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High-density polyethylene (HDPE)/carbon black (CB) is widely used in positive temperature coefficient (PTC) composites. In
order to expand its applications to fields that need good flexibility, polyolefin elastomer (POE) was incorporated into
HDPE/CB composites as a secondary thermoplastic elastomer phase to provide flexibility. The effects of POE and CB content
on the PTC performance and flexibility were investigated. Micro morphology and crystallization behavior are closely related to
PTC properties. SEM was conducted to reveal phase morphology and filler dispersion, and DSC was conducted to research
crystallization behavior. The results show that the incorporation of 18 wt.% POE can decrease the percolation threshold of
conductive carbon black from 22.5wt.% to 16wt.%. When the CB content is 30 wt.%, the room temperature resistivity
gradually increases with the increasing content of POE because of the barrier effect of POE phase, and the PTC intensity is
gradually enhanced. Meanwhile, the PTC switching temperature shifts down to a lower temperature. The incorporation of
18 wt.% POE significantly increases the elongation at break, reaching an ultrahigh value of 980wt.%, which means great
flexibility has been achieved in HDPE/POE/CB composites. This work provides a new method of fabricating PTC composites

with balanced electrical and mechanical properties.

1. Introduction

In general, conductive polymer composites (CPCs) exhibit a
sharp electrical resistivity increase when the temperature is
close to the melting point of the polymer, which is called
the positive temperature coefficient (PTC) effect [1]. As early
as the 1950s, the PTC effect was found in carbon black-filled
polyolefin composites, which was first suggested by Fryd-
man to be used in electrical circuit protection, self-
regulating heaters, and temperature sensors [1]. Up to
now, they are still widely used in these fields [2-9]. Besides,
some are seen in safety batteries [2, 10, 11]. Lithium-ion bat-
teries are the dominant type of battery used in portable elec-
tronic devices, electric vehicle, and large-scale energy storage
system for their high-energy density, long cycle life, and fast
charging and discharging rate [12]. Under low temperature,
batteries suffer from poor performance such as low charging
and discharging rate and low charge and discharge capacity
[13]. A heating system is necessary for thermal management

[14]. PTC composites are expected to be the heating material
with great development potential.

High-density polyethylene (HDPE)/carbon black (CB) is
one of the most used conventional PTC composites for its
semicrystalline nature, good thermal stability, high thermal
expansion rate around the melting point, and notable PTC
behavior [9]. However, it is well known that the incorpora-
tion of rigid fillers into polymers will increase their brittle-
ness. When HDPE/CB is made into small thin sheets, it is
easy to fracture, restricting their application in the precise
and compact modern electronic equipment that require
good flexibility [8, 15]. Therefore, it is urgent to impart car-
bon black-filled polyolefin composites with both good flexi-
bility and considerable PTC intensity.

The incorporation of carbonous fillers into polymer
composites is unfavorable for the flexibility [16-20]. It is
reported that there are two methods of reducing the brittle-
ness and improving the flexibility of conductive polymer
composites: one is to reduce the amount of conductive filler
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needed to form the conductive network in the composite
system, namely, reducing the percolation threshold [21].
The other is to introduce rubber or thermoplastic elastomer
(TPE) into the composite system [9, 22, 23]. Liu et al. [9]
melt blended styrene-ethylene-butylene-styrene (SEBS)
with a graphene nanoplatelet- (GNP-) filled HDPE master-
batch. The results showed that the elongation at break of
HDPE/GNP/SEBS blend increased with increasing concen-
tration of the thermoplastic elastomer, reaching a maximum
of more than 300%. Meanwhile, it still exhibited certain self-
regulating heating function. Wang and Cheng [23] com-
pared the PTC effect of olefin block copolymer (OBC)/paraf-
fin/graphite with that of low-density polyethylene
(LDPE)/paraffin/graphite, finding that the composites with
OBC had better flexibility than those with LDPE. The room
temperature resistivity of the former was two orders of mag-
nitude lower than the latter, but the problem is that the for-
mer showed a relatively lower PTC intensity.

