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Positive Temperature Coefficient (PTC) Evolution
of Segregated Structural Conductive Polypropylene
Nanocomposites with Visually Traceable Carbon

Black Conductive Network

Shuaiguo Zhao, Guojie Li, Hu Liu, Kun Dai,* Guoqgiang Zheng, Xingru Yan, Chuntai Liu,

Jingbo Chen, Changyu Shen, and Zhanhu Guo*

Electrically conductive carbon black (CB)/polypropylene (PP) nanocomposites
with a segregated structure are fabricated by localizing CB particles at the
interfaces among the PP granules. Interesting double-peak positive tempera-
ture coefficient (PTC) effect when exposed to temperature field is observed
and ascribed to the breakage of unique segregated conductive network due
to the volume expansion stemming from the crystal melting of interfacial

PP and the bulk PP matrix. With extending thermal treatment time, the PTC
intensity first increases and then decreases obviously. Long treatment time is
required for the composites with high CB loadings to reach the PTC intensity
maximum value. This phenomenon is attributed to the evolution of segre-
gated microstructure during the thermal treatment, which is traced visually
in situ through an optical microscope (OM). The diffusion due to the concen-
tration gradient and the subsequent aggregation of CB particles lead to this
behavior. A model based on the OM observation is proposed to reveal the

many CPCs exhibit intriguing positive
temperature coefficient (PTC) effect,'’-2%
which refers to a sharp increase in
volume resistivity near the melting point
(Tm) of the polymer matrix. Recently, the
polymer-based PTC materials have dem-
onstrated potential engineering promise
such as overcurrent protection materials,
self-regulating heaters, and microswitch
sensors.[17:18.21]

To date, the origin of the PTC effect in
different systems has been studied. For
instance, Kono et al.l'¥] reported that the
observed PTC effect in the 20 vol% Ni/
polyvinylidene fluoride (PVDF) CPC at far
below the T, of PVDF arose from a slight
increase in the specific volume and the

origin of this novel resistivity-temperature behavior.

1. Introduction

Electrically conductive polymer composites (CPCs) have
attracted enormous interests from both industry and academia
due to their wide applications, such as thermistors, electromag-
netic interference shielding, and sensors.'"1%l Among them,
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gap between Ni particles. Sumita and co-

workers.?223 and Deng et al.l?Y attributed

the resistivity relaxation behaviors of CPCs

during annealing treatment to the agglom-
eration of diffused fillers and the stretched polymer chains. Zha
et al.?% found that a more stable 3D hybrid conductive network
of carbon black (CB)/carbon nanotubes (CNTs) improved the
PTC effect repeatability of PVDF/ultrahigh molecular weight
polyethylene (UHMWPE) CPC. However, the mechanism of
the volume resistivity-temperature (p-T) behavior has not been
established in the CPC systems. One main challenge is to visu-
ally trace the movement of conductive fillers, especially for the
CPCs with random filler distribution. Recently, the CPCs with
a selective distribution of conductive filler have been studied
with the movement of conductive fillers being monitored6:7]
and some interesting findings on temperature dependent resis-
tivity behavior have been discussed. For example, negative tem-
perature coefficient (NTC) effect, defined as a decrease in the
resistivity after being at the T, of polymer matrix, is usually
theoretically attributed to the formation of flocculated struc-
ture through the reaggregation of conductive fillers.?82% How-
ever, Fengand Chan.?®! demonstrated that the NTC effect in
the ethylene tetrafluoroethylene (ETFE) composites with high
density polyethylene (HDPE) wrapped CB was not ascribed
to the formation of the agglomerated structures arising from
the too large conductive CB/HDPE phase in the ETFE matrix.
Pang et al.”’] found that isothermal treatment (IT) was an effec-
tive strategy to tune the PTC effect of graphene nanosheets
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(GNS)/UHMWPE composites. The diffusion of GNS seem-
ingly contradicted the common theory, that is, the fillers would
coagulate each other to reduce the total interfacial energy and
reached a thermodynamic equilibrium during IT.3%31

However, systematically in situ visualization on the evolution
of conductive network morphology remains largely unexplored.
To achieve this target, two key influential factors should be opti-
mized. The first is melt viscosity of polymer matrix. Polymer
with a relatively low melt viscosity would be a favorable alterna-
tive since polymer with a high melt viscosity, such as UHMWPE
(melt flow index, MFI = 0 g/10 min, 230 °C, 2.16 kg), is detri-
mental for the movement of conductive fillers. The second is
the filler size. The smaller the size of the conductive filler, the
stronger the mobility of conductive fillers in the composite melts.
However, any prior studies did not involve these two factors.

