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The present study systematically investigated the influence of varied conductive filler contents on the negative/
positive temperature coefficient (NTC/PTC) effects in cement-based self-heating composites. Different composite
formulations containing varying proportions of carbon nanotubes (CNT) and carbon fiber (CF) were prepared
and subjected to self-heating tests at different input voltages. Analysis of temperature and electrical conductivity
data obtained during the tests elucidated the NTC/PTC effects. Additionally, diverse analytical techniques were
employed to characterize the physicochemical properties of the samples. Results indicated a correlation between
NTC and PTC effects and thermal expansion as well as variations in electrical resistivity with increasing tem-
perature. Moreover, a specific temperature and electrical resistivity range is identified where the NTC effect
transitions to the PTC effect, a transition range influenced by the conductive filler content. Enhanced heat-
generation accelerated the PTC effect by inducing structural alterations in the sample’s physicochemical

composition.

1. Introduction

Current research efforts extensively utilize carbon nanotubes (CNT)
in the fabrication of functional composites with self-heating capabilities,
leveraging their outstanding electrical, mechanical, and thermal prop-
erties (Chu and Park, 2016; Chien et al., 2014; Ding et al., 2022). Early
studies focused on CNT-incorporated composites based on polymer
matrices; however, recent studies have shifted their focus towards the
development of CNT-incorporated composites based on cement matrices
for applications as heating materials (Kim et al., 2016; Lee et al., 2020a;
Jang et al., 2021a). Numerous investigations on CNT-incorporated
cementitious composites for electric heating found that the heat gener-
ation of composites improved with increasing CNT content, and the
uniform dispersion of CNT in the cement matrix, as well as the excellent
conductivity of the composites, were identified as crucial factors for
enhancing the heating performance (Jeong and Jeon, 2013; Meng et al.,
2017; Jang et al., 2023a).

Research has been conducted to explore the enhancement of elec-
trical conductivity in composites through the addition of carbon fiber
(CF) (Zhou et al., 2016; Azhari and Banthia, 2012; Shin et al., 2015). It
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has been reported that the addition of CF to cementitious composites
with CNT significantly improves both the electrical conductivity and
stability, owing to the synergistic effect of micro-sized CF and
nano-sized CNT (Zhou et al., 2016; Azhari and Banthia, 2012; Shin et al.,
2015). For instance, Ding et al. and Kim et al. have reported that
introducing CF into CNT/cement composites results in the creation of
hierarchical conductive networks, enhancing not only electrical con-
ductivity but also functional attributes such as self-sensing ability and
heat-generation performance. (Ding et al., 2023; Kim et al., 2017). In
addition, the formation of expanded electrically conductive networks by
micro-sized CF counteracts the decrease in electrical conductivity
caused by the evaporation of the electrolytic pore solution (Kim et al.,
2017). A study on the heat generation of cementitious composites with
CNT and CF demonstrated that the addition of CF enhances both the heat
generation capability and stability of the composite (Kim et al., 2018).
This enhancement is attributed to the reduced damage to the electrically
conductive pathways through the formation of overlapping conductive
pathways consisting of CNT and CF (Kim et al., 2018).

The effects of negative temperature coefficient (NTC) and positive
temperature coefficient (PTC) on the heating stability of composites
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Table 1
Mix proportions of CNT- and CF-incorporated cementitious composites.

Group Sample ID Cement Silica fume CNT CF Water SP

A NOFO 100 10 0 0 30 0
N1FO0 0.1 0.3
N2F0 0.2 0.5
N3F0 0.3 0.8
N4FO0 0.4 1.0
N5FO 0.5 1.3
N6F0 0.6 1.6
N10FO 1.0 2.5

B N6F0 100 10 0.6 0 30 1.6
N5F1 0.5 0.1 1.3
N4F2 0.4 0.2 1.0
N3F3 0.3 0.3 0.8
N2F4 0.2 0.4 0.5
N1F5 0.1 0.5 0.3
NOF6 0 0.6 0

