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Abstract    Adopting  composite  matrices  has  great  significance  for  improving  the  performance  of  polymeric  positive  temperature  coefficient

(PPTC)  materials.  However,  the  uncontrollable  selective  distribution of  fillers  in  different  matrices  induced by  the  differences  in  compatibility

severely limits the flexible design and regulation of conductive networks. A solution-mixing strategy based on the solubility difference of poly-

mer matrices in different solvents was employed to flexibly fabricate hierarchical PPTC composites, achieving the precise localization of conduc-

tive fillers. In the hierarchical structure, PVDF/TiC served as the first-level PTC material, whereas the PA1010/TiC particles acted as the other-level

PTC material. The PA1010/TiC particles serving as relay stations also participated in the construction of the PVDF/TiC conductive network. Benefit-

ing from the restriction effect of the PA1010/TiC particles for the PVDF chains and TiC fillers, the negative temperature coefficient (NTC) effect was

effectively suppressed, and a maximum IPTC of 8.9 was obtained. Moreover, in cyclic testing, the PVDF phase crystallized posterior to the PA1010

phase, generating compression and releasing latent heat for the PA1010 phase, which synergistically reinforced the crystallization of the PA1010

phase, enabling rapid reconstruction of long-range conductive networks in the entire system. Therefore, the reproducibility and Ihold of the hier-

archical PPTC thermistor were significantly improved. This strategy not only breaks the bottleneck of the selective distribution of fillers in the mul-

ti-matrix of PPTC materials, but also achieves dynamic control of hierarchical conductive networks, suggesting a new pathway toward the overall

improvement of the performance of PPTC thermistors.
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INTRODUCTION

PTC materials exhibit non-linear temperature-resistivity features,
whose resistivity increases sharply by more than several orders
of  magnitude  once  exceeding  the  switch  temperature  (Ts).

[1−4]

The unique conductivity behavior of PTC materials, which serve
as resettable protectors, has led to their extensive application in
portable  electronics,  micromotor,  and  automotive  battery  pro-
tections.[5−8] These  materials  can  effectively  prevent  damage
caused  by  overcurrent  and  overtemperature  resulting  from
shortcircuit or overload. PTC materials can be classified into two
main categories: ceramic PTC (CPTC) and polymeric PTC (PPTC).
While  CPTC  devices  demonstrate  exceptional  performance  in
high-power and high-temperature environments,  their  suscep-
tibility to rupture or fracture under mechanical stress or impact

is  attributed  to  the  inherent  brittleness  of  the  ceramic
matrix.[9−11] Additionally,  the  challenges  associated  with  the
high  sintering  temperature  contribute  to  difficulties  in  the  for-
mation  and  processing  of  CPTC  devices,  resulting  in  higher
manufacturing costs.[12,13]

PPTC  materials  are  preferred  in  consumer  electronics  and
mass production because of their lightweight nature, low re-
sistance, high PTC intensity (IPTC), and cost-effectiveness.[14−18]

PPTC  materials  are  conductive  polymer  composites  that  are
fabricated  by  mixing  crystalline  polymer  and  conductive
fillers.  The  PTC  effect  is  generally  believed  that  the  conduc-
tive networks were broken during heating, owing to the ther-
mal expansion of the polymer and the change in the distance
between the  conductive  fillers.[15,19] The  resistivity  reached a
peak at the melting temperature (Tm) or glass transition tem-
perature  (Tg)  of  the  polymer.  If  the  PPTC  material  is  further
heated  after  the  PTC  peak,  a  NTC  effect  would  be  observed
because  of  the  re-aggregation  of  the  conductive  particles  in
the  molten  polymer  matrix.[20,21] Meanwhile,  the  poor  com-
patibility between the polymer matrix and filler results in irre-
versible  thermal  movement  and  phase  separation.[15] Thus,
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along with thermal cycling, the reproducibility of the conduc-
tivity behavior is very poor.