Polymer blending influences PTC properties in three
ways. First, some researchers found that different polymer
matrix with different polymer crystallization behavior can
exhibit different thermal volume expansion behavior and
thus influence PTC behavior [24-26]. Luo et al. [25] found
that ethyl vinyl acetate (EVA)/LDPE/CB have lower PTC
intensity and lower temperature at the maximum of resistiv-
ity exists than LDPE/CB, which is believed to be the result of
imperfection of crystalline regions between EVA and LDPE.
Secondly, the blending of other polymer components forms
the “sea island” effect or segregated structures to tune the
conductive networks [15, 27, 28]. Zha et al. [21] fabricated
a kind of nanocomposites with remarkably enhanced posi-
tive temperature coeflicient by blending ultrahigh molecular
weight polyethylene (UHMWPE) with polyvinylidene fluo-
ride (PVDF). The PTC intensity of UHMWPE/PVDE/CB
is higher than that of UHMWPE/CB, and the initial resistiv-
ity of UHMWPE/PVDE/CB is lower than that of UHMW-
PE/CB for the volume exclusion effect of PVDF phase. The
SEM images prove the existence of segregated structure
and the preferential distribution of carbon filler in
UHMWPE phase. Thirdly, the PTC intensity of PTC com-
posites is directly positively related to thermal expansion
coeflicients of the matrix [4, 25, 29].

Conclusively, the phase morphology can be tuned by
polymer blending to impart composites with balanced and
optimised electrical and mechanical properties [30, 31].
However, there still exist some problems such as low PTC
intensity [9, 23]. POE is a type of TPE synthesized by
ethylene-octene random copolymerization, possessing the
advantages of good thermal stability, good processability,
and good flexibility. Blending POE into polyolefin-based
PTC composites to improve the flexibility and PTC intensity
has still not been systematically studied. In this paper, in the
CB-filled HDPE masterbatch, HDPE and POE were melt-
blended in different ratios to tune the electrical and mechan-
ical properties. Notably, the effects of CB content and POE
content on the PTC behavior and flexibility were systemati-
cally investigated. Micro morphology and crystallization
behavior are closely related to PTC properties. Thus, SEM
was conducted to reveal phase morphology and filler distri-
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bution and DSC was conducted to research crystallization
behavior. This kind of PTC composites is expected to be
applied in fields that need good flexibility.

2. Materials and Methods

2.1. Raw Materials. The HDPE/CB masterbatch with trade-
mark B2000, which is composed of 50wt.% HDPE and
50 wt.% CB, was supplied by Guangdong Meilian New Mate-
rial Co. Ltd. HDPE with trademark 8008 was supplied by
Fujian United Petrochemical Co. Ltd., with a density of
0.955g/cm’ and a melt flow rate of 7.6 g/10 min. POE with
trademark 8150 (a metallocene-catalysed copolymer of eth-
ylene and 25.0wt.% 1-octene, with a density of 0.868 g/cm’
and a melt flow rate of 0.5 g/10 min) was obtained from US
Dow Chemical Company.

2.2. Sample Preparation. According to the preset formulas,
the dried HDPE, HDPE/CB masterbatch, and POE were
weighed. HDPE was first plasticated through a double-roll
open mill with roll temperature of 130°C and roll distance
of 0.5mm. After the plastication was completed, POE and
HDPE/CB masterbatch were successively added and mixed
for 6~8 times triangle package and then lowered the roll dis-
tance to 0.1 mm and mixed them for another 4~6 times tri-
angle package. Finally, using a plate vulcanizer (QLB-
D350X2), all the blends were pressed into square sheets with
a thickness of 1 mm under a pressure of 10 MPa at 170°C for
10 min and cooled to room temperature for 3 min under the
same pressure. For brevity, the formulations of HDPE-based
composites were marked according to the loading of CB and
POE.

2.3. Characterization

2.3.1. Measurement of Volume Resistivity-Temperature
Curves. The sheets with a thickness of 1 mm were cut into
straight sheets with dimensions of 75mm x 10 mm x 1 mm.
In order to reduce the contact resistance, both ends of all
samples were coated with 15 mm wide aluminum foils with
effective conductive length of 46 mm. The aluminum foils
were compressed onto the sample with clips, and the elec-
trodes were jointed onto the clips. The temperature was con-
trolled by a constant temperature humidity chamber, varied
from 20°C to 120°C. After stabilizing the temperature at each
point for 30 min, the volume resistance of the samples was
measured by using a resistance meter RM3554 (HIOKI).
The volume resistivity can be calculated by the following
formula:

hbR R

T (1)

where p is the volume resistivity (2-cm) and h, b, and [
are the thickness (cm), width (cm), and length (cm), respec-
tively. R is the volumn resistance ((2).