C NOFO 100 10 0 0 30 0
NOF1 0.1
NOF3 0.3
NOF6 0.5
NOF10 0

D N6FO0 100 10 0.6 0 30 1.6
N6F1 0.3
N6F3 0.6
N6F5 1.0

have garnered steady interest in the field of electric heating composites
(Xiang et al., 2009; Kil et al., 2022). The NTC effect refers to the decrease
in electrical resistance with increasing temperature, while the PTC effect
corresponds to an increase in resistance (Kil et al., 2022; Jang et al.,
2022a). Several studies in the field of polymeric composites have
revealed that composites containing conductive fillers can exhibit
various NTC or PTC effects, which are dependent on the properties of the
polymer, including the coefficient of thermal expansion, melting point,
and glass transition temperature, as well as the shape of the conductive
filler (Neitzert et al., 2011). Therefore, in order to enhance the heating
performance and stability of electric heating composites, a compre-
hensive understanding of the effects of NTC and PTC is crucial.

Until recently, studies on cementitious composites incorporating
CNT have primarily focused on achieving a uniform dispersion of CNT
within the cement matrix and assessing the heating performance of the
composites. However, limited attention has been given to investigating
the changes in electrical resistance and physicochemical structure
induced by electric heating. Specifically, the effects of NTC and PTC,
which are crucial for ensuring the heating stability of CNT-incorporated
cementitious composites, have not been extensively explored. In addi-
tion, while the NTC/PTC effects are associated with changes in the
matrix of cementitious composites induced by heating, there is still a
lack of research on the physicochemical changes occurring in the cement
matrix due to electric heating (Liu et al., 2019).

In this regard, the present study investigates the influence of
conductive filler content on NTC/PTC effects and microstructural
changes in conductive cement composites under electric heating con-
ditions. Composites containing various amounts of CNT and CF were
fabricated, and a monotonic heating test was conducted at different
input voltages. The electric heating performance and NTC/PTC effect of
the composites were analyzed using the temperature and electrical
resistance data collected during the heating test. The physicochemical
structure of the composites before and after the heating test was char-
acterized using X-ray diffraction (XRD), thermogravimetric analysis
(TG), and mercury intrusion porosimetry (MIP).

2. Experimental procedure
2.1. Materials and sample preparation

Ordinary Portland cement was used as a binder material. Electrical
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conductive fillers, multi-walled CNT and polyacrylonitrile (PAN)-based
CF (fabricated form JEIO Co., Ltd. (JENOTUBE 8A) and Ace C&TECH.
Co., Ltd. (ACECA), respectively) were used in this study (Yoon et al.,
2021). The CNT had a length of 100-200 pm and a diameter of 6-9 nm,
while the CF had a length of 3 mm and a diameter of 6-7 pm. Silica fume
(Elkem Inc., EMS-940U) with a particle size ranging from 5 to 10 pm and
polycarboxylate-based superplasticizer (SP) were used as dispersion
agents (Jang et al., 2021b, 2024). The mix proportions of the CNT- and
CF-incorporated cementitious composites are listed in Table 1. The
composites were divided into four groups based on the mix proportions.
Group A consisted of composites with mix proportions containing 0-1.0
wt% of CNT, while group B had a fixed mix proportion with a content of
0.6 wt% of the conductive filler, where CNT were replaced by CF. Group
C had a mix proportion containing 0-1.0 wt% of CF, and finally, in the
mix proportion of group D, the content of CNT was fixed at 0.6 wt%, and
CF were added incrementally from 0 to 0.5 wt%. The silica fume content
and water-to-cement ratio were maintained at 10.0 wt% and 0.3,
respectively. The amount of SP was adjusted in proportion to the CNT
content, either increased or decreased.