Thus, enhancing the cycling stability of PPTC thermistors is
crucial. Various strategies have been investigated to mitigate
the  NTC  effect  and  improve  the  reproducibility  of  tempera-
ture-resistivity.[15,19] The  poor  cycling  stability  of  the  PPTC
thermistor  is  mainly  attributed  to  the  crystallization  of  the
polymer  matrix.[22] The  primary  strategy  to  solve  this  prob-
lem  is  crosslinking  the  polymer  matrix  or  adopting  hybrid
polymer  matrices.[23−27] For  instance,  electron  beams  have
been  applied  in  the  radiation  crosslinking  of  LDPE/CB  com-
posites,  and  the  NTC  effect  was  weakened  because  the
crosslinking network of  the polymer restricted the migration
of  CB  fillers.[28] In  addition,  dual  polymer  matrices  of  HDPE
and  PVDF  were  explored.  Owing  to  the  immiscible  blending
of polymers, abundant segregated structures are formed. Im-
proved  reproducibility  of  the  PTC  effect  was  obtained  be-
cause of the strengthening crystallization of PVDF induced by
the  compression  effect  of  HDPE.[29] Furthermore,  by  control-
ling  the  localization  of  the  hybrid  fillers  in  immiscible  poly-
mer blends, 3D conductive networks were constructed to sig-
nificantly  enhance the performance of  the PPTC composites.
Although  studies  have  demonstrated  that  multi-matrix
blending could improve the reproducibility of PPTC materials,
flexible  regulation  of  the  composition  of  the  multi-matrix
blending  system  is  challenging.[30] Because  of  the  difference
in compatibility, the selective distribution of conductive fillers
in different polymer matrices is inevitable,[31−33] which signifi-
cantly  limits  the  preparation  of  multi-matrix  PPTC  materials
with flexible design and regulation of conductive networks.

In  this  study,  a  solution-mixing  method  was  proposed  to
design and fabricate  hierarchical  PPTC materials  with  a  dou-
ble-level PTC structure and performance. Therefore, the selec-
tive distribution of conductive fillers in different polymer ma-
trices  was  effectively  inhibited  by  using  the  solubility  differ-
ence  of  the  polymer  matrices  in  various  solvents.  First,
PA1010/TiC particles were fabricated using a good solvent of
PA1010.  Then,  PA1010/TiC  particles  and  TiC  micropowders,
serving as  different-level  fillers,  were evenly  dispersed in  the
PVDF matrix using a good solvent of PVDF, which is a non-sol-
vent  of  PA1010.  A  double-level  conductive  network  of
(PA1010/TiC)/PVDF/TiC  was  constructed,  in  which  PVDF/TiC
served as the first-level  PTC material,  and PA1010/TiC served
as the other-level PTC material.  Once the circuits of the dou-
ble-level  PTC materials  were cut  off,  the conductive network
of  PA1010/TiC  crystallized  ahead,  which  was  further  com-
pressed by the delayed crystallization of the PVDF/TiC phase.
Meanwhile, the latent heat released from the crystallization of
the PVDF/TiC phase refined the crystallization of  the PA1010
matrix.  In these hierarchical structures, the PA1010/TiC phas-
es serving as relay stations favor the formation of long-range
conductive pathways, and the overall conductive networks of
double-level PTC materials could be rapidly rebuilt. Therefore,
the  reproducibility  improved  and  the  NTC  effect  was  sup-
pressed. This work not only circumvents the issue of selective
distribution of conductive fillers but also achieves the goal of
flexibly  controlling  the  composition  of  multi-matrix  PPTC
composite materials, thereby offering a new possibility to en-
hance the overall performance of PPTC thermistors.

EXPERIMENTAL

Materials
All the chemicals and materials were purchased and used as re-
ceived.  Polydecamethylene  sebacamide  (PA1010,  DuPont11,
ρ=1.04 g/cm3, Tm=205 °C) was purchased from DuPont Co., Ltd.
Polyvinylidene fluoride (PVDF, FR903, ρ=1.48 g/cm3, Tm=168 °C)
was purchased from Shanghai Huayi Sanaifu New Materials Co.,
Ltd. Titanium carbide (TiC with an average diameter of approxi-
mately 2.3 μm) was purchased from Qinhuangdao Yinuo High-
Tech  Materials  Development  Co.,  Ltd. N,N-dimethylformamide
(DMF,  AR)  and  formic  acid  (FA,  99%)  were  purchased  from
Sinopharm  Chemical  Reagent  Co.,  Ltd.  Copper  foil  was  pur-
chased from Shanghai Likai Material Technology Co., Ltd.

Preparation of PA1010/TiC Particles
In a typical experiment, 2.0 g of PA1010 was dissolved in formic
acid (8.0 mL) at 75 °C under magnetic stirring (150 r/min) for 30
min.  After  PA1010  was  completely  dissolved,  36.0  g  of  TiC  mi-
cropowder was added to a formic acid solution of PA1010 (the
mass ratio of  PA1010 to TiC was 1:18).  The mixture was stirred
for  30  min  to  complete  the  pre-mixing  process.  Planetary  ball
milling was performed at 1200 r/min for 4 min using a planetary
mixer (ZYMC-200V, Suzhou ZYE Precision Technology Co.,  Ltd.)
to ensure complete dispersion. A well-mixed PA1010/TiC/formic
acid  dispersion  was  coated  onto  a  glass  substrate  using  a
spreader with a gap of 0.30 mm. The coated glass substrate was
dried at  80 °C for  120 min and 120 °C for  60 min,  sequentially.
After  the  solvent  was  completely  evaporated,  the  PA1010/TiC
composite sample was peeled off and ground into PA1010/TiC
particles  using  a  mortar.  The  PA1010/TiC  particles  were  then
sieved through a screen mesh (300 mesh) to obtain PA1010/TiC
particles with a size of less than 50 μm.