In this paper, low-dimension CB (0D) was selected as con-
ductive filers and polypropylene (PP) with a relatively low melt
viscosity (MFI = 3 g/10 min, 230 °C, 2.16 kg, Section 1 in the Sup-
porting information) was used as the polymer matrix. The CB was
selectively arranged at the interface among the PP pellets, forming
a segregated conductive network. The PTC behavior of the
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CB/PP (3.31 vol%) was first studied, then four consecutive heating/
cooling runs were conducted to investigate the variation of the
PTC intensity (PTC intensity is defined as Iprc = 10g(Pmax /Prr) »
where p,, is the maximum resistivity in the heating process,
prr is the original resistivity at room temperature). To reveal the
mechanism of the PTC effect, the p-T behavior was investigated
further after prolonged thermal treatment at 200 °C. The micro-
structural evolution of CB/PP during the thermal treatment was
examined in situ by OM with a heating stage. The effect of the
CB concentration was studied for comprehensive analysis. Based
on the experimental results and the microstructural evolution, a
competition process between the diffusion and the aggregation of
conductive fillers was confirmed, which could provide a further
insight into the mechanism of p-T behaviors.

2. Results and Discussion
2.1. Morphologies

Figure 1a shows the morphology of original PP particles.
The PP particles are observed to exhibit spherical shape with

4

Figure 1. FESEM images of a,b) PP particles, c,d) CB coated PP particles, b,d) are the surfaces of (a) and (c) at a higher magnification, respectively,
e) fractured surface of 3.31 vol% CB/PP film, f) the interface region between CB-coated PP particles, g) optical image of 3.31 vol% CB/PP, h) TEM
images of CB conductive layer between PP regions and i) interface region between CB and PP with a higher magnification for 3.31 vol% CB/PP.
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a diameter of 5-55 um and mean size of 29 um (Figure S3,
Supporting Information). The surface (Figure 1b) of the PP par-
ticle is very rough, which is beneficial for the adsorption for CB
particles.

After the evaporation of ethanol, the PP particles surfaces are
uniformly coated with CB aggregates (Figure 1c,d). Figure le
shows the fractured surface of the CB/PP CPCs. Obvious inter-
facial regions are observed (Figure 1lef), indicating a segre-
gated conductive network structure. This morphology is also
observed by OM and transmission electron microscopy (TEM)
(see Figure 1g—i), where CB rich region was segregated by PP
regions. The CB rich region is dark in OM and TEM images,
while the PP appears dark in field emission scanning electron
microscope (FESEM) images. The construction of segregated
conductive network can be understood from the fabrication pro-
cess. During the hot compression, CB aggregates are relatively
difficult to migrate into the PP matrix, forming a microstruc-
ture with a segregated conductive network.l3?! This fabrication
method is different from the solvent mixing method, which dis-
perses conductive fillers in PP uniformly by using xylene as the
solvent,*3-° leading to much lower percolation threshold and
higher conductivity than the reported CB/PP CPCs.[3] Specially,
Figure 1g shows a diffuse interface, that is, the CB rich region
is relatively broad. This broad region is evidently larger than
the “nanowire-like” one of typical segregated CPCs, 1233649 for
which, the interface is clear and the interface region is relatively
narrow due to the poor mobility of conductive fillers. The com-
parison of Figure 1g and previous reportsi?*293241 indicates
that the penetration of CB aggregates into PP matrix should
mainly account for this unique segregated conductive network.
The normal or shear forces caused convection in hot compres-
sion also has effect on this board interfaces morphology. This
segregated conductive path could be considered as two dif-
ferent components, i.e., the dense conductive channels just
at the interface; and the thin conductive paths adjacent to the
interfacial region.