The mixing method of the samples was as follows: Dry materials (i.e.,
cement, silica fume, conductive fillers) were placed into a Hobart mixer
and dry mixing was conducted for 5 min. Subsequently, water and SP
were added and mixed for 5 min. The samples were cast in 50 x 50 x 50
mm? molds. Two copper electrodes with a size of 30 x 70 mm? were
positioned in the middle of the specimen, maintaining a 20 mm spacing
between them. After 24 h, the samples were demolded and sealed with
plastic wrap and cured in an oven at 25 + 3 °C for 28 days (Yoon et al.,
2023).

2.2. Test methods

After 28 days of curing, the electrical resistance was measured uti-
lizing a handheld digital multimeter (Keysight U1282A) and was con-
verted to electrical resistivity. Details of the equation used to convert
resistance to the resistivity can be found in Jang et al., 2023b, 2023c.
Afterward, the cured specimens were subjected to a drying process in an
oven maintained at a temperature of 60 + 3 °C for a duration of three
days (Yoon et al., 2023). This step was implemented to prevent any al-
terations in electrical conductivity that could arise from residual mois-
ture present in the samples. The electrical resistance of the samples that
underwent drying in the oven was subsequently measured. Three sam-
ples were measured for each mix proportion, and the average value was
calculated.

For the monotonic heating test, the samples were subjected to an
input voltage of 3-8 V for 1 h using a DC power supply. A K-type ther-
mocouple was affixed to the surface of the samples to measure the
temperature of the samples. A data logger (Agilent Technologies
34972A) linked to the DC power supply and thermocouples recorded the
electrical current and temperature of the samples. The heating test was
performed on three samples for each mix proportion, and the average
value was calculated. The ambient temperature during the heating test
was 25 + 3 °C. In this study, identical experimental setups were
employed, consistent with the protocols outlined in previous studies
conducted by the authors. (Jang et al., 2022a, 2023d).

XRD, TG, and MIP analyses were conducted on selected samples to
examine the changes in the physicochemical structure before and after
the heating test. Fractures between the electrodes in the samples before
and after the heating test were collected, and subjected preconditioning.
The fractured samples were ground to a particle size of less than 64 pm
for the XRD and TG analyses, and the powder samples were immersed in
isopropanol for the solvent exchange method. Subsequently, the samples
were filtered and placed in a vacuum desiccator. XRD analysis was
conducted with CuKa radiation at 40 kV and 30 mA, utilizing a 20 scan
range spanning from 5° to 65°. A TA Instrument Q600 (PH407, Korea
Basic Science Institute Pusan Center) was used for the TG analysis,
performed between 30 and 800 °C in an N3 atmosphere. For the MIP
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analysis, the fractures were treated with isopropanol to arrest hydration
then placed in a vacuum desiccator. The MIP analysis was performed
utilizing an Autopore IV 9500 porosimeter (KBSI Jeonju Center),
applying a maximum pressure of 414 MPa.

3. Results and discussion
3.1. Electrical and heating properties of the composites

The electrical resistivity of the samples after 28 days of curing and
subsequent oven drying are shown in Fig. 1. Notably, the results of the
NOFO, N1F0, and NOF1 samples were excluded because of their higher
electrical resistivity (>10000 Q cm) compared to the other samples. As
shown in Fig. 1(a), the electrical resistivity of the samples exhibited a
decrease as the CNT content increased, whereas there were no notice-
able alterations in the electrical resistivity with increasing CNT content
in the samples containing >0.5 wt% of CNT. This phenomenon occurs
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Fig. 1. Electrical resistivity of the samples after 28 days of curing and subsequent oven drying: (a) Group A, (b) Group B, (¢) Group C, and (d) Group D.

