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A B S T R A C T   

This study explored the efficiency of the phase-change materials (PCM) to improve the heat storage capacity of 
carbon nanotube (CNT) and carbon fiber (CF) based self-heating cementitious composites. Composites were 
prepared with 0.8 wt% CNT and 0.2 wt% CF as conductive fillers, and five different PCM contents (0, 5, 10, 20, 
and 30 wt%), and their electrical conductivities, thermal conductivities, and compressive strengths were 
measured. To determine the self-heating capability, the heat-generation and heat-storage capabilities of the 
composites were investigated using monotonic and cyclic heating/cooling tests. The results of these tests were 
analyzed through a differential scanning calorimetry and micro-computed tomography, which showed that the 
PCM particles with high latent heat were well dispersed in the composites, improving the heat storage capacity. 
Therefore, it can be said that the addition of PCM may improve heat storage capacity and enhance energy ef
ficiency of the cement-based self-heating composites.   

1. Introduction 

Conductive cementitious composites are attracting increasing 
attention as they have a wide range of applications including piezor
esistive sensors for structural health monitoring [1–5], electromagnetic 
interference shielding composites [6–9], and self-heating composites 
[10–13]. Early research on conductive cementitious composites used 
conventional conductive fillers, such as carbon-based (e.g., carbon black 
and graphite) and steel-based (e.g., steel fiber and iron powder) fillers, 
to achieve favorable electrical conductivity [14–17]. However, large 
amounts of these fillers (i.e., greater than 5 wt%) are required to pro
duce conductive cementitious composites with favorable electrical 
conductivity [18,19]. In addition, corrosion can occur when steel-based 
fillers are used, which dramatically reduces the electrical conductivity. 
Accordingly, many researchers have investigated multi-walled carbon 
nanotubes (CNTs) for use as conductive fillers in cementitious com
posites, as they have excellent mechanical, electrical, and thermal 
properties [20–22]. Furthermore, several studies have considered the 
synergistic effects of different combinations of conductive fillers to 

mitigate their individual limitations. For example, Kim et al. [23] re
ported that a combination of CNTs and carbon fiber (CF) can improve 
the electrical and thermal characteristics of conductive cementitious 
composites, and can enhance their heat generation capability for use in 
self-heating systems. Moreover, Yoon et al. [24] reported that this 
combination had a positive synergistic effect on the electrical conduc
tivity and electromagnetic wave shielding capability, and found notable 
improvements in both electrical conductivity and functional capability. 

Many studies have explored the application of conductive cementi
tious composites as self-heating composites [25–29]. The fillers produce 
conductive pathways in the composites, and, heat is produced as current 
flows through them via the Joule’s heating mechanism [30]. Liu et al. 
[31] fabricated cementitious composites embedded with carbon nano
fiber, which provided insights into self-heating composites for the con
struction in cold regions. Kim et al. [25] and Choi et al. [32] examined 
the self-heating capability of CNT/cement composites under cyclic 
heating conditions. Authors reported that the electrical instability 
occurred during heating cycles, which can affect the stable heat gener
ation during their service life. Jang et al. [33] used silica aerogel to 
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mitigate the disturbance of CNT-based conductive networks, and 
demonstrated composites with improved self-heating capability during 
cyclic heating. 

Many researchers have focused on methods to improve the electrical 
and heating stabilities of cement-based heating composites. In contrast, 
little effort has been made to examine their heat-storage performance, 
which is an important factor in the development of self-heating systems 
[30]. Recently, researchers have begun to use PCMs to improve the heat 
storage capacity of cementitious composites. For example, Frąc et al. 
[34] incorporated paraffin, a type of PCM, into cementitious composites 
for heat storage and demonstrated its potential to improve the heat 
storage capacity. In addition, Kim et al. [35] reported that the addition 
of a PCM-impregnated aggregate can enhance the thermal stability and 
durability owing to the latent heat properties of the PCM during the 
heating and free cooling processes. However, comprehensive studies on 
the stability of the self-heating performance and heat storage capacity of 
cement-based self-heating composites in cyclic heating/cooling envi
ronments were not actively taken into consideration up to date. 

