large specific surface area (Fig. 2a and a00).
These factors work together to reduce the utilization ratio of
graphene to construct conductive channels. A high percolation
threshold was thus experimentally obtained for the graphene/
PA6/UHMWPE composites.

Fig. 2 Morphology characteristics of (a) transmission electron microscopy (TEM) image of graphene and scanning electron microscopy (SEM) images of CNTs (b)
and CB (c). Optical and SEM images of the three composites: (a0, a00) graphene/PA6/UHMWPE (0.4 vol% graphene), (b0, b00) CNTs/PA6/UHMWPE (0.24 vol% CNTs)
and (c0, c00) CB/PA6/UHMWPE (1.51 vol% CB). The insets in (b00) and (c00) are the CNTs/PA6 and CB/PA6 phase regions with a higher magnification.
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In eqn (1), the critical exponent t depends on the dimensionality
of the composites and follows a power-law dependence of 1.1–1.3 in
a two-dimensional system and 1.6–1.9 in a three-dimensional
system. Different from the segregated graphene/UHMWPE compo-
sites with a typical two-dimensional conductive network,35,36 using
the data in Fig. 3, t was estimated to be 2.21 in this work, which
reveals a nearly three-dimensional conductive network.

In the present paper, the deviation of t possibly originated
from the introduction of the conducting graphene/PA6 phase.
Primarily, the graphene in the graphene/PA6/UHMWPE com-
posites contacts the crumpled and random structure instead of
plane-to-plane mode, leading to more complex conductive net-
works. In addition, the boundaries between UHMWPE provide
relatively large interspaces for graphene to construct a developed
conductive network. It is obviously different from single segregated
graphene/UHMWPE systems. In a word, the selective distribution
of graphene, the novel morphology and the complex conductive
network affect the t value significantly, and these factors deviate
from the hypothesis of the classical percolation theory, leading to a
higher t value.37

3.3 Thermal, temperature sensing and mechanical properties

The volume expansion effect, stemming from the melt of polymer
crystalline phase, has a great influence on the temperature–
resistivity behaviors of CPCs.12,16,18,38 Here, the thermal properties
of these three composites were investigated (Fig. 4). The Tm values
and the DSC curves of the composites appear to be similar to each
other. A single melting peak around 133 1C was observed in the
melt of UHMWPE phase; and two melting peaks at about 217 and
223 1C, corresponding to the melt of g-form and a-form crystals of
PA6, respectively, were also observed obviously.39

Fig. 5 displays the temperature–resistivity behaviors of the
three composites. Interestingly, in Fig. 5a, the volume resistivity
of graphene/PA6/UHMWPE composites decreases rather than
increases with increasing temperature, showing an obvious NTC
effect. This NTC effect occurs upon the whole heating process,
even though the sample is still in the solid state (30–130 1C). This
is totally different from the previous reports where the NTC effect
occurs only beyond the Tm of the polymer matrix, that is, in the

melt state. Although two slight resistivity fluctuations emerge
near the Tm of UHMWPE and PA6, respectively, the tendency of
the NTC effect could be definitely confirmed. As the temperature
increases from 30 to 260 1C, the resistivity of the graphene/PA6/
UHMWPE composite decreases from 9.7� 103 to 1.9� 103 O cm,
indicating an INTC of 5.1. In contrast, in Fig. 5b, the resistivity of
the CNTs/PA6/UHMWPE composites exhibits a ZTC effect below
200 1C and then a sharp PTC effect occurs between ca. 200 and
235 1C. The ZTC characteristic between 30 and 200 1C (inset in
Fig. 5b) is comparable with the reported ZTC characteristic of
bilayer PDMS/CB and PDMS/CNTs between 30 and 200 1C.13 This
ZTC material can be used in heating elements and sensors to
precisely control temperature,13 and in electrostatic discharge
protection and electromagnetic interference shielding to ensure
stable electrical properties.40 In Fig. 5c, CB/PA6/UHMWPE com-
posites show a double PTC effect with a weak PTC peak at about
130 1C and a strong PTC peak at about 232 1C, consistent with the
volume expansion effect of UHMWPE and PA6.41,42 Compared to
the ZTC effect of CNTs/PA6/UHMWPE, the occurrence of the PTC
effect of CB/PA6/UHMWPE is as a result of the vulnerable
conductive network constructed by CB particles in non-contact
mode.27,28,43 A clear comparison of the temperature–resistivity
behaviors of the three composites is presented in Fig. 5d. Consi-
dering the similar microstructure of the conductive network
(Fig. 2a0–c0), it can be concluded that graphene takes a highly
privileged position in the NTC effect of graphene/PA6/UHMWPE
composites.