2.3.2. Tensile Properties. The straight sheet samples with
dimensions of 1 mm x 10 mm X 75 mm were used to deter-
mine the tensile strength and elongation at break of the
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samples on an ZWICK universal material test machine
(Z010) according to ASTM D412 A. The crosshead speed
was 500 mm-min ', and at least three samples were tested
to obtain the average results.

2.3.3. Scanning Electron Microscopy (SEM). The samples
were brittle-fractured by means of liquid nitrogen, and the
fractured surfaces were sputtered with gold before observa-
tion. The phase morphology and filler distribution of sam-
ples were characterized with a scanning electron
microscope EVO18 (SEM, Carl Zeiss Germany).

2.3.4. Differential Scanning Calorimetry (DSC). The melting
behaviors of the composites were measured using an auto-
matic differential scanning calorimetry DSCAQ (USA, TA
Company). Under nitrogen atmosphere, 3~5mg samples
were first treated with a heating-cooling cycle to eliminate
the thermal history. Then, they were heated up to 180°C at
a heating rate of 10°C/min and held at 180°C for 5min to
obtain heating curves.

3. Results and Discussion

3.1. Electrical Properties of HDPE/CB and HDPE/POE/CB.
The percolation threshold is defined as the critical concen-
tration of CB particles to form a conductive network. Above
the critical concentration, the resistivity of composites
decreases significantly with increasing filler content. Keeping
the percolation threshold as low as possible can contribute to
the better flexibility of composites. Figure 1(a) shows the
room temperature resistivity of both HDPE/CB and HDPE/-
POE/CB (the mass fraction of POE is 18 wt.%) as a function
of the CB content (10 wt.%~40wt.%). It was observed that
with increasing loading of CB, both samples exhibit sharply
decreased volume resistivity. The room temperature resistiv-
ity of HDPE/CB decreases dramatically by about 5.3 orders
of magnitude in the range of CB content from 20 wt.% to
25wt.%, while the room temperature resistivity of HDPE/-
POE/CB decreases dramatically by about 3.0 orders of mag-
nitude in the range of CB content from 15wt.% to 20 wt.%,
indicating that good conductive networks are formed in
the concentration ranges. Classical percolation theory is
suitable to describe the resistivity change of the composites
by a power law:

poc(w-w), (2)

where p is the volume resistivity, w is the mass fraction
of CB, w, is the percolation threshold, and ¢t is the critical
exponent [30-32]. As shown in Figure 1(b), by fitting of
experimental results with percolation law, the percolation
threshold of HDPE/CB is calculated to be 22.5wt.% and
the percolation threshold of HDPE/POE/CB is calculated
to be 16wt.%. HDPE/POE/CB has a lower percolation
threshold than HDPE/CB, which means the incorporation
of POE reduces the percolation threshold. Building segre-
gated conductive structure enriches the conductive fillers in
the interfacial regions and the percolation threshold of CPCs
can be effectively reduced, which is also called exclusion and

block effect [15, 31, 33-35]. Under the same CB content, the
segregated structure formed by the POE phases in the matrix
can bring about a denser conductive pathway, decreasing the
resistance between CB particles, thus lowering the percola-
tion threshold of HDPE/POE/CB. The segregated structure
can be observed in the SEM images of HDPE/POE/CB with
10 wt.% CB: Figures 2(a) and 2(b), in which the fibrous POE
phase in red circles excludes CB aggregates into HDPE
phase.

We compare results above with three CB-filled polyole-
fin composites from other references in Table 1. The perco-
lation threshold of HDPE/CB is calculated to be 22.5wt.% in
this article, close to the percolation threshold of HDPE/CB
(20 wt.%) studied in Reference [29]. The introduction of a
second polymer matrix can help form segregated structure.
In this article, POE phase shows the volume exclusion effect
and CB is selectively located in HDPE phase, which
decreased the percolation threshold to 16.0 wt.%. Similar
behaviors are seen in References [30, 31], in which the per-
colation threshold of UHMWPE/PP/CB is 5.0 wt.% and the
percolation threshold of HDPE/EVA/CB is 15.0 wt.%.