Thus, this study aims to investigate the effects of PCMs on the self- 
heating performance and heat storage capacity of cement-based self- 
heating composites. The composites were prepared with conductive 
fillers including both MWCNT 0.8 wt% and CF 0.2 wt% due to their 
synergistic effects on improvements of electrical conductivity [24]. Four 
different PCM contents (0, 5, 10, 20, and 30 wt%) were additionally 
added to the composites, and their compressive strengths, and electrical 
and thermal conductivities were characterized. In addition, their self- 
heating performance and heat storage capacity in cyclic heating and 
cooling environments were investigated, and the experimental results 
are discussed in terms of microstructural analyses, including differential 
scanning calorimetry (DSC) and micro-computed tomography (CT) 
observations. 

2. Experimental procedure 

2.1. Materials and sample preparation 

Ordinary Portland cement (OPC) was used as the binder, and com
mercial multi-walled CNTs produced by thermal chemical vapor depo
sition (CVD; Jeio, Inc.) and polyacrylonitrile (PAN)-type CF (Ace C & 
Tech Co., ltd.) were used as conductive fillers. The CNTs and CF had 
diameters of approximately 10 nm and 7.2μ m and lengths of 100–200μ 
m and 3 mm, respectively. 10 % of silica fume (Elkem Inc., EMS-970) 
and 2 % of polycarboxylate-type superplasticizer (Dongnam Co., ltd., 
FLOWMIX 3000 L) by cement mass were added to improve the disper
sion of the CNT agglomerates in the composites. The SiO2 composition in 
the silica fume was greater than 95 %, and it had a particle diameter of 
approximately 5 μm. A commercial spherical-shaped capsulized 
paraffin-based PCM (Insilico Co. ltd.) was also added to the composites. 
The average capsule diameter and phase-change temperature of PCM 
were approximately 6μ m and 55 ◦C, respectively. Total five types of 
samples according to the PCM contents (0, 5, 10, 20, 30 wt%) were 
fabricated as summarized in Table 1. The conductive fillers including 
MWCNT 0.8 wt% and CF 0.2 wt% were added to form the conductive 
networks in the cement matrix. 

Various methods of dispersing CNTs in cementitious composites have 

been reported in studies using CNTs in the cementitious composites 
[36–38]. These methods can be divided into two main types based on the 
use of ultrasonic treatment i.e., with and without ultrasonic treatment 
[36–39]. During ultrasonic treatment, ultrasonic waves interact with the 
CNT particles and reduce the effect of van der Waals forces, thereby 
improving dispersion [36–38]. However, this method requires addi
tional experimental equipment, time, and cost, and may introduce un
wanted air bubbles, which can decrease the mechanical strength of the 
composites [36–38]. Therefore, this study used a direct mechanical 
mixing without ultrasonic treatment to mitigate these issues. Further
more, silica fume was used to infiltrate between the CNT particles, 
which increases the distance between them owing to the ball bearing 
effect [40]. A polycarboxylate-type superplasticizer, which can cause 
steric repulsion, was also used to reduce the van der Waals forces on the 
CNT particles and improve dispersion [40]. Furthermore, the different 
water-to-cement ratio was chosen to obtain the target flow (120 ± 10 
mm), which is considered as the optimized flow value for dispersing 
CNTs in cementitious composites [33]. 

The samples were prepared as follows. The raw materials including 
cement, silica fume, CNTs, CF, and PCM were added to a Hobart mixer 
and mixed for 5 min at low speed. The solution (water and super
plasticizer) was then poured into the mixture and mixed for 5 min at low 
speed, followed by an additional mixing for 3 min at high speed. The 
mixtures were poured into cubical molds with 50 mm sides, in accor
dance with previous studies [24,41,42]. Copper electrodes (70 mm long, 
20 mm wide, and 0.3 mm thick) were prepared. They were painted with 
silver paste to minimize contact resistance between the composites and 
electrodes, and to protect the electrodes against corrosion. The prepared 
electrodes were embedded in the cubical molds with an embedment 
depth of 50 mm and a separation of 30 mm. Subsequently, the molds 
were wrapped by plastic tape to prevent unwanted moisture evaporation 
and natural carbonation, then cured in an oven at 25 ◦C. The samples 
were demolded after 1 day, then cured for an additional 27 days in the 
same oven. 

