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Abstract: Positive temperature coefficient (PTC) materials have many applications in self-regulating
heating; however, they are generally used in the high temperature range, and their use in the room
temperature range have rarely been reported. A new kind of PTC material with the Curie temperature
of 37 ◦C was proposed in this study. The material was prepared by adding 6wt % carbon black (CB)
and 5wt % dioctyl phthalate (DOP) into the copolymer of ethylene vinyl acetate (EVA) and lauric acid
(LA) (1:3). The results showed that it had an exceptionally high PTC intensity of 5.5 and rationally
low electrical resistivity of 600 Ω·cm. at room temperature. And this PTC material also shows a
preferable repeatability in the PTC intensity after the thermal cycle of 4th. Moreover, the PTC material
shows a great potential application in warming the human body in a cold environment.

Keywords: positive temperature coefficient materials; Curie temperature; thermal control; body
warming; preparation

1. Introduction

Thermal control has been widely used to keep the human body warm in a cold environment,
like outer space and polar regions. A material with the positive temperature coefficient (PTC)
effect has shown a bright prospective in thermal control due to its low cost, light weight, flexibility,
and self-regulation.

The positive temperature coefficient materials are a kind of temperature-sensitive materials,
whose electrical resistivity sharply increase with a raised temperature over the threshold, i.e.,
Curie temperature [1]. Traditionally, PTC materials are widely used in the electrical industry
such as self-limiting fuses [2] and sensor elements [3,4], as well as heating elements for adaptive
temperature controls such as self-regulating heating cables [5–7]. Using PTC composites for
adaptive control of temperature reduces the weight or volume of the thermal control system, whose
temperature control electronic components are eliminated, and combining PTC composites with
proportional-integral-derivative (PID) components can improve the accuracy of thermal control
system [8,9].

Recently, the Curie temperatures of most existing PTC materials are mostly in the range of
50–400 ◦C [10–12]. However, PTC composite materials with high Curie temperatures are not suitable
for body warming applications such as temperature control equipment for biological insulation and
infant incubators. Few studies have been found in the literature on PTC materials with the Curie point
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at room temperature, because it is difficult to obtain the two preferable properties of high PTC intensity
and low room temperature resistivity simultaneously [13]. Cheng et al. prepared a series of composites
which have the suitable electrical resistivity of 103 Ω·cm at the Curie temperature of 34 ◦C and a PTC
intensity of about 3 [14]. A PTC intensity of 2 was reported by using first-order phase transitions in
percolated composite materials with a Curie point of about 18 ◦C [15,16]. Unlike the work to prepare
the PTC materials with the suitable electrical resistivity but low intensity, Cheng et al. presented that
the PTC material has the preferred intensity of 5.0 with resistivity of about 13600 Ω·cm [17]. A higher
resistivity of 105 Ω·cm was found in studies on an amorphous PS/CSPE-MWCNT composites [18]. The
high resistivity leads to a higher excited voltage, which may pose a potential risk of electric shock.

In this work, the PTC material with a Curie point of 37 ◦C, which presented high intensity and
low electrical resistivity at room temperature was prepared. The dose influence of raw materials on
the room temperature resistivity, PTC intensity, and Curie temperature were focused. Additionally, the
repeatability of the optimized composition was also investigated. The PTC microstructural model
was established to explain the increasing room temperature resistivity due to thermal cycles. The
relationship between the Curie temperature and the melting point of PTC composite materials was
investigated using differential scanning calorimetry (DSC). The relationship between the distribution
of conductive particles and the properties of the PTC composites was determined using scanning
electron microscopy (SEM).

2. Materials and Experiment

2.1. Materials

The ethylene vinyl acetate (EVA, Commodity grade: VA910, VA mass fraction: 28%, density:
0.950 g/cm3, melt index: 25 g/10 min at 190 ◦C/2.16 kg) was supplied by Korea Han Hua Technology
Co. Ltd., and the lauric acid (LA) was provided by Tianjin Fortune Chemical Reagent Co. Ltd. The
acetylene carbon black (CB, 20–40 nm) was supplied by Fushun Carbon Co. Ltd., and the dioctyl
phthalate (DOP), acetone, and xylene were provided by Shanghai Run Chemical Reagent Co. Ltd.