Preparation of Dispersion of PPTC Composite
0.77 g of PVDF was dissolved in 4.0 mL of DMF (which is good
solvent for PVDF, non-solvent for PA1010) at 75 °C under mag-
netic stirring (150 r/min) for 30 min. After PVDF was completely
dissolved, 9.23 g of TiC micropowder was added to the DMF so-
lution of PVDF (the mass ratio of PVDF to TiC was 1:12). The mix-
ture was stirred for 30 min to obtain a pre-mixed PVDF/TiC/DMF
dispersion.  The  as-prepared  2.0  g  of  PA1010/TiC  particles  was
added to the dispersion,  which was magnetically  stirred for  30
min.  The  (PA1010/TiC)/PVDF/TiC/DMF  composite  dispersion
was ball milled on a planetary mixer at 1200 r/min for 4 min to
ensure complete dispersion. In addition, different mass ratios of
(PA1010/TiC)  to  (PVDF/TiC)  were  investigated.  The  experimen-
tal  procedures  are  summarized  in  Table  S1  (in  the  electronic
supplementary information, ESI).

Preparation of Hierarchical PPTC Thermistor
A  homogeneous  (PA1010/TiC)/PVDF/TiC/DMF  dispersion  was
coated onto the rough surface of the copper foil using a spread-
er with a gap of 0.30 mm. The coated copper foil was dried at 80
°C  for  120  min  and  150  °C  for  60  min,  sequentially.  After  the
complete evaporation of the solvent, the coated copper foil was
folded, and the PPTC composites were stuck in the middle. Heat
pressing was performed at 205 °C and 15 MPa for 20 min to fuse
the layers of PPTC composite. The three-layer structure consist-
ed  of  two  electrode  layers  of  copper  foil  and  a  layer  of  PPTC
composite.  The  three-layer  sample  was  die-cut  into  3  mm  ×  4
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mm  hierarchical  PPTC  thermistors.  To  improve  the  crystallinity
of  polymer  matrix,  the  PPTC  thermistors  were  heat-treated  at
180 °C for 30 min and naturally cooled to room temperature in a
vacuum oven.

Characterizations
The  morphology  was  characterized  using  a  Phenom  Nano  G2
field-emission scanning electron microscope (SEM) operating at
10.0 kV. Differential  scanning calorimetry (DSC) was conducted
at a heating rate of 10 °C·min–1 in a N2 atmosphere (DSC Q2000,
TA  Instruments).  Polarized  optical  microscopy  (POM)  observa-
tions were performed using a Leica DM4P microscope at  200×
magnification,  with  a  heating  and  cooling  rate  of  10  °C·min–1

across a temperature range of  25‒250 °C.  To conveniently test
the  electrical  characteristics,  the  wires  were  soldered  on  both
surfaces of the PPTC thermistor.

The measurement of resistivity-temperature (ρ-T) curves and
IPTC
The  resistivity-temperature  behavior  of  PPTC  thermistor  was
measured  by  employing  a  high  precision  DC  resistance  tester
(RK2514,  Shenzhen  Meiruike  Electronic  Technology  Co.,  Ltd.),
and the samples were heated and cooled at a rate of 3 °C·min–1.
ρ was calculated using Eq. (1):

ρ = R × l × w/(d − 2h) (1)

where R is  the tested resistance at  different temperature (Ω); l,
w, d are the length, width and thickness of PPTC thermistor (cm),
respectively; h is the thickness of copper foil (cm).

The  room-temperature  resistivity  (ρ0)  was  calculated  by
substituting the room-temperature resistance (R0) into Eq. (1).
Ts was extracted from the lg(ρ)–T curve, which is the tempera-
ture at which the resistance surges sharply.

And the IPTC was calculated using Eq. (2):

IPTC = lg(ρmax/ρ0) (2)

where ρmax is the maximum resistivity of PPTC thermistor under
heat treatment.

Five  parallel  measurements  were  performed  for  samples
under the same experimental condition. Error bars in the fig-
ure  denote  the  standard  deviation  (SD)  of  these  five  parallel
measurements.