2.2. Experimental details 

The electrical characteristics and thermal conductivity of the sam
ples were measured before their self-heating and heat storage capabil
ities were investigated. A digital multimeter (DMM 34410A) with the 
two-probe method was used to measure the electrical resistance, and 
the thermal conductivity was measured (TPS 2500 S Hot Disk AB device) 
based on ISO standard 22007–2 [41]. The compressive strength was 
measured using a compression testing machine (INSTRON). In every 
test, three replicates of each sample were used and the average values 
were calculated. 

Two different heating tests (i.e., Monotonic and cyclic tests) were 
conducted to investigate the heat generation capability and heating 
stability, respectively. In the monotonic self-heating test, three different 
voltages (3, 5, and 8 V) were applied to the samples for 1 h using a DC 
power supply (PL-3005S). In the cyclic heating test, an identical input 
power of 10 W was applied for 30 min. During each heating test, the 
surface temperature and electrical current flowing through the samples 
were measured using a K-type thermocouple and data logger (Agilent 
Technologies 34972A), respectively. To investigate the heat storage 

Table 1 
Mix proportions of the samples (wt.%).  

Sample Code Cement Silica fume MWCNT CF PCM Water SP w/c ratio Target 
Flow (mm) 

P0 100 10  0.8  0.2 0 36 2  0.36 120 ± 10 
P5 100 10  0.8  0.2 5 37 2  0.37 
P10 100 10  0.8  0.2 10 38 2  0.38 
P20 100 10  0.8  0.2 20 43 2  0.43 
P30 100 10  0.8  0.2 30 47 2  0.47  
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performance, the change in the surface temperature of the samples be
tween 60 and 35 ◦C was measured in a cooling test. The time interval 
between 50 and 45 ◦C, where the PCM phase change occurred, was 
systematically investigated. The heating and cooling processes were 
repeated for 20 cycles to investigate the stability of the self-heating and 
heat storage performances of the samples. Furthermore, cyclic heating 
for 3 h and cooling for 2 h was repeated for five cycles, where an input 
power of 10 W was applied to the samples during every cycle. A zeta 
potential analyzer (ELSZ-2000, Otsukael) was chosen to measure the 
potential difference of the MWCNT and PCM as immersed in water, in 
order to observe the dispersion state of the CNT and PCM particles in the 
composites. A DSC analysis was performed using the measurement de
vice (DSC1, Mettler Tolledo) to examine the latent heat and melting 
temperature of the PCM in the temperature range of 0–70 ◦C at a heating 
rate of 10 ◦C/min. Micro-CT (SkyScan 1172, Bruker) with a 100 kV X-ray 
was used for investigating the internal structures and PCM distribution 
in samples. Through, the micro-CT analysis, the volume percentage of 
PCM can be calculated which is related to the improvements of heat- 
storage capability. 

3. Characterization of the samples 

3.1. Electrical resistivity 

The electrical resistivities of the samples are shown in Fig. 1. The 
electrical resistance was converted to electrical resistivity based on the 
area of the embedded electrodes and the distance between them i.e., 10 
cm2 and 3 cm, respectively [43]. In Fig. 1 (a), the effect of the PCM 

content on the electrical resistivity can be observed. As the PCM content 
increased, the electrical resistivity generally increased except the P5 
sample. For P5 sample, it can be deduced that the PCM particle can be 
located between the CNT particles, increasing the distance of the adja
cent CNT particles. Thus, it can increase the dispersion state and 
decrease the electrical resistivity. Except the P5 sample, similar results 
have been reported in previous studies, which showed that the addition 
of nonconductive fillers into CNT-based composites can increase the 
overall electrical resistivity [30,33]. Nonconductive fillers can hinder 
the formation of conductive networks by increasing the distance be
tween adjacent CNT particles; thus, an excessive amount of PCM (i.e., 
30 wt%) increased the electrical resistivity from 11.23 to 70.47 Ω-cm 
(Fig. 1 (a)). However, it should be noted that all the samples, regardless 
of the PCM content, showed much lower electrical resistivity (i.e., less 
than 100 Ω-cm) than those in similar studies, which reported that such 
electrical resistivity is favorable for use as self-heating composites 
[25,27,33]. It can be deduced that this is a result of synergy between the 
CNTs and CF, which can form hierarchical conductive pathways that 
reduce the effect of the nonconductive filler (i.e., PCM) on the overall 
electrical resistivity [23,44]. Therefore, the authors believe that all 
fabricated samples secured favorable electrical resistivity for use as self- 
heating composites (discussed in the experimental outcomes provided in 
the later sections of 4.2 and 4.3). 