because of well-formed electrically conductive pathways resulting from
the increase in the contact points between adjacent fillers with the in-
crease in the amount of conductive filler (Li et al., 2007; Jang et al.,
2022b). This finding is similar to the results from earlier studies in which
the electrical resistance did not significantly decrease for a conductive
filler content exceeding the percolation threshold (Li et al., 2007). In the
samples containing >0.5 wt% of CNT, the electrical resistivity decreased
after oven drying, whereas for samples with <0.5 wt% of CNT, an in-
crease was observed. This phenomenon is likely due to ionic conduction
facilitated by the water molecules (Wen and Chung, 2006; Xu et al.,
2011). As ionic conduction caused by the electrolytic pore solution had a
negligible effect on samples with well-established electrically conduc-
tive pathways (e.g., N5F0, N6F0, and N10FO), the electrical resistivity
following oven drying did not exhibit significant changes. Conversely, in
samples where the formation of electrically conductive pathways was
insufficient (e.g., N2F0, N3F0, and N4F0), the electrical resistivity
increased after oven drying because the effect of ionic conduction
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Fig. 2. Temperature increase of the samples at various input voltages: (a) Group A, (b) Group B, (c) Group C, and (d) Group D.
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Fig. 3. Temperature increase and tunneling electrical resistivity of the samples in group A at various input voltages: (a) NOFO, (b) N1FO0, (c) N2F0, (d) N3FO, (e)

N4FO, (f) N5F0, (g) N6F0, and (h) N10FO.

outweighed the increase in conductivity resulting from electron transfer
between conductive fillers.

As shown in Fig. 1(b)-as CF was substituted for CNT, a reduction in
the electrical resistivity of the samples was observed. The N3F3 sample,
which comprised 0.3 wt% of CNT and 0.3 wt% of CF, demonstrated the
minimum electrical resistivity of approximately 41.3 Q cm. This
decrease in electrical resistivity of composites can be attributed to the
bridging effect between CNT and CF, which has been observed in pre-
vious studies as well (Jang et al., 2023d). The electrical resistivity of the
samples began to rise when the CF content surpassed that of CNT. This
can be attributed to the lower electrical conductivity of CF (1 x 10%-1 x
10° S/m) compared to CNT (8.3 x 10%-1.9 x 10° S/m) (Cesano et al.,
2020). Furthermore, the synergistic effect of CNT and CF led to a
decrease in electrical resistivity when a small amount of CNT was
replaced with CF. However, for samples where a large amount of CNT
was substituted with CF, the electrical resistivity might be influenced
more significantly by the electrical conductivity of the filler rather than
the synergistic effect of CNT and CF.

The electrical resistivity of the oven-dried NOF3 sample was
approximately 1fig1660 Q cm (Fig. 1(c)), which was higher than that of

the oven-dried N3FO0 sample (Fig. 1(a)). However, samples with >0.6 wt
% of CF content showed similar electrical resistivity to that of samples
with CNT. The electrical resistivity of the N3F0O sample increased (Fig. 1
(a)), while the NOF3 sample showed a decrease in electrical resistivity
following oven drying. This can be attributed to the formation of elec-
trically conductive pathways facilitated by the micro-sized CF, which
are less affected by ionic conduction, which shows similar results re-
ported in the literature by Han et al. (2015). Lastly, as seen in Fig. 1 (d),
the electrical resistivity of the samples decreased as the content of the
electrically conductive filler increased.

The temperature increases of the samples at various input voltages
are shown in Fig. 2. The temperature of the samples exhibited an upward
trend with increasing CNT content (Fig. 2(a)). This result is consistent
with Joule’s first law, which states that the amount of heat generated
increases as the electrical resistance decreases for the same applied
voltage (Athanasopoulos et al., 2012). The temperature did not increase
in the sample without CNT even at an input voltage of 8 V due to its high
electrical resistivity. Conversely, the sample containing 1.0 wt% of CNT
demonstrated a temperature increase of approximately 70 °C.