The measurement of hold current (Ihold)
The PTC effect induced by an applied voltage was investigated
by measuring the voltage–current  (V-I)  characteristics,  and Ihold

was obtained from the V-I curve. A DC-regulated power supply
(RPS3030D-2,  Shenzhen  Meiruike  Electronic  Technology  Co.,
Ltd.) was used, and the applied voltages and corresponding cur-
rents  were  recorded.  Additionally,  cyclic  measurements  of V-I
were performed to examine the stability of the PPTC thermistor.

RESULTS AND DISCUSSION

For  PPTC  materials  with  dual  matrices,  the  distribution  of  con-
ductive fillers in different polymer matrices is a critical factor in
determining PTC performance. However, achieving controllable
localization of conductive fillers during the fabrication and ser-
vice  of  dual-matrix  PPTC  materials  remains  challenging.  As
shown in Fig. 1, a solution-mixing method based on the solubil-
ity difference of polymer matrices in different solvents was em-
ployed to fabricate hierarchical PPTC composite materials. First,
TiC micropowder with an average diameter of 2.3 μm (Fig. S1 in
ESI) were dispersed in a formic acid solution of PA1010 through
a  planetary  ball-milling  technique,  and  the  dispersion  was  fur-
ther  dried  and  ground  into  PA1010/TiC  particles.  PA1010/TiC
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Fig. 1    The schematic illustration of preparation route of hierarchical PPTC thermistor through using solution mixing method.
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particles  with  an  average  size  of  approximately  30.7  μm  were
obtained,  and  TiC  micropowders  were  well  dispersed  in  the
PA1010  matrix  (Fig.  S2  in  ESI),  owing  to  the  good  solubility  of
PA1010  in  formic  acid.  Next,  the  PA1010/TiC  particles  and  TiC
micropowders  were  used  as  hierarchical  conductive  fillers  and
dispersed into the PVDF matrix using DMF, which is a good sol-
vent  for  PVDF  but  a  non-solvent  for  PA1010.  Thus,  the
PA1010/TiC  particles  maintain  their  morphology,  thereby  pre-
venting  the  leakage  of  TiC  fillers  from  the  PA1010  matrix.  The
(PA1010/TiC)/PVDF/TiC/DMF  composite  dispersion  was  ob-
tained and spread on copper foil. After solvent evaporation, the
coated  copper  foil  was  folded  and  heat-pressed.  A  thermistor
with  hierarchical  structures  of  PA1010/TiC  and  PVDF/TiC  was
obtained,  which  would  benefit  the  construction  of  dual-level
conductive networks.

As  shown  in Fig.  2,  the  (PA1010/TiC)/PVDF/TiC  composite
exhibited hierarchical structures, which contained large-sized
PA1010/TiC  particles  and  small-sized  TiC  fillers  dispersed  in
the  PVDF  matrix.  With  an  increase  in  the  mass  ratio  of
PA1010/TiC  to  PVDF/TiC  (m(PA1010/TiC):m(PVDF/TiC))  from  1:5  to
4:5, the areal number density of the PA1010/TiC particles dis-
persed in the PVDF matrix gradually increased, and the aver-

age  interparticle  distance  gradually  decreased  (Table  S2  in
ESI).  When  the  PA1010/TiC  particles  were  absent,  the
PVDF/TiC  composites  did  not  exhibit  hierarchical  structures,
and  only  TiC  fillers  were  homogeneously  dispersed  in  the
PVDF matrix (Fig. S3 in ESI). It should be noted that the load-
ing concentration of TiC in the PA1010 matrix was 18:1, which
was higher than that of  TiC in the PVDF matrix (12:1).  There-
fore,  the content  and distribution of  the conductive  fillers  in
different polymer matrices can be precisely controlled. Hierar-
chical PPTC composites with PVDF/TiC served as the first-lev-
el PTC material, and PA1010/TiC served as the other-level PTC
material were successfully constructed.