3.2. Thermal conductivity 

The thermal conductivities of the samples, shown in Fig. 1 (b), 
decreased as the PCM content increased. Sample P0, which contained no 

Fig. 1. (a) Electrical resistivity, (b) thermal conductivity, and (c) compressive strength of the samples.  
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PCM, showed thermal conductivity of 1.26 W/m-K. Then, the thermal 
conductivity tended to be decreased to 0.88, 0.91, 0.85, 0.71 W/m-K 
when PCM content was increased to 5, 10, 20, and 30 wt%, respectively. 
This represents reductions in thermal conductivity by 30.3 %, 28.1 %, 
32.4 %, and 44.1 % compared to sample P0. There are two main factors 
that could explain this result, the PCM content and the water-to-cement 
ratio. First, the addition of a PCM with low thermal conductivity can 
reduce the overall thermal conductivity of the samples. Second, an in
crease in the water-to-cement ratio can also reduce the thermal con
ductivity. As summarized in Table 1, water-to-cement ratios of 0.36, 
0.37, 0.38, 0.43, and 0.47 were used to fabricate samples P0, P5, P10, 
P20, and P30, respectively. It is known that a high water-to-cement-ratio 
can cause high porosity in cementitious composites, and the thermal 
conductivity decreases as the porosity increases owing to the super-low 
thermal conductivity of the air in the voids [45]. The thermal conduc
tivity of the samples decreased as the PCM content increased, indicating 
its potential to increase the heat storage capacity which is discussed in 
Sec. 4. Interestingly, the P5 sample showed marginally lower thermal 
conductivity than that found in P10 sample. This small discrepancy in 
thermal conductivity values can also be attributed to marginal 
improvement in conductive network of this sample at a lower PCM 
content. The coupling effect of ternary fillers and the interfacial resis
tance between the fillers can also be the reasons for this behavior 
[46,47]. However, it should be noted that thermal conductivity of P5 
sample is still similar to P10 sample considering the range of errors as 
shown in Fig. 1. 

3.3. Compressive strength 

The compressive strengths of the samples with different PCM con
tents are shown in Fig. 1 (c). The compressive strength of sample P0 was 
approximately 56 MPa. The compressive strength decreased to 52, 51, 
48, and 43 MPa as the PCM content increased to 5, 10, 20 and 30 wt%, 
respectively. Overall, the compressive strength tended to decrease as the 
PCM content increased. The reduction in the compressive strength was 
probably caused by a combination of factors. First, the inclusion of PCM 
could weaken the bonds between PCM particles and the cement matrix, 
reducing the compressive strength [48]. Second, a high water-to-cement 
ratio could increase the porosity of the composites, reducing their 
compressive strength [20]. Nevertheless, all the samples, regardless of 
the PCM content, exhibited compressive strengths greater than 40 MPa. 

4. Self-heating performance and heat-storage capacity of the 
samples 

4.1. Electrical stability 

The electrical stability of the samples is illustrated in Fig. 2, which 
shows the relationship between the input voltage and current. Accord
ing to this relationship, the tunneling-induced electrical resistivity can 
be examined. The tunneling effect indicates that electrons in the CNT- 
embedded composites can probabilistically skip insulated layers be
tween adjacent CNT particles, thereby reducing the electrical resistivity 
[49]. The relationship between the input voltage and current is shown in 
Fig. 2 (a), and the electrical resistances, obtained using Ohm’s law and 
converted to electrical resistivity using the dimensions of the electrodes 
(70 mm length and 20 mm width), are shown in Fig. 2 (b) [50]. Fig. 2 (a) 
shows that the linearity, expressed as R2, was approximately 0.99 when 
the input voltage was in the range 1–10 V, which indicates good elec
trical stability. However, it can be also seen that the electrical resistivity 
decreased to a greater extent in sample P30, compared to the other 
samples. This can be explained by the electrostatic interaction, 
expressed as the zeta potential, between the CNT and PCM particles. As 
summarized in Table 2, the CNT and PCM particles produced zeta po
tentials of − 11.75 and − 29.74 mV, respectively, when they were 
dispersed in water, which has a zeta potential of − 16.9 mV. These values 
were converted to relative values, which showed that the CNT and PCM 
particles were positively (5.15 mV) and negatively (-12.84 mV) charged, 
respectively. These opposing charges indicate that CNT and PCM par
ticles can attract each other through electrostatic interactions [30]. 
Thus, individual CNTs can attach to the incorporated-PCM, thereby 
increasing the distance between adjacent CNT particles. Consequently, a 
larger tunneling effect was observed in the samples with higher PCM 
content (i.e., P30), which is in good agreement with other related studies 
[30,51,52]. According to the tunneling-induced electrical resistivity as 
shown in Fig. 2, it can be inferred that the fabricated samples showed 
excellent electrical stability in the input voltage range 1–10 V, regardless 
of their PCM content. 