As discussed in the introduction, it is an extreme challenge
to fabricate a semi-crystalline polymer-based NTC material.
Most CPCs tend to exhibit a PTC effect due to the polymer
volume expansion effect, such as Ni/PVDF,44 MWCNT/epoxy45

and CNTs/PP.46 Despite these challenges, progress has been
made by researchers and a summary of the relevant NTC
materials is displayed in Fig. 6. Fig. 6 indicates that it is indeed
quite difficult to fabricate NTC materials with high INTC com-
pared to the reported PTC intensity (IPTC, ratio of maximum
resistivity to room resistivity) value of PTC materials, namely, up to
ca. 107 for Ni/PVDF,44 ca. 3 � 107 for CB/CNTs/UHMWPE/PVDF45

Fig. 3 Volume resistivity as a function of filler content for graphene/PA6/
UHMWPE, CNTs/PA6/UHMWPE and CB/PA6/UHMWPE. The inset shows
the linear fit of t value for graphene/PA6/UHMWPE.

Fig. 4 DSC curves of the three composites: graphene/PA6/UHMWPE
(0.4 vol% graphene), CNTs/PA6/UHMWPE (0.24 vol% CNTs) and CB/PA6/
UHMWPE (1.51 vol% CB). The heating rate is 2 1C min�1.
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and ca. 108 for CNTs/PP.46 The high INTC in ref. 20, 23 and 47 is
possibly due to their large initial resistivity or resistance, namely,
4 � 106 O cm for graphene/PVDF,23 4 � 107 O cm for CNTs/
polyurethane (PU)20 and above 30 GO for poly-o-methyl aniline
(POMANI)/Mn3O4,47 close to the percolation threshold. In this
case, the interparticle distance between graphene is quite large
and a slight decrease in interparticle distance can result in an
obvious reduction in resistivity, that is, a strong NTC effect. This
relatively high initial resistivity leads to some issues. For example,
very small current would increase the detection requirement
and inaccuracy; in addition, to achieve temperature control and
compensation, NTC materials with large room resistivity can only
make a small change to current, which would mismatch the large
change in current caused by PTC material with low room resis-
tivity. On the other hand, both graphene/PVDF23 and POMANI/
Mn3O4

47 exhibited a non-linear resistivity–temperature response

behavior, making it complex for practical application.48 In general,
the INTC in this work is much higher than that of many reports
and graphene/PA6/UHMWPE also showed a nearly-linear
resistivity–temperature response behavior between 30 and
260 1C. There are some other types of NTC material, such as
graphene/PDMS and graphene, which, however, are fabricated
by the inkjet-printing method and are not similar to the
summarized composites.49,50

The reproducibility of the NTC effect, which plays a key role
in the practical application of NTC materials, was further
investigated. Fig. 7 shows the NTC effects of the graphene/
PA6/UHMWPE composites during four HCRs. In each HCR, a
resistivity drop upon heating and a resistivity rise upon cooling
were detected. Only a slight increase in the resistivity peak and
valley was observed, indicating good reproducibility. In the
study by Pang et al.,40 the segregated graphene/UHMWPE
composites exhibited a weak NTC effect in the first HCR and
a PTC effect in the second HCR, which is attributed to the
migration of graphene from the interface region into the
UHMWPE granules. The good NTC reproducibility in graphene/
PA6/UHMWPE should be ascribed to the addition of the PA6
phase, which can effectively prevent the migration of graphene.
Moreover, the melting point of PA6 (220 1C) is much higher than
that of UHMWPE (133 1C), and the solid-state PA6 phase could
weaken the volume expansion effect of UHMWPE, leading to a
slight resistivity fluctuation below 220 1C.