The samples with CNT content equal to or greater than that of CF (i.
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N2F4, (f) N1F5, and (g) NOF6.

e., N5F1, N4F2, and N3F3) showed a similar heat generation capability
to the N6F0 sample, as shown in Fig. 2(b). The temperature increase at
an input voltage of 8 V for the N6F0, N5F1, N4F2, and N3F3 samples
were 57.6, 63.6, 53.7, and 64.1 °C, respectively. Conversely, the heat
generation capacity gradually decreased with an increasing CF content
relative to CNT. The temperature increase of the NOF6 sample was
22.9 °C, which was 2.5 times lower than that of the N6F0 sample.
Although the electrical resistivity of N6FO and NOF6 samples were
similar (as seen in Fig. 1(b), the electrical resistivity of the N6F0 and
NOF6 samples were 177.8 and 167.5 Q cm, respectively.), the higher
heat generation in the N6F0 sample compared to the NOF6 sample can
be attributed to the lower thermal conductivity of CF (100-260 W/m-K)
compared to that of CNT (2000-6000 W/m-K) (Hong et al., 2010)

In general, heat generation in electric heating composites predomi-
nantly occurs between the electrodes, where electrons can move
directly, and then gradually transfers to the surface of the composites
(Lee et al, 2020b). In addition, the thermal conductivity of
CNT-incorporated composites is greater than that of CF-incorporated
composites because of the high thermal conductivity of CNT (Feng
et al., 2018; Zeng et al., 2014). In this study, since the temperature was

measured by attaching a thermocouple to the surface of the sample, a
greater temperature rise was observed in the CNT-incorporated com-
posites with higher thermal conductivity.

As shown in Fig. 2(c), the temperature increase of the NOF10 sample
at 8 V was approximately 80 °C, which was approximately four times
higher than that of the N6F0 sample.

This result suggests the presence of a percolation threshold range
between 0.6 wt% and 1.0 wt% in which the thermal conductivity of CF-
incorporated cementitious composites rapidly increases. As shown in
Fig. 2(d), the heat generation of the samples increased as a larger
amount of filler was incorporated, which is consistent with Joule’s first
law.

3.2. NTC and PTC effects of the composites induced by electrical heating

The temperature increase and tunneling electrical resistivity of the
samples in groups A, B, C, and D at various input voltages are shown in
Figs. 3-6. Solid and dotted lines represent the temperature increase and
tunneling electrical resistivity, respectively. As seen in Fig. 3, an NTC
effect, characterized by a decrease in electrical resistivity with
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increasing temperature, was observed in all samples regardless of the
applied voltage. This phenomenon was attributed to the formation of
more electrically conductive pathways by a greater number of contact
points between adjacent CNT fillers produced by thermal expansion and
stretching of the CNTs and thermal expansion of the cement matrix (Kim
et al., 2016). For all samples, the electrical resistivity steadily decreased
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in group D at various input voltages: (a) N6F0, (b) N6F1, (c) N6F3, and (d) N6F5.

with increasing temperature when an input voltage of 3 V was applied.
However, a PTC effect, in which the electrical resistivity increased as the
temperature increased, was observed in all samples except the NOFO and
N1FO samples at input voltages of 5 and 8 V. At 5V, an inflection point
indicating a transition from NTC to PTC effect was observed between
2000 and 3600 s, and the electrical resistivity did not show a significant
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Table 2
Summary of time, temperature, and electrical resistivity at the inflection point of the samples at various input voltages.
Group  Sample 3V 5V 8V
1D Time Temperature Electrical Time Temperature Electrical Time Temperature Electrical
(s) (§®) resistivity (Q-cm) (s) Q) resistivity (Q-cm) (s) Q) resistivity (Q-cm)
A NOFO - - - - - - - - -
N1FO - - - - - - - - -
N2F0 - - - 2980 4.0 272.7 1020 4.6 255.9
N3FO0 - - - 2810 5.8 184.9 1180 8.9 173.9
N4F0 - - - 3130 15.3 71.1 950 17.3 66.8
NS5SFO - - - 1780 22.4 32.4 730 28.1 33.7
N6FO - - - 2120 24.1 34.2 640 24.4 34.5
N10FO - - - 2210 30.9 25.7 610 30.2 25.5
B N6FO - - - 2120 24.1 34.2 640 24.4 34.5
N5SF1 - - - 1300 24.0 23.6 600 27.8 26.7
N4F2 - - - 1420 24.3 23.4 540 22.5 29.1
N3F3 - - - 1360 27.5 21.1 610 30.2 26.3
N2F4 - - - 1900 20.5 35.9 760 22.4 37.3
N1F5 - - - 1650 7.0 95.5 690 10.1 99.8
NOF6 - - - 3050 8.6 139.8 1290 12.4 134.3
C NOFO - - - - - - - - -
NOF1 - - - - - - - - -
NOF3 - - - - - - - - -
NOF6 - - - 3050 8.6 139.8 1290 12.4 134.3
NOF10 - - - 3020 37.4 25.7 1320 57.4 23.7
D N6FO - - - 2120 24.1 34.2 640 24.4 34.5
N6F1 - - - 1990 32.4 23.8 580 31.9 24.3
N6F3 3340 16.6 20.8 1410 27.3 21.5 430 21.0 23.6
N6F5 3580 23.2 15.7 1560 39.9 14.5 840 54.2 15.9
300 150
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Fig. 7. Relationship between the temperature increase and tunneling electrical resistivity of the samples at inflection point: (a) Group A, (b) Group B, (c) Group C,