4.2. Monotonic self-heating capacity 

The self-heating performances of the samples, expressed as 

Fig. 2. Relationship between input voltage and (a) the current, and (b) the electrical resistivity of the samples.  

Table 2 
Zeta potentials values of the used MWCNT and PCM.  

Sample Water MWCNT in water PCM in water 

Absolute value (mV) − 16.9  − 11.75  − 29.74 
Relative value (mV) 0  5.15  − 12.84  
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temperature increases, are shown in Fig. 3. Based on the experimental 
results for electrical stability, shown in Fig. 2, input voltages of less than 
10 V (i.e., 3, 5, and 8 V) were applied to the samples. Fig. 2 (a–c) shows 
that the samples were heated continuously for 1 h during the monotonic 
heating process. Thus, the surface temperature, shown in Fig. 3 (d), was 
different from the maximum temperature the samples could be heated 
to. Nonetheless, the surface temperature after 1 h of heating can be used 
to compare the self-heating performance under short-term heating 
conditions, and it has been considered as an important factor in previous 
studies [25,32,33]. From Fig. 3, samples P5 and P10, which had low 
PCM contents (i.e., 5 and 10 wt%), were heated to approximately 40, 60, 
and 90 ◦C, when input voltages of 3, 5, and 8 V were applied, respec
tively. These temperatures are similar to those recorded for sample P0, 
with no PCM. This can be deduced from the electrical resistivity shown 
in Fig. 1 (a) and Fig. 2 (b). The addition of 5–10 wt% of PCM did not 
significantly affect the electrical resistivity of the samples, and electrical 
resistivities of P5 and P10 were similar to that of P0 (Fig. 2). 

Since the self-heating performance is determined by the electrical 
resistivity, the self-heating performances of samples P5 and P10 showed 
similar trends to that of P0. Moreover, comparable reductions in the self- 
heating performances were observed in samples P20 and P30, where an 
excessive amount of PCM was added. The micro-sized PCM particles can 
be attached to individual nano-size CNTs, which increases the distance 
between adjacent CNTs, thereby increasing the electrical resistivity. 
Hence, samples with high PCM contents were heated to much lower 
temperatures than samples P0, P5, and P10. Specifically, sample P30 
had surface temperatures of approximately 30, 35, and 40 ◦C at input 
voltages of 3, 5, and 8 V, respectively. According to the monotonic self- 
heating test, it can be concluded that a higher input voltage is required 

to heat samples P20 and P30 than samples P0, P5, and P10. 

4.3. Cyclic heat-generation performance 

The self-heating performances of the samples under cyclic heating 
are shown in Fig. 4. In the monotonic heating test, different input 
voltages were required to heat the samples to similar temperatures. 

Fig. 3. Temperature increase when heated for 1 h with an input voltage of (a) 3 V, (b) 5 V, and (c) 8 V, and the maximum surface temperature of the samples.  