The segregated structure can also decrease the resistivity
of composites. According to Figure 1(a), when CB content is
less than 25wt.%, the room temperature resistivity of
HDPE/POE/CB is lower than that of HDPE/CB for the seg-
regated structure. However, when CB content is more than
25 wt.%, the room temperature resistivity of HDPE/POE/CB
surpasses that of HDPE/CB. This is probably because when
the CB content is high enough, CB particles will migrate into
POE phase and destroy the segregated structure. The POE
phase will act as barriers or diluents [9] of the conductive
pathways, which will make the room temperature resistivity
of HDPE/POE/CB higher than HDPE/CB. This can be seen
in the SEM images of HDPE/POE/CB with 30wt.% CB:
Figures 2(c) and 2(d).

3.2. The PTC Behaviors of HDPE/POE/CB with Various CB
Content and POE Content. PTC intensity reflects the signif-
icant degree of PTC effect of composites. Generally, the PTC
effect is triggered by polymer phase transition. When the
crystalline phase of semicrystalline polymer composites
transforms to the amorphous phase, a significant thermal
expansion occurs, increasing the interparticle distances of
CB, reducing the number of conductive paths, thus resulting
in dramatically increased resistivity of the materials [37].
The calculation formula of PTC intensity is as follows:

PTC intensity = log <@>, (3)
Prr

where pp is the room temperature resistivity and p, . is
the maximum resistivity.

Figure 3(a) presents the volume resistivity-temperature
curves of HDPE/POE/CB composites. Setting the POE con-
tent as 18 wt.%, as the CB content increases from 25 wt.% to
35wt.%, the whole resistivity-temperature curves move
down, which means the resistivity gradually decreases as a
result of increasing CB content [34]. The resistivity of each
sample sharply increases by more than four orders of
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FIGURE 1: (a) Electrical conductivity as a function of the CB content; (b) fitting of experimental results with percolation law.

magnitude in the same temperature range from 90°C to
110°C. The improvement of CB content has little effect on
the PTC switching temperature. Figure 3(b) shows that the
PTC intensity fluctuates with increasing loading of CB but
shows an overall descending trend. In general, the highest
PTC intensity appears near the percolation threshold of
CPCs [15, 18]. When CB content is above the percolation
threshold of 16 wt.%, more conductive pathways have been
formed throughout the matrix and the PTC intensity versus
CB content shows a similar behavior to the resistivity versus
CB content: the more CB is incorporated, the lower PTC
intensity and resistivity are. Therefore, a descending trend
of PTC intensity is seen. The nonuniformity of the samples
gives rise to the experiment error and causes the PTC inten-
sity fluctuation.

The PTC switching temperature typically corresponds to
the melting temperature of the polymer [39]. The melting
temperature of POE is about 61.1°C and HDPE is about
126.1°C as seen in Figure 4. The cocrystallization between
HDPE and POE lowers melting temperature of the compos-
ites, which can be proved through DSC in Figure 5(b) and
Table 2 [26]. As shown in Figure 3(c), as the POE content
increases from 0 to 28 wt.%, the dramatically increased resis-
tivity occurs at lower temperature, which means the lower
PTC switching temperature is obtained. Moreover,
Figure 3(c) and Table 3 show that the resistivity of the com-
posites gradually increases as the POE content increases. This
is probably because when CB content is as high as 30 wt.%, CB
particles migrate into the POE phase and destroy the segre-
gated structure. The POE phases act as barriers or diluents
and decrease the number of the conductive pathways [9].

Besides, Figure 3(d) shows that the PTC intensity of the
composites gradually increases from 6.10 to 8.51. According
to Table 3, the logarithm of resistivity change rate from 110°C
to 120°C of the composites is 4.62 for the sample POE-0%-
CB-30% and the inclusion of POE (13 wt.%~28 wt.%) decreases
the logarithm of resistivity change rate from 110°C to 120°C of
each sample to 3.18. However, the logarithm of resistivity

change rate from 20°C to 110°C of the composites increases
from 1.49 to 5.34 with increasing POE content. It can be con-
cluded that the inclusion of POE can greatly increase the resis-
tivity change rate of low temperature range from 20°C to 110°C
and thus increase the PTC intensity across the whole tempera-
ture range. This is because POE phase has a much lower melt-
ing temperature with phase change that occurs at lower
temperature. This causes higher thermal expansion coefhicients
within low temperature range from 20°C to 110°C. The higher
resistivity change rate of low temperature range can inhibit the
overheating at the early stage, which is favorable for the safety
of the PTC composites.