2.2. Preparation of PTC Composites

2.2.1. Pretreatment of Acetylene Black

Acetylene CB was dipped in acetone for 24 h to remove organic substances that may have been
adsorbed on the surface of the acetylene black. After filtration, the acetone was removed by vacuum
distillation. Then, the acetylene CB was heated to 100 ◦C and held for 120 min to remove volatile
substances on the acetylene CB surface.

2.2.2. Preparation of the Composites

The EVA powder and LA particles were added to a 250 ml beaker using the raw material ratios
listed in Table 1, and then poured into approximately 50 ml xylene. Under the condition of mechanical
agitation and heating to 60 ◦C, corresponding amounts of CB and DOP were added according to the
ratios in Table 1 until the mixture was completely dissolved. The solution was stirred for 10 min. The
solution was ultrasonicated at a frequency of 37.1 Hz and temperature of 55 ◦C for 1 h. Next, the mixed
liquid was cast on 50 mm by 50 mm gauze, and the xylene solvent was volatilized using an electric
blower drying box at 60 ◦C and maintained at a constant temperature for 1 h. Then, the drying box
temperature was changed to 100 ◦C and maintained at a constant temperature for 2 h. The product
was cooled to room temperature while in the electric blower drying box; next, the temperature was
increased to 40 ◦C at 2 ◦C min-1 and the temperature was held constant for 2 h. Then, the product was
cooled to room temperature.
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Table 1. Weight fractions (ω) of raw materials for PTC composites.

No. ω (CB) ω (EVA)/ω (LA) ω (DOP) No. ω (CB) ω (EVA)/ω (LA) ω (DOP)

1 1% 1:3 – 6A 6% 1:4 –
2 2% 1:3 – 6B 6% 1:3.5 –
3 3% 1:3 – 6C 6% 1:3 –
4 4% 1:3 – 6D 6% 1:2.5 –
5 5% 1:3 – 6E 6% 1:2 –
6 6% 1:3 – A6 6% 1:3 –
7 7% 1:3 – B6 6% 1:3 5%
8 8% 1:3 – C6 6% 1:3 10%
9 9% 1:3 – D6 6% 1:3 15%
10 10% 1:3 – E6 6% 1:3 20%

2.3. Methods and Instruments

In order to measure the electric performance of the PTC materials, two copper electrodes were
placed on both ends of the sample, and a thermocouple was attached to the center. The sample was
put in the high-low temperature test chamber (BPH-060A, Shanghai Yiheng Instrument and Meter Co.
Ltd., China), with the temperature ranged from 20 ◦C to 50 ◦C at a heating rate of 1 ◦C min−1, and
measured the resistance (UT61E, Uni-Trend Technology Co., Ltd, Dongguan, China) with different
temperatures (TM-902C, Zhengzhou Heng Sen instrument and Meter Co., Ltd., China). After testing,
the resistivity (ρ) could be calculated according to the formula: ρ = RS/L, where R is the test resistance
of the sample, L is the length of the sample, and S is the cross-sectional area of the sample.

The melting behavior of the PTC composites was studied using a DSC (DSC-Q20, NETZSCH-Ger
Tebau GmbH, Shanghai, China) which operated from 10 ◦C to 65 ◦C at a heating rate of 5 ◦C min−1 in a
nitrogen atmosphere. A SEM (SU8200, Hitachi High-Technologies Co. Ltd., Shanghai, China) was
used to study the microstructures of the PTC composites sectional structure, and the images were
taken with a SU8200 microscope.

3. Results and Discussion

3.1. Optimal PTC Effect at Different Material Proportions

Firstly, we investigated the effect of CB content on material properties. The resistivity for each
sample of composites 1–10 at 25 ◦C varied at different CB mass fractions, as shown by the dashed line in
Figure 1. It can be observed from the curve that the percolation threshold was approximately 6%. The
room temperature (25 ◦C) resistivity decreases slowly when the CB content is lower than 2% and the
resistivity remains approximately 108 Ω·cm, which indicates that the composite is an insulator. When
the CB content increases to between 2% and 6%, the room temperature resistivity of the composites
sharply decreases from 108 Ω·cm to 102 Ω·cm with increasing CB content, and the material becomes a
semiconductor. When the CB content exceeds 6%, the room temperature resistivity of the material
barely changes.