Fig. 4. Variations in the temperature increase of the samples observed in the 
cyclic heating. 
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Thus, in the cyclic heating test, an input power of 10 W was applied to 
the samples to achieve a favorable surface temperature (i.e., 60 ◦C) at 1st 
cycle. From 2nd cycle to 20th cycle, the same input voltage with 1st 

cycle is applied to the samples. As shown in Fig. 4, the temperature of the 
samples increased by approximately 35 ◦C which can be heated up to 
60 ◦C. This similarity in the temperature increase of the samples can be 

Fig. 5. Electrical resistivity (left) and fractional change in resistivity (right) of the (a) P0, (b) P5, (c) P10, (d) P20, and (e) P30 samples observed in the cyclic 
heating test. 
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explained by Joule’s heating law [33]. In addition, the maximum tem
perature increase of all the samples, regardless of the PCM content, 
decreased as the number of heating cycles increased. They all showed a 
temperature increase of approximately 35 ◦C during the first heating 
cycle, but this temperature increase dropped to increases of 17.8, 16.5, 
15.7, 10.8, and 6.1 ◦C in samples P0, P5, P10, P20, and P30, 
respectively. 

The heating capability was significantly affected by the electrical 
resistivity of the samples; thus, the electrical resistivity before and after 
heating for 30 min is shown in Fig. 5. The electrical resistivity measured 
before heating increased continuously during cyclic heating. This can be 
attributed to the additional hydration of the samples and the evapora
tion of residual moisture. When additional hydration occurs, the hy
drates can hinder the movement of electrons flowing through the CNT- 
based conductive networks, thereby increasing the electrical resistivity 
[33]. In addition, internal void, which is caused by the evaporation of 
residual moisture, could also increase the electrical resistivity [33]. 
Therefore, the heating capability of the samples degraded, regardless of 
their PCM content, as shown in Fig. 4. 

However, the extent of the reduction in temperature increase varied 
according to the PCM content, which can be seen at the 20th heating 
cycle in Fig. 4. According to previous studies, degradation of the heating 
capability is caused by the disturbance and redistribution of conductive 
networks during the heating process [25,33,53]. As shown in Fig. 5, to 
examine these disturbances and redistribution, the variation in electrical 
resistivity before and after heating was investigated. The electrical re
sistivity after heating was larger than that before heating. This can be 
explained by the positive temperature coefficient (PTC) effect, which 
indicates that the electrical resistivity of the composites increased as the 
temperature increased [54]. This effect occurs due to the expansion of 
the cement matrix as the temperature increases, which increases the 
distance between adjacent CNT and CF particles. This PTC effect 
occurred in all of the samples, but the fractional changes in electrical 
resistivity before and after heating differed according to the PCM 
content. 

The PTC effect occurred during the heating process, and afterward 
the cement matrix and conductive fillers returned to their original po
sitions as the temperature decreased. However, the PCM particles can 
hinder the conductive fillers as they return to their original positions. 
Therefore, the connectivity of the conductive fillers may be lower after 
cooling. The samples with higher PCM contents showed much larger 
increases in electrical resistivity. For examples, sample P0 showed a 
difference in electrical resistivity (1.62 Ω-cm) before and after heating, 
whereas samples P5, P10, P20, and P30 showed differences of 3.69, 
2.52, 11.33, and 98.22 Ω-cm, respectively at 20th cycle. Based on the 
self-heating performance and the electrical stability during cyclic heat
ing, it can be concluded that excessive PCM content can reduce the 
connectivity of conductive fillers during the disturbance and 

redistribution process. 

4.4. Cyclic heat-storage capacity 

The variation in the surface temperature of the samples was observed 
under the cyclic cooling test, as shown in Fig. 6. As described in Sec. 2, 
the phase-change temperature of the PCM was approximately 55 ◦C, 
whereas the temperature observed in Fig. 6 was approximately 47 ◦C. 
This can be explained by the position of the thermocouple, which was 
attached to the sample surface. The surface temperature was lower than 
the internal temperature; thus, there were small differences in the phase- 
change temperature. As shown in Fig. 6, sample P0, with no PCM, 
maintained a consistent cooling speed between 50 and 45 ◦C. In 
contrast, the cooling speed of the samples containing PCM decreased in 
this range, as the PCM changed phase. This was deduced from the phase 
change process of the PCM. Heat energy is released as the PCM changes 
from liquid to solid, indicating latent heat energy release [35]. There
fore, the samples with PCM showed greater heat storage capability 
during the cooling test, and this phenomenon increased as the PCM 
content increased. Specifically, it should be noted that the heat storage 
performance obtained from the PCM phase change was maintained, 
even when the number of cooling cycles increase, demonstrating the 
high durability of the PCM, as shown in Fig. 6. 