3.3. Tensile Properties of HDPE/POE/CB with Various CB
Content and POE Content. Good flexibility allows PTC com-
posites to be used in wearable electronic devices, soft robots,
medical electronic equipment, and flexible electrodes [2]. To
guarantee enough flexibility of HDPE/POE/CB, the depen-
dence of tensile strength and elongation at break on the
CB and POE content is investigated as shown in
Figures 6(a) and 6(b). In Figure 6(a), fixing the POE content
at 18 wt.%, the tensile strength decreases from 18.8 MPa to
10.0MPa and the elongation at break decreases from
1435% to 987% as the CB content increases from 15wt.%
to 35wt.%. This is because the addition of rigid particles
CB into the composites improves the tensile modulus and
has an adverse effect on the flexibility and stretchability
[17]. Fixing the CB content at 30 wt.%, Figure 6(b) shows
that the addition of POE into the composites gradually
enhances their flexibility. Although the tensile strength
decreases with increasing proportion of POE, the elongation
at break experienced a distinguished improvement especially
when the POE content increases from 13 wt.% to 18 wt.%. A
tough-brittle transition occurs at 18 wt.%, and the flexibility
of the blends sharply increases. This can be attributed to the
inherent low crystalline and high flexibility of POE. When
the POE content is above 13 wt.%, the POE phase transforms
from dispersed phase to continuous phase in the matrix,



Advances in Polymer Technology 5

N Ta - .
EHT=500KkV  Date: 14 May 2020
Signal A =-SE2  Time: 9:44:41

(a) (b)

Mag=1000KX  BHT=500kV  Date: 14 May 2020 p_— | Mag=2000KX  BHT=500kV  Date: 14 May 2020 zE1sy|
‘WD =10.3 mm Signal A =- SE2 Time: 9:46:51 ‘WD =10.3 mm Signal A =- SE2  Time: 9:46:32

(c) (d)

. Date: 14 May 2020 e
| Signal A =-SE2  Time: 9:39:30 . Signal A =-SE2  Time: 9:38:56

(e) ()

Mag=2000KX  EHT =500k Date: 14 May 2020
WD =9.7 mm Signal A=-SE2  Time: 9:42:39 WD = 9.7 mm Signal A=-SE2  Time: 9:42:25

(g) (h)

FiGURE 2: The POE content was fixed at 18 wt.%, SEM images of HDPE/POE/CB with (a) 10 wt.% and (c) 30 wt.% CB. The CB content was
fixed at 30 wt.%, SEM images of HDPE/POE/CB with (e) 13 wt.% and (g) 23 wt.% POE. Images (b), (d), (), and (h) are the amplification,
respectively.
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TaBLE 1: The comparison of percolation threshold and filler distribution of different polymer composites.
Components of polymer composites Percolation threshold (wt.%) Main location of carbon black References
HDPE/CB 225 — This article
HDPE/POE/CB 16.0 HDPE phase This article
HDPE/CB 20.0 — Reference [36]
UHMWPE/PP/CB 5.0 Interface and PP phase Reference [37]
HDPE/EVA/CB 15.0 — Reference [38]
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FiGure 3: (a) The PTC behaviors of HDPE/POE/CB with various CB content (POE content is 18%). (b) Plot of PTC intensity of
HDPE/POE/CB with various CB content (POE content is 18%). (c) The PTC behaviors of HDPE/POE/CB with various POE content
(CB content is 18%). (d) Plot of PTC intensity of HDPE/POE/CB with various POE content (CB content is 18%).

which imparts the composites with elastomer-like proper-
ties. But at the same time, the inherent low tensile strength
and the low degree of crystallinity of POE phase will cause
the lower tensile strength of composites. These results fairly

conform to the research of Liu and Qiu [40] and Paul and
Kale [41]. They propose that the tough-brittle transition
occurred at the 20 wt.%~25wt.% of POE in polypropylene/-
POE system.
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It is reported that as the rigid filler content increases,
the degree of entanglement between the polymer and filler
increases, which means the behavior of entanglement
between the polymer and filler increases, while the C fac-
tor gradually decreases, which means a lower proficiency
of the distribution of fillers and a lower effectiveness of
the composites. Therefore, as the CB content increases
from 15wt.% to 35wt.%, the restricting effect of CB parti-
cles on the polymer chain mobility enhances. This can
explain the decrease in the tensile strength and elongation
at break of HDPE/POE/CB composites, as seen in
Figure 6(a) [16-18, 42-44].