In order to investigate the influence of the conductive network
structure on the NTC effect, the temperature sensing behaviors of
CPCs with and without the unique segregated and double-percolated

Fig. 5 Temperature dependency of resistivity of (a) graphene/PA6/UHMWPE, (b) CNTs/PA6/UHMWPE and (c) CB/PA6/UHMWPE composites.
Representative curves of the three composites are combined in (d) for clear comparison.

Fig. 6 Summary of some reported INTC of conductive polymer
composites.20,22–26,40,47,48,50–54 The red value represents a range for INTC.
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structure (i.e., graphene/PA6/UHMWPE and graphene/PA6) were
studied and compared, as shown in Fig. 8a. The resistance at room
temperature is 0.97 MO for graphene/PA6/UHMWPE and 1.07 MO
for graphene/PA6 composites with the same dimensions of 40 �
10 � 0.4 mm.3 Interestingly, the graphene/PA6 showed a similar
NTC effect to that for graphene/PA6/UHMWPE. The difference is
that the resistivity of graphene/PA6 decreased quickly below 60 1C
and above 224 1C, while graphene/PA6/UHMWPE exhibited a
relatively linear behavior. This difference should be attributed
to the diminished expansion of PA6 in graphene/PA6/UHMWPE
restricted by the neighboring UHMWPE phases. Although the

two composites exhibited similar NTC effects, graphene/PA6 is
so brittle that it cannot provide substantial mechanical proper-
ties for practical application (Fig. 8b and c). More specifically,
in Fig. 8c, the tensile strength and elongation at break of the
graphene/PA6/UHMWPE are 29.9 MPa and 34.3% respectively,
while they are only 10.3 MPa and 7.73%, respectively, for
graphene/PA6.

Based on the above discussions, it can be deduced that
the NTC effect is essentially related to the natural features of
graphene, and the segregated-double percolated structure pro-
vides the composites with excellent electrical and mechanical
properties, and a relatively linear resistivity response behavior.

3.4 Theoretical analysis

In general, the composite resistance (Rc) of a CPC above thresh-
old percolation can be approximated as a series of resistors
(particle resistance or interparticle resistance) and capacitors
(polymer layer between particles) (Fig. 9a and b).45,55 Due to the
applied direct voltage and small value of particle resistance, Rc

would be dominated by the interparticle resistance (Rt). Above
a critical temperature (ca. 25 1C),28 the polymer volume expan-
sion is evident and the interparticle distance (s) would thus
rapidly increase with increasing temperature. Due to the
enlarged s, the conduction mechanism is controlled by tunneling
effect and Rt is equivalent to tunneling resistance (Fig. 9a and c),
described by Balberg’s tunneling mechanism:56

stun / exp �s� 2b

d

� �
(2)

Fig. 7 Volume resistivity as a function of time for the 0.4 vol% graphene/
PA6/UHMWPE composites. There are four consecutive HCRs from 30 to
260 1C with a heating and cooling rate of 2 1C min�1.

Fig. 8 Comparison of graphene/PA6/UHMWPE (0.4 vol% graphene) and graphene/PA6 (0.6 vol% graphene) composites: (a) temperature dependency of
resistivity, (b) typical stress–strain curves and (c) mechanical properties.
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where stun means the interparticle tunneling conductivity, d is the
tunneling decay parameter and b the radius of the particles. This
suggests that Rt would increase exponentially with increasing s
because of polymer volume expansion, leading to the common
PTC effect.44–46 Below a critical temperature, the polymer volume
expansion is quite trivial and s remains unchanged as the initial
small value with increasing temperature. In this case, Rt is
equivalent to contact resistance (Fig. 9b) and Rt, would decrease
with increasing temperature owing to the increase in the energy
and mobility of the electrons, showing an NTC effect.56–58 This
mechanism is termed as variable range hopping (VRH) theory and
is expressed by eqn (3) (Fig. 9c):57,58

s(T) = s0 exp(�T0/T)1/(n+1) (3)