2.2. Thermal Properties

The volume expansion of polymer, stemming from the melting
of crystalline region and the thermal expansion, is the key influ-
encing factor for the PTC effect of semicrystalline polymer-
based composites.1*42#4 Therefore, the discussion on the
thermal properties regarding the melting point (T;,,) and crystal-
linity is necessary. Figure 2 shows the differential scanning cal-
orimetry (DSC) curves of the pure PP and CB/PP composites
containing 3.31, 3.79, and 4.26 vol% CB, respectively. Appar-
ently, the T,, and the shapes of these scans appear to be almost
the same. Detailed information of these DSC curves is listed
in Table 1. In Table 1, the crystallinity first increases and then
decreases with increasing the CB content. Similar phenomenon
has been reported for single wall carbon nanotubes (SWNTs)/
HDPE,®! SWNTs/PP,*] CNTs/PP, and copper nanowires
(CuNWs)/PP,*’l etc. This phenomenon can be explained as fol-
lows. The PP crystallization is controlled by both crystal nuclea-
tion and crystal growth. With increasing the CB content, the
nucleating sites increase (Figure S4, Supporting Information),
resulting in the increase in crystallinity; however, the formation
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Figure 2. DSC curves of the pure PP and CB filled PP composites with

various CB contents at a heating rate of 2 °C min~'.

of an excellent CB conductive network can increase the diffi-
culty to transport polymer chains due to the extremely high CB
content at the interface region and the interaction between CB
and polymer chains (Figures S5 and S6, Supporting Informa-
tion).[548] Consequently, the growth of the formed crystal is
restricted, leading to the overall reduction in crystallinity. Nev-
ertheless, the difference between the crystallinity of these three
composites was very small. A similar result is also reported by
Hindermann-Bischoff and Ehrburger-Dolle in the CB/polyeth-
ylene (PE) composites.[*’]

2.3. Temperature Dependence of Resistivity for Low
CB Concentration Filled PP

Figure 3 shows the p-T relationship of 3.31 vol% CB/PP com-
posites for the consecutive four runs (for each run, the sample
was heated to 200 °C at 2 °C min~!, held at this temperature for
5 min if without particular illustration and then cooled down
at 2 °C min™!). Apparent PTC/NTC effects can be observed. In
Figure 3a, as the temperature increases, the volume resistivity
slightly increases and a sharp jump in resistivity is observed at
around 151.7 °C, displaying a PTC resistivity peak. When the
temperature is higher than 160.3 °C, interestingly, another
PTC peak is observed obviously, i.e., this CB/PP with a single
polymer matrix exhibits an interesting double PTC effect
(Figures S6-S8, Supporting Information). This phenomenon

Table 1. Detailed information of DSC traces of CB/PP containing dif-
ferent CB content. [X. is the crystallinity; AHgbs is enthalpy of fusion,
T, is melting temperature; melting enthalpy for 100% crystalline iPP is
207] g—1.[41]

CB content AH?bS Tm X

[vol%] Dgl rq %]
331 118.6 163.2 61.6
3.79 115.9 163.4 60.8
4.26 110.2 163.2 58.5
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Figure 3. p-T relationship of 3.31 vol% CB/PP composite during heating process a) for the first run and b) for the other three runs. The dotted line
illustrates the p—T behaviors beyond the measurement range of the instrument.