PTC Properties of (PA1010/TiC)/PVDF/TiC Hierarchical
Composites
As  an  important  measurement  for  characterizing  PTC  proper-
ties,  the  resistivity-temperature  behavior  was  carefully  investi-
gated by  measuring the ρ-T curves  of  different  thermistors.  As
shown in Fig. 3(a), with an increase in temperature, the thermis-
tor  of  PVDF/TiC  composite  exhibited  a  typical  PTC  phe-
nomenon, where ρ underwent slowly increased when the tem-
perature  under  155  °C  (Ts)  and  then  rapid  growth,  which  was
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Fig. 2    The SEM images of (PA1010/TiC)/PVDF/TiC composites with different ratios of m(PA1010/TiC): m(PVDF/TiC): (a) 1:5, (b) 2:5, (c) 3:5, (d) 4:5.
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mainly  attributed  to  breakdown  of  interconnected  TiC  net-
works resulting from volumetric expansion of PVDF matrix dur-
ing the heating process. When the ρ climbed to the top (ρmax) at
approximately  169  °C,  the  NTC  effect  appeared  and  the ρ be-
gan to decline, which attributed to the re-agglomeration of TiC
fillers bringing about the reconstruction of conductive paths at
the melting temperature of PVDF matrix (172.8 °C, Fig. S4 in ESI).
In contrast,  with the addition of PA1010/TiC particles,  the ther-
mistors  of  (PA1010/TiC)/PVDF/TiC  composites  with  different
m(PA1010/TiC):m(PVDF/TiC) ratios  exhibited  dual  PTC  characteristics,
the NTC effect did not appear at 200 °C. After experiencing the
first transition region at approximately 170 °C,  the ρ further in-
creased to its maximum (ρmax) at approximately 200 °C. After the
second  transition  region  appeared,  the  trend  of  the  rapid
growth of ρ disappeared, and the growth of ρ became gradual,
even  when ρ started  to  decrease  as  the  mass  ratio  of
PA1010/TiC  to  PVDF/TiC  increased  to  4:5.  Compared  with  the
single-matrix  thermistor  of  PVDF/TiC,  the  hierarchical  thermis-
tors  of  (PA1010/TiC)/PVDF/TiC  demonstrated  elevated  maxi-
mum resistivity temperatures, and the NTC effect was effective-
ly  suppressed.  It  may  be  speculated  that  the  addition  of
PA1010/TiC  particles  could  effectively  restrict  chain  mobility  of
PVDF  and  TiC  fillers  due  to  the  high  melting  point  of  PA1010
(201.0  °C,  Fig.  S4  in  ESI).  The  NTC  effect  began  to  appear  until
the  temperature  increased  to  the  melting  point  of  PA1010,
which  was  consistent  with  the  experimental  results  of  the ρ–T
curves.

Moreover,  the IPTC of  different  thermistors  were  further
studied,  which  is  an  important  parameter  for  the  cutting-off
current  capability  of  the  PPTC  thermistor  and  is  determined
by ρmax and ρ0 (IPTC =  lg(ρmax/ρ0)).  In Fig.  3(b),  the ρ0 of
PVDF/TiC  thermistor  was  approximately  0.15  Ω·cm.  Along
with  the  increase  in  the  PA1010/TiC  particle  content, ρ0 de-
creased  approximately  linearly.  The  lowest ρ0 of  0.06  Ω·cm
was  obtained  with  the m(PA1010/TiC):m(PVDF/TiC) ratio  of  4:5.  The
addition  of  PA1010/TiC  particles  could  improve  the  conduc-
tivity  of  the  hierarchical  (PA1010/TiC)/PVDF/TiC  composites,
owing  to  the  PA1010  matrix  with  a  higher  content  of  TiC
fillers.  Therefore, ρ0 of  the  thermistors  steadily  decreased  as
the  PA1010/TiC  content  gradually  increased.  The IPTC of  the
PVDF/TiC  thermistor  is  approximately  8.1.  When  the
PA1010/TiC  particles  were  added,  the IPTC steadily  increased
to 8.6 and 8.9 with the m(PA1010/TiC):m(PVDF/TiC) of 1:5 and 2:5, re-
spectively.  However,  the IPTC of  thermistors  with  mass  ratios
of 3:5 and 4:5 dropped to 8.1 and 7.3, respectively. The differ-
ence in the change trend of the IPTC can be attributed to varia-
tions in ρ0 and ρmax. As ρ0 gradually decreases, IPTC initially in-
creases.  However,  if  the  content  of  the  highly  conductive
PA1010/TiC  particles  further  increases, ρmax starts  to  decline.
This  is  mainly  because  the  conductive  networks  were  con-
structed  by  PA1010/TiC  particles  with  a  higher  loading  level
of  TiC  than  the  PVDF  matrix,  which  was  difficult  to  be  de-
stroyed.  In  addition,  with  the  increase  in  the  content  of
PA1010/TiC particles, the primary component of the conduc-
tive  networks  changed  from  TiC  in  the  PVDF  matrix  to
PA1010/TiC  particles.  The  probability  of  reconstructing  the
conductive  path  increased  because  of  the  high  content  of
conductive  fillers  in  the  system  during  the  heating  process.
Therefore, the suitable usage of PA1010/TiC particles, serving

as  the  other-level  PTC  material,  could  not  only  suppress  the
NTC effect, but also improve the IPTC.