Actually, researchers have reported many CPCs with NTC
effects below 25 1C.57–59

The VRH mechanism was checked for the NTC effect. Fig. 9d
shows the curve of ln s vs. T�1/4 where n = 3 indicates a 3D
conductive network of graphene. Based on the VRH theory,57

with increasing temperature, the curve should exhibit a constant
slope (red line, Fig. 9d), just like the result of pure graphene60 or a
diminishing slope (increased resistivity) due to the detrimental
effect of volume expansion.44 However, an incremental slope
(resistivity decreased more quickly) was observed, suggesting that
the Rc is governed by contact resistance (Fig. 9b) and, in addition
to the VRH mechanism, the only change of the volume expansion
effect should also contribute to the decreased resistivity. According
to the study by Xiang et al.,20 external force can reduce the inter-
particle gap and lead to a decrease in resistivity. In their report, the
NTC effect in porous CNTs/PU is caused by the squeeze effect of

expanded CO2 on CNTs.20 In our case, however, the thermal
expansion coefficient of PA6 (8.30 � 10�4 mm 1C�1) is larger than
that of UHMWPE (1.50 � 10�4 mm 1C�1) and therefore polymer
volume expansion could not generate an evident squeeze effect.
Otherwise, the resistivity of CB/PA6/UHMWPE and CNTs/PA6/
UHMWPE would also decrease.

Except for the squeeze effect, the volume expansion may
reduce the interparticle gap or increase contact junctions by
composite deformation. Wichmann et al. demonstrated that
the MWCNT–MWCNT gap can be reduced by tensile load.43 The
underling mechanism is that under composite deformation by
applied strain, MWCNT–MWCNT gap can reduce even though
their geometric centers are separated. This is due to the
orientation and entanglement effect of CNTs and is only
applied for conductive fillers with high aspect ratio.43 Graphene
also has the entanglement effect (not in plan-to-plan mode and
crumpled morphology)20 and both thermally expansion and
mechanically stretching of polymer composites are based on
the stretch of polymer chains. Therefore, this mechanism can
be applied to the NTC effect in this paper.

Based on the above discussions, a schematic for the com-
prehensive mechanism of the reproducible NTC effect in graphene/
PA6/UHMWPE is depicted in Fig. 10. In the heating process, the
expanded PA6 polymer chains yield a tension and this deformation
can reduce the gap at contact junctions and increase the number of
contact junctions by moving graphene or stretching the crumpled
graphene. This leads to a reduction in resistivity. Besides, the
increased electron mobility based on VRH theory also contributes
to the decrease in resistivity. These two factors work together,
leading to the novel NTC effect. In the cooling process, polymer
chains shrink and the deformation gradually recovers as the

Fig. 9 Schematic of the equivalent circuit of the graphene conductive networks: (a) tunneling resistance and (b) contact resistance; (c) electron
transport mode between adjacent conductive particles; and (d) ln s vs. T�1/4 curve for 0.4 vol% graphene/PA6/UHMWPE composites.
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temperature decreases, and finally the conductive network
basically restores to its original state. For the unique segregated
and double-percolated segregated structure, the PA6 phase
ensures not only good reproducibility but also the fairly linear
behavior of the NTC effect.

4. Conclusion

A novel NTC material with good reproducibility was fabricated
via introducing graphene into a UHMWPE-PA6 binary-polymer
matrix using a solvent co-coagulation method. The NTC effect
has been achieved throughout the whole heating process.
For the unique segregated and double-percolated segregated
structure, the PA6 phase ensures not only good reproducibility
but also the fairly linear behavior of the NTC effect. The
temperature resistivity behaviors of CB/PA6/UHMWPE and
CNTs/PA6/UHMWPE were also studied for comparison, while
no NTC effect was observed through the whole heating.
A comprehensive mechanism was proposed to interpret the
origin of the NTC effect of graphene/PA6/UHMWPE, that is, the
heat-induced morphology transformation of the graphene and
the VRH theory work together to transport more electrons
through the composites, generating this interesting NTC effect.
This method can be used to produce other functional segregated
and double-percolated structural nanocomposites with different
fillers and polymers for other applications.61–65 Considering the
wide applications of NTC materials in circuit compensation,
temperature measurement and control, etc., the novel charac-
teristics of graphene in CPC will be of great importance for the
design of multifarious heat-sensitive materials.
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