Materials 2019, 12, 1758 4 of 10Materials 2019, 12, x FOR PEER REVIEW 4 of 10 

 

 

Figure 1. Effect of carbon black (CB) content on electrical resistivity and positive temperature 
coefficient (PTC) intensity of composites 1–10. 

The PTC intensity (P) of PTC material is defined as the logarithmic ratio of the maximal 
electrical resistivity (ρmax) to the minimal one (ρmin) at the investigated temperature range, i.e., the 
effect of CB mass fraction on the P are also shown in Figure 1 (solid line). To improve the PTC 
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lower side of the room temperature resistivity. If the CB content is too high and the temperature 
exceeds the Curie temperature, then temperature changes do not provide enough energy to damage 
the conductive network, which leads to less variation in the resistivity. On the other hand, if the CB 
content is too low, the initial resistivity at room temperature is very large even when the CB particles 
are fully separated within the matrix; however, there is insufficient room for mutation and the final 
PTC intensity is still low. The P–ω (CB) curve in Figure 1 validates the above analysis. Consequently, 
when the CB mass fraction was 6%, the material had a relatively low ρ of approximately 600 Ω·cm, 
and a high P of 5.5, which is the optimal CB content for thermal control. 

After defining the optimum CB content, the CB content was held constant and the ratio of EVA 
to LA was varied while the sum of both was held constant at 94%. The resistivity–temperature 
curves of samples 6A–6E are shown in Figure 2. To characterize the results in terms of intuitionistic 
logic, the room temperature resistivity, and PTC intensity shown in Figure 2 are summarized in 
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Figure 1. Effect of carbon black (CB) content on electrical resistivity and positive temperature coefficient
(PTC) intensity of composites 1–10.

The PTC intensity (P) of PTC material is defined as the logarithmic ratio of the maximal electrical
resistivity (ρmax) to the minimal one (ρmin) at the investigated temperature range, i.e., the effect of CB
mass fraction on the P are also shown in Figure 1 (solid line). To improve the PTC intensity of the
composite, the CB content should be selected near the percolation zone and at the lower side of the
room temperature resistivity. If the CB content is too high and the temperature exceeds the Curie
temperature, then temperature changes do not provide enough energy to damage the conductive
network, which leads to less variation in the resistivity. On the other hand, if the CB content is too low,
the initial resistivity at room temperature is very large even when the CB particles are fully separated
within the matrix; however, there is insufficient room for mutation and the final PTC intensity is still
low. The P–ω (CB) curve in Figure 1 validates the above analysis. Consequently, when the CB mass
fraction was 6%, the material had a relatively low ρ of approximately 600 Ω·cm, and a high P of 5.5,
which is the optimal CB content for thermal control.

After defining the optimum CB content, the CB content was held constant and the ratio of EVA to
LA was varied while the sum of both was held constant at 94%. The resistivity–temperature curves of
samples 6A–6E are shown in Figure 2. To characterize the results in terms of intuitionistic logic, the
room temperature resistivity, and PTC intensity shown in Figure 2 are summarized in Table 2.
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Table 2. Electrical resistivity and PTC intensity of composites 6A–6E.

Composites No. 6A 6B 6C 6D 6E

EVA/LA ratio 1:4 1:3.5 1:3 1:2.5 1:2
25 ◦C resistivity (Ω·cm) 4800 610 390 410 7070

PTC intensity P 2.3 3.92 5.6 4.13 2.44

The logarithmic resistivity–temperature curves of 6A and 6E had narrow span in the direction
of the vertical axis; in other words, as the temperature increases, the increases in the resistivity were
significantly lower than those of the other three lines. Similarly, the increases in resistivity of 6B and
6D were also lower than that of 6C. As presented in Table 2, the P of 6C was larger than those of other
four values. Composite 6C had the highest PTC intensity and the lowest room temperature resistivity
compared to other composites. Consequently, Figure 2 and Table 2 show that at EVA/LA ratio of 1:3,
the material had a relatively low 25 ◦C resistivity, and relatively high PTC intensity.