3.4. Phase Morphologies. The dispersion of CB particles
across the composites is closely related to the electrical
conductivity. Studying the dispersion of CB particles and
the morphology of the composites is helpful for us to
explain the conductive behavior. For comparison, first we
take the SEM images of HDPE/POE/CB (the mass fraction
of POE is 18wt.%) with different CB content of 10 wt.%
and 30 wt.%. Due to the same loading of POE, the fibrous
POE phase with the same distribution density is evenly
dispersed across the whole region. It can be seen in red
circles in Figures 2(a) and 2(b) that when the CB content
is 10wt.%, the fibrous POE phase excludes CB aggregates
into HDPE phase, which constructs the segregated con-
ductive network and increases the effective concentration
of conductive CB particles, while in Figures 2(c) and
2(d) when the CB content is 30 wt.%, CB particles evenly
distribute across the whole region of matrix and the segre-
gated conductive network is replaced by well-distributed
conductive network. In this situation, the POE phase acts
as barriers or diluents and decreases the number of the
conductive pathways [45]. These SEM images can explain
the electrical properties of HDPE/CB and HDPE/POE/CB:
when the CB content is less than 25 wt.%, the room tem-
perature resistivity and the percolation threshold of
HDPE/POE/CB is lower than that of HDPE/CB due to

the segregated structure. However, when the CB content
is more than 25wt.%, the room temperature resistivity of
HDPE/POE/CB surpasses that of HDPE/CB for the barrier
effect of the POE phase [45].

Moreover, we also compare the SEM images of
HDPE/POE/CB (the mass fraction of CB is 30 wt.%) with
different POE content of 13 wt.% and 23 wt.%, respectively,
in Figures 2(e)-2(h). Under high CB content of 30 wt.%,
CB particles migrate into POE phase, evenly distributed
across the whole region of matrix, which destroy the seg-
regated structure. In this situation, the POE phase acts as
barriers and cuts off the conductive pathways to lower
the room temperature resistivity [9]. The dispersed phase
is seen in red circles in Figure 2(f) when the POE content
is 13wt.%, and the dispersed phase transforms into the
continuous phase when the POE content reaches 23 wt.%.
The continuous phase has a more significant barrier effect
than the dispersed phase. It can be concluded that as the
POE content increases from 0 to 28 wt.%, the barrier effect
of the POE phase is gradually enhanced so the room tem-
perature resistivity gradually increases. This kind of trans-
formation of the phase morphologies can also explain the
great improvement in elongation at break of HDPE/-
POE/CB as the POE content increases from 13wt.% to
23 wt.%.

3.5. Differential Scanning Calorimetry (DSC). Most of poly-
mer PTC composites are semicrystalline. The heating of
polymer PTC composites generally induces thermal expan-
sion, especially around the melting temperature. The dif-
ference in thermal expansion coefficients between
polymer matrix and carbon black will provide enough
driving force and space condition for the migration of
the CB particles and significantly affect the conductive net-
work in the matrix. Consequently, the resistivity will
sharply increase [25]. Accordingly, the study of the melt-
ing behaviors is necessary for us to deeply look into the
PTC behaviors of the composites. Through DSC, the melt-
ing behavior of pure HDPE and its composites is present
in Figures 5(a) and 5(b) and Table 2. Table 2 lists the
melting peak temperature and crystalline degree of every
sample.

From Figure 5(a) and Table 2, it is known that the
melting peak temperature of the composites is between
131°C and 134°C after loading CB particles. Increasing
the CB content has little effect on the melting peak tem-
perature. This can explain why the PTC switching temper-
ature remains the same in Figure 3(a). But it decreases the
degree of crystallinity. The reason may be that rigid CB
particles can partly hinder the movement the HDPE
molecular chains, which has an adverse effect on the crys-
tallization [46].