is markedly different from other results with only a resistivity
peak of CPC containing single polymer matrix (Figure S9, Sup-
porting Information).'7:285052 The comparison of thermal
properties in Figure 2 and PTC effect in Figure 3a suggests that
the first peak at around 151.7 °C is ascribed to the CB struc-
tures rather than the melting of different forms of PP crystals.
As mentioned above, for the segregated CB/PP with a relatively
low melt viscosity (Section 1 and Figures S10 and S11, Sup-
porting Information), the morphology is different from the
typical segregated CPCs with a high melt viscosity matrix, such
as CB/UHMWPE,®l CNTs/UHMWPE,P**] and graphene/
UHMWPE,’l etc. The interface is not clear, on the contrary, it
is vague due to the CB migration during the hot compression,
causing a weak conductive network near the interfacial regions
(see Figure 1g). With increasing the temperature, these feeble
conductive paths adjacent to the interfacial region were dam-
aged by the increased specific volume from the small amount
of melting of interfacial PP, causing the first PTC effect. This
phenomenon is a novel nature of this segregated CPCs based
on the relatively low melt viscosity matrix and it has not been
reported in the open literature. As for the second PTC peak
(160.2 °C), it is widely accepted that the rapid volume expan-
sion stemming from a large amount of melting of the bulk PP
crystalline region pushes the CB particles apart, leading to an
increase in resistivity. This novel double-peak PTC (DP-PTC)
creates an unchanged resistivity level within a range of more
than 10 °C and enlarges the switch temperature range of the
PTC materials. Moreover, the second PTC peak temperature
appears at =160.2 °C, instead of the T,, of 163.2 °C. This slight
shift might be related to the low CB content.'”:1%5150] The sub-
sequent NTC effect is due to the rearrangement and reforma-
tion of conductive network in the molten polymer.

Figure 3b shows the p-T behaviors in the following three
runs. Obviously, the maximum resistivity increases significantly
with increasing the run number. Here, the Ipr¢ is employed to
evaluate the p-T behaviors. Specifically, considering the migra-
tion of CB particles from the interface region to PP matrix, Iprc
of the composite is defined as the Iprc of the second PTC peak,
which can better reveal the motion of CB particles. The Iprc
values at corresponding runs are listed in Table 2. The Iprc
increases obviously with increasing the run number. However,
in literature, the Iprc always presents an evidently descend for

Adv. Mater. Interfaces 2017, 4, 1700265

1700265 (4 of 10)

the CB/EVA,P”] CB/PP,’? carbon nanofiber/unsaturated poly-
ester resin nanocomposites,”® multiwalled carbon nanotubes
(MWNTs)/UHMWPE /branched low molecular weight polyeth-
ylene (LMWPE),?!l and CB/HDPE,P*% etc. In our case, when
the temperature was above the T, it is deduced that some CB
particles would migrate from the interfacial region into the
PP matrix due to the CB concentration gradient. As the run
number increased, the interfacial conductive network was dete-
riorated gradually. Consequently, the improvement in Ippc was
observed.

In order to further investigate the underlying mechanism of
the increasing PTC effect, an enhanced thermal treatment is
carried out. As mentioned above, the isothermal treatment at a
temperature above the T, of polymer matrix is proven to be an
effective approach to explore the origin of the p-T behaviors. In
this paper, a strong isothermal treatment at 200 °C for different
periods was then applied; the variation of Iprc before and after
the treatments was tested respectively for comparison.

Figure 4 displays the p-T relationship of 3.31 vol% CB/PP
segregated CPCs during heating process for six runs after
experiencing different ITs. Surprisingly, the Ipyc first increases
and then decreases after the ITs. A switch in Ipyc appears after
the CB/PP sample undergoes 120 min IT, suggesting that the
equilibrium time of the 3.31 vol% CB/PP segregated CPC is
~120 min. This fascinating phenomenon agrees well with the
competition of the migration of CB and the subsequent CB
aggregation in a high temperature field, the latter process has
been reported by a mass of literature on p-T behaviors.[?224 At
the equilibrium state, the migration of CB particles is compa-
rable to the reaggregation of the CB particles, exhibiting a Ipyc
peak. After that, the aggregation of the CB particles dominates
the competition, resulting in the decreasing Iprc. On the other
hand, the DP-PTC faded away gradually after the first run
both in Figures 3 and 4. After a short-term IT (several runs),
some additional CB aggregates migrated from the interface
into the PP adjacent to the interfacial region and enhanced

Table 2. The Iprc in different runs.