To lower the Curie temperature, a plasticizer was added to the composites. The resistivity–temperature
curves of samples A6–E6 are shown in Figure 3a. All five samples have the same CB mass fraction of 6%,
the same EVA/LA mass proportions of 1:3, and the DOP content was varied from 0% to 20%. The Curie
temperature of composites A6–E6 are listed in the Table 3. It shows that the Curie temperature decreased
with increasing DOP content. As a plasticizer, the DOP can weaken the secondary bond between polymer
molecules, weaken the force between molecular chains, increase the mobility of molecular chains, improve
the flowability of resin processing, and reduce the crystallinity. In the composite, the crystals making up
the matrix material probably became more refined as the DOP content increased. When the temperature
increased, the fine crystallites were more likely to melt and become smaller, and a volume change of the
crystal probably occurred in the conductive channel. For this reason, the temperature required to destroy
the conduction path decreased and the Curie temperature decreased.
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Table 3. Curie temperature of composites 6A–6E.

Composites No. A6 B6 C6 D6 E6

DOP content 0 5 10 15 20
Curie temperature (◦C) 38 37 35 33 32

The effect of different DOP mass fractions (ω) on room temperature ρ and P of the composites are
shown in Figure 3b. From the ρ–ω curves, it is apparent that as the DOP mass fractions increased,
the ρ increased. From the P–ω curve, it is shown that as the DOP mass fraction increased, the PTC
intensity decreased gradually. If the mass fraction of DOP is small, the probability of DOP crystal
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refinement occurring is minimal. Typically, when the temperature exceeds the Curie temperature, the
degree of crystalline transformation is large, and the resistivity of the material changes significantly,
resulting in high PTC intensity. At increasing DOP content, the internal crystal shape of the composite
is gradually refined, and when the temperature exceeds the Curie temperature, less change occurs in
the crystalline phases, thereby reducing the maximum resistivity.

In addition, the room temperature resistivity also increased with increasing DOP content; therefore,
the PTC intensity decreased with increasing DOP content. Combining the results shown in Figure 3,
the optimum DOP content is 5%, the room temperature resistivity of the composite is low, and the PTC
intensity is high.

3.2. Repeatability of the PTC Effect for Composite 6C

In order to research the repeatability of the PTC behavior, taking the optimal sample 6C as an
example, 30 thermal cycles from 20 ◦C to 50 ◦C are repeated, PTC intensity versus thermal cycle
number curve is given in the Figure 4a.
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As the curve shows, the PTC intensity of composite revealed a decrease trend with the increasing
thermal cycles and the change decreased after 4 cycles, but it still retained excellent PTC characters.
The specific logarithmic resistivity–temperature curves are shown in Figure 4b. The high temperature
(40 ◦C to 50 ◦C) resistivity is relatively stable, while the room temperature (25 ◦C) resistivity is
gradually increased. The increase in room temperature resistivity is the main cause of the decrease
in PTC intensity. With respect to the increase in room temperature resistivity, it may result from the
incompletely recoverable changes in composite structure, volume, aggregation state, and distribution
of conductive particles, once a thermal cycle occurs. It may be an inherent phenomenon, which can be
found in other studies [19–21], and a more clear explanation could be found in Section 3.4. As shown
in Figure 4b, the Curie temperature of sample 6C did not change with the number of thermal cycles,
because of that the Curie temperature depends on the phase transform temperature of the composite,
which is an inherent property of the material and is not affected by thermal cycles.

3.3. Curie Temperatures of PTC Composites

DSC measurement of the composites was carried out to verify the accuracy of the Curie point.
Figure 5 shows the DSC thermogram of EVA, LA, and PTC composite 6C. A comparison of the three
DSC data indicates that the curve of EVA is smooth without phase change from 15 ◦C to 65 ◦C, and
there is one sharp endotherm evident in both DSC curves of LA and composite 6C representing the
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transition from crystalline to amorphous phase. The endothermic peak temperatures and Curie points
of composites 6A–6E on their DSC curves are presented in Table 4.Materials 2019, 12, x FOR PEER REVIEW 7 of 10 
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Table 4. Endothermic peak temperatures and Curie points of composites 6A–6E.