Effect of the Hierarchical Structure on the
Reproducibility
Good reproducibility is critical for an ideal PPTC material, which
affects its practical applications. The ρ–T curves of the different
thermistors  were  cyclically  measured  to  study  reproducibility.
The  thermistor  was  naturally  cooled  to  room  temperature  be-
tween the two measurements. In Fig. S5 (in ESI), the ρ-T curves
of  the  single-matrix  PVDF/TiC  thermistor  overlapped  within
three  cycles  of  testing,  indicating  the  good  reproducibility  of
thermal cycling. However, an obvious shift appeared in the fifth
cycle,  and  the Ts decreased  from  155  °C  to  140  °C  within  20
cyclic  measurements (Table S3 in ESI).  Meanwhile, ρ0 gradually
increased,  and IPTC decreased  in  a  fluctuating  manner  during
thermal  cycling.  This  indicates  that  the  reproducibility  of  the
PVDF/TiC thermistor is poor.

When  the  PA1010/TiC  particles  served  as  other-level  PTC
material, the cyclic measurements of the (PA1010/TiC)/PVDF/
TiC thermistors were conducted. As shown in Fig. 4, the shift
in ρ–T curves  of  hierarchical  PPTC  thermistor  (m(PA1010/TiC):
m(PVDF/TiC) =  1:5)  within  20 cyclic  measurements  became nar-
row,  and  the Ts gradually  increased  from  160  °C  to  170  °C.
However,  the IPTC also  decreased  in  a  fluctuating  manner,
which  indicated  that  the  reproducibility  was  improved,  but
not obviously. As m(PA1010/TiC):m(PVDF/TiC) increased to 2:5, the ρ-
T curves  approximately  overlapped.  Moreover,  the Ts stabi-
lized  at  165  °C.  Although  there  was  a  slight  decline,  the IPTC

was  consistently  higher  than  8.0.  These  results  demonstrate
that  the  reproducibility  of  the  hierarchical  PPTC  thermistor
(m(PA1010/TiC):m(PVDF/TiC) =  2:5)  is  markedly  improved.  When
m(PA1010/TiC): m(PVDF/TiC) was further increased to 3:5, the perfor-
mance of the hierarchical PPTC thermistor was similar to that
of m(PA1010/TiC):m(PVDF/TiC) = 1:5. The ρ-T curves represent small-
scale  shifts  during  20  cyclic  measurements.  And  the Ts and
IPTC have  experienced  certain  fluctuations,  reaching  165  °C
and  7.8,  respectively.  When  the  mass  ratio  of  PA1010/TiC  to
PVDF/TiC was further improved to 4:5, the reproducibility sig-
nificantly  decreased.  The  shift  of  the ρ-T curves  broadened
during  20  cyclic  measurements.  Moreover,  the Ts and IPTC

rapidly  decreased  to  160  °C  and  4.9,  respectively.  Therefore,
the reproducibility of the hierarchical PPTC thermistor gradu-
ally increased and then decreased with increasing m(PA1010/TiC):
m(PVDF/TiC). The minimum relative fluctuation percentages of Ts

and IPTC appeared in the hierarchical PPTC thermistor with an
m(PA1010/TiC):m(PVDF/TiC) ratio  of  2:5  (Table S4 in  ESI).  The repro-
ducibility of the hierarchical PPTC thermistor was superior to
that of reported PPTC devices (Table S5 in ESI).

Based  on  the  experimental  results,  a  dynamic  conduction
mechanism for hierarchical  PPTC thermistors is  proposed. As
shown  in Fig.  5,  double-level  conductive  networks  were
formed  inside  the  hierarchical  PPTC  composites,  which  con-
sisted of a conductive network of PA1010/TiC particles and a
conductive network of  TiC micropowders dispersed in PVDF.
The  PA1010/TiC  particles  participated  in  the  construction  of
the PVDF/TiC conductive network. Along with the increase in
temperature,  the  thermal  expansion  of  the  PVDF  matrix
would  lead  to  the  destruction  of  the  PVDF/TiC  conductive
network  owing  to  the  increase  in  the  distance  between  the
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conductive fillers. Thus, the resistivity of the entire system in-
creased.  Until  the temperature was close to melting point of
PA1010, the localized conductive network of PA1010/TiC was
also  destroyed.  This  means  that  the  overall  conductive  net-
works  were  completely  destroyed  and ρ climbed  to  the  top
(ρmax).  During the cooling process, the PA1010 phase crystal-
lized preferentially and automatically reverted to PA1010/TiC
particles. As shown in the POM images (Fig. S6 in ESI), distinct