Run number 1 2 3 4

Iprc 45 5.8 >5.9 >6.3
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Figure 4. p-T relationship of 3.31 vol% CB/PP composites during heating
process for the six runs after different IT time. The insert illustrates the
variation in Iprc after different IT time at 200 °C. The dotted line and
the shaded region for resistivity and Iprc indicate that the change of the
volume resistivity exceeds the upper measurement limit.

the intermixing degree between CB and PP. This decreased
CB concentration gradient not only reduces the CB migration
which is related to conductive network formation and but also
reduces the robustness of conductive network in interfacial
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region, which is in accordance with rapid increase of the
second PTC intensity, therefore leading to less resistivity decay
between the two peaks. A resistivity equilibrium can be reached
gradually when the conductive network breakdown (owing to
the polymer volume expansion) is counteracted by the conduc-

tive network formation (due to the migration or reaggregation
of CB), leading to the disappearance of the DP-PTC.

2.4. Temperature Dependence of Resistivity for Intermediate
and High CB Concentration Filled PP

In order to check the competition mechanism between the dif-
fusion and the aggregation and to reveal the origin of the evo-
lution of this novel PTC effects, the variations of PTC effects
of the CB/PP with higher CB concentrations of 3.79 and
4.26 vol%, which would affect the mobility of the CB particles,
were then examined.

Figure 5 is the p-T relationships of the segregated CB/PP
CPCs during heating process with an intermediate content
(3.79 vol%) and a high concentration (4.26 vol%), respectively.
Similarly, the increased Ippc in Figure 5a,c is observed obvi-
ously with increasing the run number. Moreover, both the Ipy¢
first increases and then decreases when ITs are applied gradu-
ally, Figure 5b,d, being in good accordance with the results in
Figure 4. Similar trend verifies the presence of the novel Iprc
evolution in the segregated CB/PP again.
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Figure 5. p-T relationship during heating process: a) five consecutive runs for 3.79 vol% CB/PP, b) six runs after different IT time for 3.79 vol% CB/
PP, c) five consecutive runs for 4.26 vol% CB/PP, and d) six runs after different IT time for 4.26 vol% CB/PP. The insets in (a) and (c) illustrate the
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While two obvious differences are still observed, the first is
about the DP-PTC phenomenon. For the CB/PP with a high CB
content 4.26 vol% (Figure 5c,d), the DP-PTC cannot be detected
in the first run, which is thought to be resulted from the high
CB concentration and the dense conductive network. The
CB content of 4.26 vol% of this s-CB/PP sample is distinctly
higher than the percolation threshold of s-CB/PP composites
(2.34 vol%),132] the interfacial region is occupied by excess CB
particles and many CB particles are forced to penetrate into the
PP matrix adjacent to the interfacial region, forming a favorable
conductive network in this region. Accordingly, the conductive
network in this region could not be broken by a slight increase
in specific volume, resulting in the disappearance of the first
PTC peak. However, as the run number increases as shown in
Figure 5c, the migration of CB weakens the segregated conduc-
tive network near the interfacial region and the first PTC peak
appears again. This phenomenon also supports the idea that the
first PTC peak is caused by the damage of the feeble segregated
conductive network near the interfacial region. In Figure 5d,
after a long-term IT, the resistivity values stay approximately
constant up to a certain temperature (=162 °C) and then a dra-
matic reduction in resistivity occurs above the T,,. As discussed
in the previous section, the breakage of the segregated conduc-
tive network and the formation of conductive network coun-
teract with each other, resulting in a resistivity platform.

The second obvious difference is the equilibrium time. The
equilibrium time is =240 min (Figure 5b) for 3.79 vol% CB/PP
and =600 min (Figure 5d) for 4.26 vol% CB/PP, much longer than
120 min (Figure 4) for the 3.31 vol% CB/PP. This suggests that
the equilibrium time is strongly dependent on the CB content.

In addition, the room-temperature resistivity, which can
reveal the evolution of segregated conductive network, was also
analyzed. In Figure 5a,c, with the increase of the cycle number,
CB particles migrate from interface region into PP matrix
gradually. This migration leads to diluted segregated conduc-
tive paths and the increase in the room-temperature resistivity.
For Figure 5b,d, initially, the migration of CB particles from
interface region into PP matrix dilutes the conductive network,
making the initial resistivity increase. After a long-term thermal
treatment, CB particles agglomerate together in less conduc-
tive paths. This transition increases the number of conductive
particles in a certain conductive path; however, it reduces the
number of conducting paths, resulting in the decrease in the
room-temperature resistivity.