Sample Name or No. LA 6A 6B 6C 6D 6E

Peak temperature (◦C) 44.0 41.9 42.9 41.7 41.1 40.3
Resistivity jump point (◦C) – 37.1 37.5 37.5 37.7 37

The peak temperature of composites 6C–6E is near the peak temperature of LA, and the
Curie temperature for each composite was approximately 37 ◦C, which is slightly below their
peak temperatures. As mentioned previously, CB mass fractions had no influence on the Curie
temperature such that the Curie temperature of the PTC composites was determined by the phase
change temperature, and LA was the decisive phase change material of the PTC composites.

3.4. Microstructural and Model Analysis

Figure 6 shows SEM micrographs of the composites with varying amounts of CB. The results
in Figure 6 can be explained with the help of Figure 1. By comparing the conductive composites
and different CB contents, it is apparent that each has a different morphology and CB distribution.
Figure 6a,b show the conductive composites at CB contents of 1% and 2%, respectively. The morphology
of the surface is smooth, and the network of conductive CB is not continuous. In other words, the
distribution is discrete, and the filler is distributed in an “Island-Island” form. The room temperature
resistivity was high as the formation of the conductive network was not continuous, therefore, the PTC
intensity of the composite 1 and 2 was low.
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Figure 6. SEM micrographs of PTC composites with CB weight percent of (a) 1%, (b) 2%, (c) 6%, (d) 6%,
(e) 7%, and (f) 10%.

Figure 6c,d show the SEM micrograph of PTC composites with CB contents of 6%, where the
conductive CB filler is uniformly distributed in the matrix formed by EVA/LA. In addition, the distance
between conductive regions is suitable, which may form some complete conductive passages, thus
reducing the room temperature resistivity. Increasing the temperature above the Curie point can
separate the CB regions and destroy the conductive network, resulting in higher resistivity change,
and thus higher PTC intensity.

Figure 6e,f show SEM micrographs of conductive composites with CB contents of 7% and 10%,
respectively. These figures clearly show that the conductive CB filler formed a perfect conductive
network in the composite, and agglomeration is apparent in some localized areas due to excessive CB.
Although agglomerates reduce the overall resistivity of the composite materials at room temperature,
the change in the crystal shape is not enough to separate the CB particles and destroy the conductivity
at the Curie temperature point, resulting in low resistivity and a small change in the resistivity, and
hence low PTC intensity.

To explain clearly the cause of PTC phenomenon, microstructural transition model of PTC
materials during a thermal cycle is schematically illustrated in Figure 7.
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From the results, the PTC phenomenon may be explained by changes in the microstructure of the
composite. When the temperature was below the Curie point, according to the model in Figure 7a, CB
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particles were arranged randomly in the matrix due to strong dispersion during the preparation. As
the content of CB particles reached a certain value, the conductive particles make contact with each
other and formed a complete conductive network with good conductivity and low resistivity.

As the temperature increased above the phase transition temperature, the structure of the
composite changed dramatically. As shown in Figure 7b,c, crystal volume became smaller and CB
particles started to form CB agglomerates, and the distance between conductive regions increased
gradually, which may destroy the conductive network, resulting in significant increase in the resistivity.

From Figure 7d,e, when temperature decreased, crystal formed again and CB agglomerates would
be broken up into smaller CB agglomerates, but they were not the CB particles which were dispersed
well as shown in Figure 7a. Of course, there is a limit to the agglomeration of carbon black, so the
increase in room temperature resistivity after multiple thermal cycles was reduced. Accordingly,
with the microstructural transition model, it is easy to understand the increasing room temperature
resistivity due to thermal cycles in the previous Section 3.2.

4. Conclusions

In this study, we prepared a novel heating material with PTC effect, whose Curie temperature was
37 ◦C. Especially, by adding CB conductive particles to EVA and LA, along with a DOP plasticizer, PTC
intensity of 5.5, and room temperature resistivity of 600 Ω·cm was achieved. As verified by DSC, LA as a
low melting point organic acid crystal dominated the Curie temperature of the material. The CB content
had influence on the room temperature resistivity and PTC intensity of the composites. Furthermore,
in the repeatability test, the PTC intensity of the material weakened initially but tended to be stable
eventually, which can be explained by using the microstructural transition model we established.