Figure 5(b) shows that as the POE content increases
from 0 to 23 wt.%, the variation of the melting peak tem-
perature is also small, but a wide and weak melting peak
appears at about 110°C (as seen in the red circle in
Figure 5(b)). We believe that it is related to the melting
behaviors of the cocrystallization between HDPE and
POE. We have known that the melting temperature of
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TaBLE 2: Thermal behavior of HDPE/POE/CB composites with various CB content and POE content.

Sample Melting peak temperature (°C) Melting enthalpy (J/g) Crystalline degree (%)
Neat HDPE 133.9 211.3 73.4
POE-0%-CB-10% 132.5 167.4 64.6
POE-0%-CB-20% 131.0 144.5 62.7
POE-0%-CB-30% 129.7 113.1 56.1
POE-13%-CB-30% 130.0 78.48 48.7
POE-23%-CB-30% 128.5 58.65 44.3

TaBLE 3: The room temperature resistivity and resistivity change rate in different temperature ranges.

Log (room temperature

Log (resistivity change rate
from 20°C to 110°C)

Log (resistivity change rate

from 110°C to 120°C) PTC intensity

Sample resistivity) (Q-cm)
POE-0%-CB-30% 1.28
POE-13%-CB-30% 1.59
POE-18%-CB-30% 1.70
POE-23%-CB-30% 1.86
POE-28%-CB-30% 2.00

1.49 4.62 6.10
3.96 3.18 7.13
4.40 3.18 7.57
5.12 3.18 8.29
5.34 3.18 8.51

POE is about 61.1°C and that of HDPE is about 126.1°C.
The HDPE polymer chain and the POE polymer chain
entangle each other to form the cocrystallization. The
cocrystallization between HDPE and POE lowers the tem-
perature range of melting transition of the composites
[26]. This can explain why the PTC switching temperature
moves to lower temperature. Table 2 shows that the crys-
talline degree decreases from 56.1% to 44.3% with increas-
ing POE content. As reported by Liu et al. [2], PTC
intensity is not always proportional to the crystalline
degree of PTC composites. In fact, it is also related to
thermal expansion coefficients of the matrix [4, 25, 29].

Although the inclusion of POE to a certain extent
decreases the crystalline degree of PTC composites, it
imparts the composites with higher thermal expansion
coefficients because of the inherent higher thermal expan-
sion coefficients of POE than HDPE. Therefore, the con-
ductive pathways experience more severe destruction
during heating process and the PTC intensity tends to be
higher. This conclusion is consistent with the conclusion
in section 3.2: the inclusion of POE can greatly increase
the resistivity change rate of low temperature range and
thus increase the PTC intensity across the whole tempera-
ture range.
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F1GURE 6: The POE content was fixed at 18 wt.%, (a) shows the tensile properties of HDPE/POE/CB with various CB content; the CB content
was fixed at 30 wt.%, (b) shows the tensile properties of HDPE/POE/CB (30 wt.%) with various POE content.

4. Conclusions

To gain balanced electrical and mechanical properties in
carbon black-filled polyolefin composites, we introduced
POE into the HDPE/CB composites and investigated the
effect of the POE and CB content on the percolation
threshold, room temperature resistivity, PTC behavior,
and tensile properties. Combined with SEM images and
DSC, we researched the phase morphology, filler disper-
sion, and crystallization behavior of the flexible PTC com-
posites in detail. We tried to explain the electric and
mechanical properties with micro morphology and crystal-
lization behavior. It is found that the incorporation of
POE decreases the percolation threshold of conductive
CB particles. Increasing POE content can not only bring
about the higher room temperature resistivity for its bar-
rier effect but also cause the lower PTC switching temper-
ature and the higher resistivity change rate within low
temperature range. The higher resistivity change rate of
low temperature range brings about the higher PTC inten-
sity. It is believed that higher resistivity change rate of low
temperature range can inhibit the overheating at the early
stage, which is favorable for the safety of the PTC mate-
rials. When the POE content increases from 13wt.% to
18 wt.%, the elongation at break of HDPE/POE/CB (the
mass fraction of CB is 30 wt.%) improves from 158% to
980%, showing excellent flexibility. This novel PTC mate-
rial can be expected to be utilized in cases that require
enough flexibility. This work also provides a possible
direction for the development new types of high-
performance flexible PTC composites.
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