crystallization  features  were  observed  at  different  tempera-
tures.  During  heating,  the  crystalline  morphology  of  PVDF
gradually  melted  and  disappeared  as  the  temperature  in-
creased  to  170 °C.  As  the  temperature  further  increased  to
190 °C,  the  PA1010  phase  began  to  melt.  During  the  subse-
quent cooling process, PA1010 and PVDF crystallized sequen-
tially. This stepwise crystallization behavior upon cooling was
also confirmed by the DSC measurements (Fig. S7 in ESI). The
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Fig. 4    The resistivity–temperature (lg(ρ)–T) curves of hierarchical PPTC thermistors of (PA1010/TiC)/PVDF/TiC with different ratios of m(PA1010/TiC) to
m(PVDF/TiC) : (a) 1:5, (b) 2:5, (c) 3:5, (d) 4:5 under different number of cycles.
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Fig.  5    The  schematic  illustration  of  the  reconstruction  of  hierarchical  conductive  network  and  conductive  mechanism  for  PPTC  thermistor  of
(PA1010/TiC)/PVDF/TiC.
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post-crystallization  process  of  PVDF  generates  compression
and releases latent heat, which synergistically reinforces crys-
tallization of the PA1010 phase. Compared with neat PA1010,
the crystallinity of the PA1010 phase increased from 24.3% to
36.1% at a PA1010:  PVDF mass ratio of  2:5,  which benefitted
the reconstruction of the PA1010/TiC conductive network. Af-
ter  cooling  to  room  temperature,  the  PVDF/TiC  conductive
network  recovered.[34,35] Notably,  the  participation  of
PA1010/TiC particles,  which served as relay stations,  enabled
the  rapid  reconstruction  of  long-range  conductive  networks
in the entire system. Therefore, the reproducibility of the hier-
archical PPTC thermistor has been significantly improved dur-
ing thermal cycling.

However,  with  an  increase  in m(PA1010/TiC):m(PVDF/TiC),  the
content of PA1010/TiC particles increased, and the content of
PVDF/TiC  particles  decreased.  The  compression  effect  and
heat emission from the crystallization of the PVDF phase de-
graded,  resulting  in  reduced  crystallinity  of  the  PA1010
phase.  Therefore,  it  was  difficult  for  the  PA1010/TiC  conduc-
tive  network  to  self-heal.  Thus,  the  relay  function  of  the
PA1010/TiC particles was weakened. Thus, the reconstruction
of  long-range  conductive  networks  in  the  entire  system
failed.  Accordingly,  the  reproducibility  of  the  hierarchical

PPTC thermistor significantly decreased when the mass ratio
of PA1010/TiC to PVDF/TiC was increased to 4:5. Meanwhile, if
the PA1010/TiC content was relatively low, the number of re-
lay stations was too low to build hierarchical conductive net-
works. Reproducibility was also unsatisfactory. Therefore, the
preferred m(PA1010/TiC):m(PVDF/TiC) ratio  was  2:5,  and  the  corre-
sponding  reproducibility  of  the  hierarchical  PPTC  thermistor
was significantly improved during thermal cycling.

The Stability of Hold Current of Hierarchical PPTC
Thermistor
Although the ρ-T curve has been widely used to investigate PTC
characteristics,  the  PTC  effect  of  the  PPTC  thermistor  appears
under applied voltages in practical  applications.  It  is  important
to note that the PTC effect caused by external heat is  different
from that induced by internal Joule heat, which is generated by
the applied voltage. Thus, the voltage-current (V-I) curve of the
hierarchical  PPTC thermistor was studied. In a typical  measure-
ment, a thermistor was applied at a voltage between 0 and 3 V,
and the hold current (Ihold) was extracted, which was defined as
the  maximum  critical  current  at  which  the  PPTC  thermistor
could  maintain  a  low-resistance  state.  As  shown in Fig.  6,  with
an increase in the applied voltage, the current increased linearly
in  the  initial  stage.  It  can  be  inferred  that  the  generated  Joule
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Fig. 6    The voltage-current (V-I)  curves and hold current (Ihold)  of PVDF/TiC PPTC thermistor and the hierarchical PPTC thermistors with different
m(PA1010/TiC):m(PVDF/TiC) induced by different cycling of applied voltages.
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heat  is  quickly  released  under  a  low  voltage.  The  temperature
and the resistance of the thermistor remained stable. When the
current climbed to the top (Ihold),  it  began to decline sharply in
the second stage. At this time, the generated Joule heat was sig-
nificantly greater than the released heat, and the thermistor was
heated to Ts.  The resistance of the thermistor increased rapidly
and  overcurrent  protection  was  triggered.  Along  with  the  de-
crease in current,  the generated Joule heat decreased, and the
rise  in  temperature  and  resistance  slowed.  The  current  de-
creased slowly in the third stage even when the applied voltage
was further enhanced. This is the exact protection process of the
PPTC thermistor.