Author Contributions: Conceptualization, J.L. and X.L.; methodology, G.G., Y.L.; validation, X.L., C.C. and Y.L.;
formal analysis, C.C.; investigation, X.L.; resources, J.L.; data curation, C.C.; writing—original draft preparation,
C.C.; writing—review and editing, X.L.; supervision, G.G.; project administration, J.L.

Funding: This research was funded by the Equipment Pre-Research Ministry of Education Joint Fund of China
(Grant No. 6141A02022520).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. He, X.J.; Du, J.H.; Ying, Z.; Cheng, H.M.; He, X.J. Positive temperature coefficient effect in multiwalled carbon
nanotube/high-density polyethylene composites. Appl. Phys. Lett. 2005, 86, 1–3. [CrossRef]

2. Ohtsuka, S.; Souta, Y.; Abe, T.; Kimura, K.; Hikita, M. Switching phenomena of a new type PTC device as a
reusable current-limiting fuse operated by dielectrophoresis. In Proceedings of the 17th Annual Meeting
of the IEEE Lasers and Electro-Optics Society, 2004 (LEOS 2004), Boulder, CO, USA, 20 October 2004;
pp. 592–595.

3. Horn, M.; Umar, L.; Ruser, H. Self-controlled PTC sensor for reliable overfill protection of liquids. In Proceedings
of the IMTC/2002. Proceedings of the 19th IEEE Instrumentation and Measurement Technology Conference
(IEEE Cat. No.00CH37276), Anchorage, AK, USA, 21–23 May 2002; Volume 1, pp. 415–419.

4. Wang, L. Differential Structure for Temperature Sensing Based on Conductive Polymer Composites.
IEEE Trans. Electron Devices 2015, 62, 3025–3028. [CrossRef]

5. Wang, J.; Guo, W.; Cheng, S.; Zhang, Z. Structure and applications of CB/crystal fluoride resin alloy in
self-regulated heating cables. J. Appl. Polym. Sci. 2003, 88, 2664–2669. [CrossRef]

6. Hou, Y.L.; Zhang, P.; Xie, M.M. Thermally induced double-positive temperature coefficients of electrical
resistivity in combined conductive filler–doped polymer composites. J. Appl. Polym. Sci. 2017, 134, 1–11.
[CrossRef]

7. Li, X.; Sun, Z.; Gu, L.; Han, J.; Wang, J.; Wu, S. Research of fuel temperature control in fuel pipeline of diesel
engine using positive temperature coefficient material. Adv. Mech. Eng. 2016, 8, 1–11. [CrossRef]

8. Song, J.; Cheng, W.; Xu, Z.; Yuan, S.; Liu, M. Study on PID temperature control performance of a novel PTC
material with room temperature Curie point. Int. J. Heat Mass Transf. 2016, 95, 1038–1046. [CrossRef]

http://dx.doi.org/10.1063/1.1863452
http://dx.doi.org/10.1109/TED.2015.2438075
http://dx.doi.org/10.1002/app.12078
http://dx.doi.org/10.1002/app.44876
http://dx.doi.org/10.1177/1687814015624837
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.12.057


Materials 2019, 12, 1758 10 of 10

9. Cheng, W.; Song, J.; Liu, Y.; Yuan, S.; Wu, W.; Xu, Z. Theoretical and experimental studies on thermal control
by using a novel PTC material with room temperature Curie point. Int. J. Heat Mass Transf. 2014, 74, 441–447.
[CrossRef]

10. Xu, X.B.; Li, Z.M.; Dai, K.; Yang, M.B. Anomalous attenuation of the positive temperature coefficient
of resistivity in a carbon-black-filled polymer composite with electrically conductive in situ microfibrils.
Appl. Phys. Lett. 2006, 89, 3–6. [CrossRef]

11. Kirstein, K.; Reichmann, K.; Preis, W.; Mitsche, S. Effect of commercial anatase-TiO2raw materials on the
electrical characteristics of ceramics with positive temperature coefficient of resistivity. J. Eur. Ceram. Soc.
2011, 31, 2339–2349. [CrossRef]