and (d) Group D.

increase. Conversely, at 8 V, the inflection point occurred before and
after approximately 1000 s, resulting in a sharp increase in electrical
resistivity compared to the 5 V case. Furthermore, the electrical re-
sistivity of the samples exhibited a more pronounced increase with
higher CNT content. The occurrence of the positive temperature coef-
ficient (PTC) effect is attributed to the impairment of electrically
conductive pathways, which can be ascribed to a reduction in the con-
tact points between the CNT fillers caused by excessive thermal expan-
sion of the cement matrix and CNT (Zeng et al., 2014). Consequently, the
inflection point was observed earlier at 8 V compared to 5 V due to the
higher temperature rise. Similar trends to those observed in group A
were noted for groups B, C, and D (Figs. 4-6).

Table 2 presents summary of the time, temperature, and electrical

resistivity at the inflection point of the samples at various input voltages.
In group A, the temperature increase and electrical resistivity at the
inflection point were almost similar for each mix proportion, regardless
of the input voltage. These observations are consistent with prior
research, wherein the NTC effect stemmed from the initial thermal
expansion of both the cement matrix and CNT during the onset of heat
generation. Conversely, the PTC effect arose due to the heightened
thermal expansion of the cement matrix as temperature increased (Chu
and Park, 2016). Moreover, it can be inferred from these results that the
specific occurrence point of the inflection point is associated with
changes in the electrical resistivity of the samples due to thermal
expansion. For example, when an input voltage of 3 V was applied, the
electrical resistivity of the N2F0, N3F0, N4F0, N5F0, N6F0, and N10FO
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Fig. 8. Relationship between the amount of conductive filler and electrical resistivity at the inflection point of the samples: (a) Group A and (b) Group B.
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samples at 3600 s were measured at 326.1, 224.0, 88.7, 37.8, 39.7, and
26.6 Q cm, respectively. However, these values were lower than the
electrical resistivity at which the inflection point occurred for input
voltages of 5V and 8 V. In particular, the occurrence of the PTC effect is
influenced by the content of conductive fillers, as observed in the N1FO
sample, where a PTC effect was observed despite a modest temperature
increase of approximately 4-5 °C. Similar results to group A were
observed in groups B, C, and D.

Fig. 7 shows the relationship between the temperature increase and
tunneling electrical resistivity of the samples at the inflection point for
each group. The presence of a consistent relationship between electrical
resistivity and temperature increase at the inflection point, regardless of
the applied voltage, was confirmed. In particular, the electrical re-
sistivity at the inflection point remained similar for the same mix pro-
portion regardless of the temperature increase caused by the input
voltage. This suggests that the occurrence point of the inflection point is
associated with a specific electrical resistivity value of the sample, which
is influenced by the thermal expansion resulting from an increase in
temperature. In the case of group D, no clear trend in the occurrence of
the inflection point was observed due to the accelerated heat generation
in samples with increasing applied voltage. This can be attributed to
their low electrical resistivity resulting from a high content of conduc-
tive filler. Nonetheless, the electrical resistivity at the inflection point
remained relatively constant across the samples.