It should be noted that the room-temperature resistance of
cycle 2 shows a trifling decrease compared with that of cycle
1 for 3.31 and 3.76 vol% s-CB/PP composites, while the initial
resistance for 4.26 vol% CB/PP exhibited a trend of monotonous
increase. The reason is that thermal treatment can improve
the distribution of CB,121°2575% leading to a slight decrease in
room resistivity. However, for 4.26 vol% CB/PP (Figure 5c,d),
the strong diffusion effect of CB particles counteracts the effect
of redistribution of CB particles. These results are in consist-
ency with the diffusion and reaggregation mechanism.

2.5. OM Observations and Mechanism Analysis

The formation of conductive network is a thermodynami-
cally non-in-equilibrium process.?>?*°8 In order to reduce the
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total interfacial energy and reach an equilibrium, particles or
aggregates always tend to aggregate when CPC is annealed at
a temperature above T, of the polymer matrix.?>?3%1 To check
whether the experiment is dominated by this non-in-equilib-
rium mechanism, the temperature-resistance curves, namely,
resistance relaxation behavior, was first evaluated.
Figure 6 displays resistivity relaxation behavior during
300 min IT for CB/PP with varying CB contents. This can be
described using a relaxation equation!®?

P:/Po = P /po+ (1= p../po)exp(~t/7) (1)

where p., is the resistivity of the composites after a long-term
IT, py is initial resistivity of the composites at the beginning of
IT, p, is resistivity at time ¢, and 7 is the relaxation time, which
represents the reconstruction speed of the CB conductive net-
works. Through fitting the experimental results, p../py and 7 for
CB/PP with various CB content were obtained and shown in
Table 3 by fitting the data points with Equation (1). The least
square method was employed during the fitting.

According to the fitting data in Figure 6, as CB content is
higher, the fitting curves demonstrate a larger p../p, and a
shorter 7, indicating a smaller degree damage of the conduc-
tive network and a stronger reconstruction capability. The main
reason is that a high CB concentration means a small inter-par-
ticle distance at the interface and therefore, a large chance of
CB particles to aggregate. It seems that a rapid attenuation in
Iprc should be expected with a strong reconstruction capability,
which however is contrary to our experimental results. This
suggests that the resistivity relaxation behavior is not the main
reason for the novel evolution of the PTC effect during IT. As
discussed above, the CB diffusion and the subsequent aggrega-
tion lead to this interesting phenomenon. The CB motion pro-
file should thus be traced and studied in detail. In this paper,
the design of the novel segregated structure provides an effec-
tive method to trace the morphology evolution visually. The

1.1
] H 331 vol%
1.0 ® 3.79vol%
i A 426 vol%
0.9 1 —— Fit line
0.8 1
| A“
Qc_; 0.7 -
L2 ]
& 0.6 1
0.5
0.4 - LLLLITTT
0.3 T v T T T Ll
0 4000 8000 12000 16000

t(s)
Figure 6. Resistivity relaxation behaviors for CB/PP with a CB concentra-

tion of a) 3.31, b) 3.79, and c) and 4.26 vol% during 300 min IT at 200 °C.
The red curves are best fitting results.
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Table 3. Effect of CB concentration on the resistivity relaxation behav-
iors of CB/PP composites at 200 °C.

CB [vol%] 3.31 3.79 4.26
Pe]/Po 0.40 0.59 0.71
7(s) 1405 1154 701

online morphology evolution of the CB/PP was then carried out
by using OM.