The Ihold of the PVDF/TiC thermistor was 3.4 A in the initial
test. After six cycling tests, the Ihold decreased to 2.9 A. There
has  been  a  decline  in  the  stability  of  the Ihold.  This  indicates
that some of the conductive networks were destroyed in the
PVDF/TiC  composite.  When  the  PA1010/TiC  particle  was  in-
troduced,  the  initial Ihold of  the  thermistors  gradually  in-
creased  to  4.6  A  along  with  an  increase  in m(PA1010/TiC):
m(PVDF/TiC). This  is  because  the  higher  the  content  of  the
PA1010/TiC particles, the lower the resistivity of the hierarchi-
cal PPTC thermistor, which is beneficial for improving Ihold. Af-
ter six cycling tests, the Ihold of the hierarchical PPTC thermis-
tors decreased somewhat. When the m(PA1010/TiC):m(PVDF/TiC) ra-
tio  was  1:5, Ihold reached  to  3.3  A.  When  the m(PA1010/TiC):
m(PVDF/TiC) was  further  improved  to  2:5  and  3:5,  the Ihold in-
creased  to  3.7  A  and  3.8  A,  respectively,  which  were  signifi-
cantly  higher  than that  of  PVDF/TiC  thermistor  (2.9  A).  How-
ever, if m(PA1010/TiC): m(PVDF/TiC) increased to 4:5, Ihold rapidly de-
clined to 3.2 A,  indicating that the stability of Ihold degraded.
This  can  be  attributed  to  the  fact  that  excessive  loading  of
PA1010/TiC particles was detrimental to the reconstruction of
the hierarchical conductive networks. These experimental re-
sults  are  consistent  with  thermal  cycling  research  on ρ-T
curves. The minimum relative fluctuation percentages of Ihold

appeared  in  the  hierarchical  PPTC  thermistor  with  an
m(PA1010/TiC):m(PVDF/TiC) ratio  of  2:5  (Table  S4  in  ESI).  Therefore,
the improved reproducibility  of  thermal  cycling and stability
of  the Ihold of  the  PPTC  thermistor  were  achieved  by  con-
structing  hierarchical  conductive  networks  of  (PA1010/TiC)/
PVDF/TiC.

CONCLUSIONS

Hierarchical  PPTC  composites  of  (PA1010/TiC)/PVDF/TiC  were
fabricated by adopting a solution-mixing strategy based on the
solubility  difference  of  polymer  matrices  in  different  solvents.
The uncontrollable selective distribution of the fillers in the dif-
ferent polymer matrices was effectively inhibited. The hierarchi-
cal  conductive  networks  of  PVDF/TiC  served  as  the  first-level
PTC material,  PA1010/TiC particles acted as the other-level PTC
material  and  relay  stations  were  flexibly  constructed.  When  a
suitable  usage  of  PA1010/TiC  particles  (m(PA1010/TiC):m(PVDF/TiC) =
2:5)  was adopted,  the Ts and IPTC of  the PPTC composites have
been improved to  165  °C  and 8.9,  respectively.  Furthermore,  a
dual  PTC  effect  was  observed,  and  the  NTC  effect  was  sup-
pressed.  Moreover,  the  reproducibility  of  the  hierarchical  PPTC
thermistors was systematically investigated by studying the ρ-T
curves under thermal cycling. And the cyclic V-I curves implying
a typical  PTC effect  induced by the applied voltages were also

studied.  Benefiting  from  the  relay  function  of  the  PA1010/TiC
particles  and  the  crystallization  reinforcement  effect  of  PVDF,
the rapid reconstruction of  long-range conductive networks  in
the  entire  system  was  achieved.  Thus,  the  reproducibility  and
Ihold of  the  hierarchical  PPTC  thermistor  are  significantly  im-
proved.  This  work  provides  new  insights  into  the  design  and
manufacture  of  dual-matrix  PPTC thermistors,  which  would  be
of great significance for improving their performance.
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A solution-mixing strategy based on the solubility difference of polymers was employed to fabricate hierarchical polymer-
ic positive temperature coefficient (PPTC) composites. Benefiting from the relay function of the PA1010/TiC particles, the
reproducibility was significantly improved.
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