The relationship between the amount of conductive filler and the
electrical resistivity at the inflection point of the sample in groups A and
B is shown in Fig. 8. As shown in Fig. 8 (a), it can be observed that the
tunneling electrical resistivity at the inflection point gradually
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Fig. 9. Electrical resistivity of the samples before and after the heating test: (a) Group A, (b) Group B, (c) Group C, and (d) Group D.

decreased with an increase in the CNT content, while it did not exhibit a
significant reduction for CNT contents exceeding 0.5 wt%. Several
studies have investigated the existence of a percolation threshold at
which the electrical resistivity of the composite incorporating the
conductive filler drastically decreases. This result indicates that the
tunneling electrical resistivity at the inflection point also exhibits a
similar trend as the percolation threshold associated with the electrical
resistivity of the samples. In addition, the tunneling electrical resistivity
of the group B samples at the inflection point increased as the CNT was
replaced by CF.

The electrical resistivity of the samples before and after the heating
test are shown in Fig. 9. The results of NOFO, N1F0, and NOF1 samples
were excluded due to the high electrical resistivity compared to other
samples. After the monotonic heating test, the electrical resistivity of the
majority of samples exhibited a significant increase compared to the
non-heating sample, with the exception of the N2F0 and N3F0 samples.
The observed increase in electrical resistivity is considered the damage
inflicted upon the cement matrix and conductive pathways due to the
rapid temperature rise during the monotonic heating test. However, the
electrical resistivity of the N2F0 and N3FO samples was found to be
lower after the heating test. This can be attributed to the fact that the
temperature increase during the heating test was insufficient to cause
damage to the cement matrix and conductive pathways, likely due to the
low CNT content in the N2F0 and N3F0 samples.

3.3. Microstructure change of the composites induced by electrical heating

The XRD patterns of selected samples before and after the heating
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Fig. 10. XRD patterns of selected samples before and after the heating test. The
annotations indicate the following: E: ettringite, P: portlandite, C: calcite, CS:
C-S-H, A: alite, and B: belite.

test are shown in Fig. 10. The XRD patterns show that the main reaction
products are ettringite (CagAl2(SO4)3(OH)12 ® 26H20), portlandite (Ca
(OH)y), calcite (CaCOs3), and calcium silicate hydrate (C-S-H). Peaks
corresponding to the unreacted cement phases, alite (CasSiOs), and
belite (f-CaySiO4), were also observed. There were no significant dif-
ferences in the XRD patterns according to the CNT and CF contents.
Notably, the peaks associated with ettringite were present in the N6F0
and N3F3 samples before the heating test but became undetectable after
the heating test. In contrast, the peaks related to ettringite were

L ——NG6F0-Before heating
= 95 Sso - - -N6F0-After heating
= B
P
i
E 9
E
]
5
~ 85
80
0 100 200 300 400 500 600 700 800
Temperature (°C)
(@
100
D
——N3F3-Before heating
;\; 95 . - - -N3F3-After heating
<
Py
g
E 9
s
2
5
7 85
80
0 100 200 300 400 500 600 700 800
Temperature (°C)
100
——NOF6-Before heating
= 95 - - -NOF6-After heating
=
P
3
E 9
&)
3
=2
3]
o 85
80
0 100 200 300 400 500 600 700 800
Temperature (°C)
©

Developments in the Built Environment 18 (2024) 100416

observed persistently in the NOF6 sample even after the heating test.