As displayed in Figure 7, in the original sample, obvious
light (PP region) and dark region (CB rich region) that are con-
nected with each other (Figure 7a) can be observed clearly, indi-
cating the formation of a segregated conductive network struc-
ture. With increasing the temperature to 165 °C (near the T,
of PP matrix), some conductive networks are slightly disrupted
(Figure 7b). This should be attributed to the volume expansion
resulting from the melting of crystallization region and the
Brownian motion of CB particles in the PP melt. According
to the electron tunneling effect proposed by Balberg and
co-workers, 1% 3 minute increase in gap between the filler par-
ticles (or aggregates) will result in the sharp increase of resis-
tivity, that is, the PTC effect thus generates (Figure 3a). When
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the temperature is increased to 200 °C, as shown in Figure 8c—e,
with increasing the IT time from 0 to 100 min, interestingly,
the CB particles gradually migrated into PP matrix adjacent to
the interfacial region. After long-time IT for about 150, 185,
and 300 min, the CB particles reaggregate together gradu-
ally forming a developed conductive network (Figure 7f-h).
Finally, when the sample is cooled down to room temperature,
conductive path is partially preserved (Figure 7i). More CB par-
ticles are joined in the construction of new conductive path,
forming much denser conductive path in the composites. The
conductive network is thus more resistant to the volume expan-
sion, resulting in the reduction in the Iprc. The detailed online
OM observations are shown in Video S1 (Supporting Informa-
tion). That is, the competition process is demonstrated visually
and the variation in Ippc can be understood. Theoretical anal-
ysis behind the competition mechanism and the equilibrium
time was also revealed.

Based on the OM observation, the underlying mechanism
behind the evolution of PTC should be ascribed to the diffusion
and reaggregation of CB aggregates. Diffusion is always trig-
gered by a gradient of filler concentration. In the present paper,
the CB particles are selectively located at the interfaces between
PP, showing an obvious concentration gradient. Consequently,

Figure 7. Optical images of the 3.31 vol% CB/PP during the thermal treatment: a) 20 °C before heating; b) 165 °C; c) 200 °C for 0 min; d) 200 °C for
15 min; e) 200 °C for 100 min; f) 200 °C for 150 min; g) 200 °C for 185 min; h) 200 °C for 300 min; i) 20 °C after cooling.
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Figure 8. Schematic diagram of morphological development for the motion of CB particles during the thermal treatment. CB particles are represented
by the arrows. a) Before heating, b) after short-term thermal treatment, c) after long-term thermal treatment, and d) after cooling to room temperature.

the diffusion driven by the concentration gradient would
happen and obeys the second Fick’s second law!®>%]

% __poe @)

ot *x

where ¢ represents the CB aggregation concentration (in terms
of volume), D is the diffusion coefficient, while x and t repre-
sent dimensions of space and time. For diffusion of spherical
nanoparticles in polymer melt, D could be estimated from the
Stokes—Einstein’s equation!(67-6!

kT

= 3
67RN Gl

where k is the Boltmann's constant, T is the temperature, R is
the radius of CB particle and 7 is the viscosity of polymer melt.
Substantially, the factor influencing the kinetic process of diffu-
sion is the activation energy (E,), which is independent on the
filler concentration.?”l Thus, the percentage of CB particles in
a conductive polymer composite, which have the ability to dif-
fuse, is equivalent. On the other hand, the 1 increases with the
increase of conductive filler concentration,/®*%% which is con-
sistent with the result of graphene nanoplatelet/PP system,33!
resulting in the inhibition of mobility of CB particles. In addi-
tion, from the viewpoint of aggregation, higher CB loading
leads to a shorter interaggregate gap and an easier agglom-
eration. Therefore, the higher CB concentration, the weaker
diffusion ability for the CB particles; namely, a longer time is
needed to reach an equilibrium state. This p-T phenomenon is
a novel characteristic of this segregated CB/PP with a relatively
low melt viscosity.
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After that, in order to reduce the total interfacial energy, the
filling particles or aggregates coagulate each other through
the Brownian motion, the movement of stretched polymer
chains, the dispersive interaction between CB and the matrix
as well as the depletion interaction between adjacent CB
aggregates.?>0167-73] This can be described by Smoluchowski
Equation (4)74

i+ =R+ ] )

where i and j represent the dispersed filling particle or aggre-
gated particles, Kj is the kinetic constant of the reaction, and
[i + j] refer to the new aggregate. The mechanism underlying
the PTC effect of CB/PP with a segregated structure can now
be understood through the schematic diagram of the micro-
structural developments during thermal treatment, as shown in
Figure 8. A novel segregated conductive network was formed
during compression molding (Figure 8a). When subjected to
IT, CB particles begin to migrate into PP matrix by Brownian
motion. After short-term IT, migration dilutes conductive net-
work, leading to increase in Iprc (see Figures 3b and 5a,c),
while after long-term IT, reaggregation of CB particles results
in a dense conductive network and therefore a decreased PTC
effect. In other words, the attenuation of Iprc is observed after a
characteristic time (see Figures 4 and 5).