12. Seo, M.K.; Rhee, K.Y.; Park, S.J. Influence of electro-beam irradiation on PTC/NTC behaviors of carbon
blacks/HDPE conducting polymer composites. Curr. Appl. Phys. 2011, 11, 428–433. [CrossRef]

13. Yu, G.; Zhang, M.Q.; Zeng, H.M. Carbon-black-filled polyolefine as a positive temperature coefficient
material: Effect of composition, processing, and filler treatment. J. Appl. Polym. Sci. 1998, 70, 559–566.
[CrossRef]

14. Cheng, W.L.; Yuan, S.; Song, J.L. Studies on preparation and adaptive thermal control performance of novel
PTC (positive temperature coefficient) materials with controllable Curie temperatures. Energy 2014, 74,
447–454. [CrossRef]

15. Zheng, R.; Gao, J.; Wang, J.; Chen, G. Reversible temperature regulation of electrical and thermal conductivity
using liquid-solid phase transitions. Nat. Commun. 2011, 2, 286–289. [CrossRef] [PubMed]

16. Sun, P.C.; Wu, Y.L.; Gao, J.W.; Cheng, G.A.; Chen, G.; Zheng, R.T. Room temperature electrical and thermal
switching CNT/hexadecane composites. Adv. Mater. 2013, 25, 4938–4943. [CrossRef] [PubMed]

17. Cheng, W.L.; Wu, W.F.; Song, J.L.; Liu, Y.; Yuan, S.; Liu, N. A new kind of shape-stabilized PCMs with
positive temperature coefficient (PTC) effect. Energy Convers. Manag. 2014, 79, 470–476. [CrossRef]

18. Lai, F.; Wang, B.-B.; Zhang, P. Enhanced positive temperature coefficient in amorphous PS/CSPE-MWCNT
composites with low percolation threshold. J. Appl. Polym. Sci. 2018, 136, 47053. [CrossRef]

19. Dai, K.; Zhang, Y.; Tang, J.; Ji, X.; Li, Z. Anomalous attenuation and structural origin of positive temperature
coefficient (PTC) effect in a carbon black (CB)/poly(ethylene terephthalate) (PET)/polyethylene (PE) electrically
conductive microfibrillar polymer composite with a preferential CB distribution. J. Appl. Polym. Sci. 2012,
125, E561–E570.

20. Zha, J.W.; Li, W.K.; Liao, R.J.; Bai, J.; Dang, Z.M. High performance hybrid carbon fillers/binary-polymer
nanocomposites with remarkably enhanced positive temperature coefficient effect of resistance. J. Mater.
Chem. A 2013, 1, 843–851. [CrossRef]

21. Li, Q.; Kim, J.W.; Shim, T.H.; Jang, Y.K.; Lee, J.H. Positive Temperature Coefficient Behavior of the Graphite
Nanofibre and Carbon Black Filled High-Density Polyethylene Hybrid Composites. Adv. Mater. Res. 2008,
47–50, 226–229. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.03.045
http://dx.doi.org/10.1063/1.2222339
http://dx.doi.org/10.1016/j.jeurceramsoc.2011.05.028
http://dx.doi.org/10.1016/j.cap.2010.08.013
http://dx.doi.org/10.1002/(SICI)1097-4628(19981017)70:3&lt;559::AID-APP18&gt;3.0.CO;2-W
http://dx.doi.org/10.1016/j.energy.2014.07.009
http://dx.doi.org/10.1038/ncomms1288
http://www.ncbi.nlm.nih.gov/pubmed/21505445
http://dx.doi.org/10.1002/adma.201302165
http://www.ncbi.nlm.nih.gov/pubmed/23857730
http://dx.doi.org/10.1016/j.enconman.2013.12.053
http://dx.doi.org/10.1002/app.47053
http://dx.doi.org/10.1039/C2TA00429A
http://dx.doi.org/10.4028/www.scientific.net/AMR.47-50.226
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Experiment 
	Materials 
	Preparation of PTC Composites 
	Pretreatment of Acetylene Black 
	Preparation of the Composites 

	Methods and Instruments 

	Results and Discussion 
	Optimal PTC Effect at Different Material Proportions 
	Repeatability of the PTC Effect for Composite 6C 
	Curie Temperatures of PTC Composites 
	Microstructural and Model Analysis 

	Conclusions 
	References