The thermograms and derivative thermograms (DTG) of selected
samples before and after the heating test are shown in Fig. 11. The major
observable mass loss humps in the DTG curves of the samples denote the
dehydration of the ettringite and C-S-H at approximately 100 °C, the
dehydration of portlandite at around 420 °C, and the decarbonation of
carbonated phases and the presence of unhydrated cement at
600-700 °C (Seo et al., 2018; Park et al., 2019). The peaks in ettringite
and C-S-H at approximately 100 °C for the N6FO and N3F3 samples
were observed to decrease significantly after the heating test.
Conversely, there were no substantial changes observed in the TG/DTG
graph of the NOF6 sample before and after the heating test.

Based on the XRD and TG/DTG findings, it can be inferred that the
temperature increase of the N6F0 and N3F3 samples during the mono-
tonic heating test led to changes in the reaction product associated with
the chemical structure, primarily owing to the dehydration of ettringite
and evaporation of the pore solution. This phenomenon promotes the
PTC effect in the samples. In fact, most of the samples exhibited a
distinct and rapid PTC effect when 8 V was applied. Although the surface
temperature of the samples increased by approximately 60 °C (refer to
Fig. 2), it is important to note that the temperature at the center of the
sample is expected to be higher than that at the surface (Jang et al.,
2020, 2021c, 2023e). Consequently, the temperature at the center of the
sample is anticipated to reach the necessary level for the dehydration of
ettringite. Conversely, in the case of the NOF6 sample, ettringite was
observed both before and after the heating test, likely indicating that the
temperature required for dehydration of ettringite was not attained
during the heating test. For this reason, a relatively weak PTC effect was
observed in the NOF6 sample.

Fig. 12 shows the cumulative pore volume and first derivatives of the
cumulative curves of the selected samples before and after the heating
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Fig. 11. Thermograms and derivative thermograms of selected samples before and after the heating test: (a) N6F0, (b) N3F3, and (c) NOF6.
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test. The result for the N3F3 sample after heating test is not available due
to a fracture of this sample during the MIP process. The cumulative pore
volume of the N6F0 sample significantly increased after heating test.
The pore structure of the N6FO sample before the heating test consisted
of pores with diameters <10 nm; however, after the heating test, there
was a drastic increase in pores with diameters between 10 nm and 1000
nm. Conversely, the porosity of the NOF6 sample decreased after the
heating test. As a reslut, the electrical resistivity of the samples signifi-
cantly increased due to the change in the physicochemical structure of
the cement matrix after the heating test.

Consequently, the electrical resistivity of the samples greatly
increased owing to the change in the physicochemical components and
structure of the cement matrix during the heating test. The decompo-
sition of the hydration product and the creation of additional pores
occurred as the temperature increased, which accelerated the PTC effect
more rapidly.

4. Conclusions

The present study investigated the influence of conductive filler
content on NTC/PTC effects and microstructural changes of cementi-
tious composites incorporating CNT and CF under electric heating
conditions. The relationship between the temperature increase and the
change in the electrical resistivity of the samples was analyzed through
the monotonic heating test. In addition, microstructural changes of the
composites were observed via XRD, TG, and MIP analyses. The key
outcomes of this investigation can be outlined as follows:

(1) The electrical resistivity of the samples decreased with an in-
crease in the conductive filler content. When CNT was replaced

10

with CF, the electrical resistivity decreased owing to the syner-
gistic effect of CNT and CF, while it increased with higher CF
content. This can be attributed to the lower electrical conduc-
tivity of CF compared to that of CNT.

(2) The heat generation of the samples increased with lower elec-
trical resistivity, in accordance with Joule’s first law. As CF
replaced CNT in the samples, the amount of heat generated
decreased, owing to the low thermal conductivity of CF.

(3) The NTC and PTC effects were observed in most of the samples,
and the temperature at the inflection point increased with an
increase in the content of the conductive filler. The electrical
resistivity at the inflection point in the same mix proportion is
almost similar regardless of temperature rise according to the
input voltage.

Changes in the physicochemical structure of the samples were

observed during electric heating. Increasing the temperature of

the sample led to the decomposition of the hydration product and
the creation of additional more pores, thereby accelerating the

PTC effect.
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