3. Conclusions
Segregated conductive polymer CB/PP composite film was
observed to exhibit novel double-peak positive temperature

coefficient phenomenon during the heating process. The
first PTC peak was attributed to the destruction of the feeble

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

segregated conductive network near the interfacial region due
to a small amount of interfacial PP melting, whereas the second
PTC peak was because of a large amount of crystal melting
of bulk PP matrix. The Iprc of CB/PP increased obviously
with increasing the run number. Interestingly, the Ipyc first
increased then decreased with extending the IT time at 200 °C.
Based on the in situ observation of the CB motion profile, the
unique segregated morphological evolution was responsible
for the anomalous variation of Ippc. With a short-term IT, the
gradual migration of CB particles from the interfaces into the
PP matrix adjacent to the interfacial region thinned the conduc-
tive network. The thin conductive network was more vulner-
able to the volume expansion and thereby the improvement in
Iprc occurred. The reaggregation of CB particles by Brownian
motion formed a perfect conductive network during long-term
IT, which resulted in a reduction in Iprc. The present paper is
of great value to understand the origin of PTC effect of a seg-
regated CPC through a visual investigation. These CPCs have
great potential to be applied for various fields including energy
storage/conversation,’>7% EMI shielding,””) and sensing.l"®7°]

4. Experimental Section

The used PP (My = 3.99 x 10° g mol™', pellets, Petroleum Chemical
Co. Xinjiang, China) had molecular weight distribution of =~4.6 and
the MFI of 3.0 g/10 min (230 °C, 2.16 kg). The conductive CB (model
VXC-605) was supplied by Cabot with a dibutyl phthalate (DBP) value
of 148 £ 15 cm?/100 g and a particle size of =30-50 nm (Figure 1i;
Figure S1, Supporting Information). Alcohol (AR grade) and xylene (AR
grade) were purchased from Zhiyuan Reagent Co., Ltd. Tianjin, China,
and used as received.

The PP particles were prepared by dissolving-smashing method developed
in the lab.? The crystallinity of PP is about 55.1 vol% (Figure S2, Supporting
Information). For the fabrication of CB/PP with various CB contents
(3:31, 3.79, and 4.26 vol%), the CB and PP particles were first mixed and then
added into ethanol. Mechanical stirring (for 1 h) and ultrasonication (for
another 1 h) were then applied to achieve a well-dispersed filler suspension.
After complete evaporation of ethanol, the PP particles coated with CB were
obtained. The powder was eventually compression molded into films with a
pressure of 15 MPa at 190 °C for 5 min.

The fractured surfaces of the sample and PP particles were observed
with a 7500F JEOL FESEM. For OM observation with a heating stage, the
sample of about 10 um thick film cut by a microtome was exposed to a
thermal program (heated to 200 °C at 2 °C min~", held this temperature
for 300 min, and then cooled to 25 °C at a rate of 2 °C min™'). For TEM
observation, =100 nm thick composite films were fabricated by a Leica
UC-7 microtome with a diamond knife at —120 °C and observed by a
JEOL JEM-1230 instrument at 90 kV.

The thermal properties were measured by differential scanning
calorimetry (TA DSC-2920) at a heating rate of 2 °C min~' under constant
nitrogen flow. The samples were heated from ambient temperature to
200 °C.

The sample dimension for the p-T tests was 0.6 x 10 X 100 mm3.
Copper grid was embedded on both sides of the samples to eliminate
contact resistance between the samples and electrodes. The resistance
of the samples was recorded continuously by utilizing a megger (model
TH2683, supplied by Changzhou Tonghui Electronics Co., Ltd.) coupled
with a computer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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