The slope of the temperature decrease observed at temperatures of 
50–45 ◦C was calculated and is shown in Fig. 7. All the samples, 
regardless of their PCM content, showed a relatively stable cooling speed 
during the cyclic cooling test. Sample P0 had a cooling speed of 
0.0175 ◦C/s in the first cycle, which was faster than samples P5, P10, 
P20, and P30, having cooling speeds of 0.0143, 0.0141, 0.0128, and 
0.0126 ◦C/s, respectively. The cooling speed decreased as the PCM 
content increased because the latent heat energy was proportional to the 
PCM content. The cooling speeds of samples P0, P5, P10, P20, and P30 
changed to 0.0189, 0.0139, 0.0114, 0.0106, and 0.0106 ◦C/s, respec
tively, by the 20th cycle, indicating the stability of the heat storage 
performance. According to the cooling speed results in Fig. 7, the 
incorporation of PCM enhanced the heat storage performance of the 
cement-based self-heating composites, which can improve their energy 
efficiency. In addition, it can be found that the incorporation of 20 wt% 
of PCM is optimized content to ensure the improved heat storage 
capability considering the volume and conductive fillers contents of the 
samples used in this study. 

The self-heating and heat storage performances were investigated 
simultaneously during five cyclic heating–cooling tests, as shown in 
Fig. 8 and Fig. S1. Here, heating and cooling times of 3 h and 2 h, 
respectively, were selected to observe temperature saturation. After 
each heating cycle, the samples exhibited a surface temperature of 
approximately 55 ◦C because the same input power (i.e., 10 W) was 
applied to the samples. At temperatures of 40–45 ◦C, the PCM phase 

Fig. 5. (continued). 
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change was observed during the heating and cooling cycles. Specifically, 
the samples containing PCM cooled more slowly than the sample 
without PCM (i.e., P0), which increased their heat storage performance. 
However, it should be noted that the voltage required to obtain the same 

input power (i.e., 10 W) increased as the number of cycles increased, as 
shown in Fig. 8. For the first cycle, input voltages of 5.5, 5.3, 6.5, 8.3, 
and 14.4 V were required to apply 10 W to samples P0, P5, P10, P20, and 
P30, respectively. By the 5th cycle, these values had increased to 5.8, 
5.3, 6.6, 9.0, and 17.8 V, respectively; an increase of approximately 24 
% for sample P30. An increase in the required input voltage can expose 
the cementitious composites to thermal shock, reducing their heating 
performance [33]. 

Although sample P30 showed temperature increases similar to or 
higher than the other samples during heating, the required input voltage 
increased significantly as the number of cycles increased. This phe
nomenon can be inferred from the disconnection of conductive path
ways during cyclic heating. This is because the PCM particles can reduce 
connectivity of the conductive networks when the conductive fillers 
expand as the temperature increases, as shown by the electrical re
sistivity stability results in Fig. 5e. Consequently, it can be said that an 
appropriate PCM content can improve the self-heating capability in 
terms of heating efficiency, but excessive PCM content can reduce the 
heating performance owing to an increase in electrical resistivity. 

5. Effects of PCM addition on cyclic heating and heat-storage 
capacities of the samples 

Based on the experimental results, it is found that the addition of 
PCM can improve the heat-storage capacity of cement-based self-heating 
composites; however, it was found that the excessive amount of PCM 

Fig. 6. Variations in the surface temperature of the samples observed in the cyclic cooling test with (a) 1st, (b) 5th, (c) 10th, and (d) 20th cycles.  

Fig. 7. Cooling speed of the samples as the temperature decreased from 50 to 
45 ◦C observed in the cyclic cooling test. 
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may degrade their self-heating performance even the heat-storage ca
pacity is improved. The heat-storage capacity is related to the phase 
change mechanisms of PCM; thus, the microstructural analysis was 
conducted to deeply analyze the effects of PCM inclusion on changes of 
self-heating performance and heat-storage capacity. In Fig. 9, the DSC 
heat flow measurements for the samples during the exothermic and 
endothermic processes are shown. There were two main peaks in both 
graphs. The main transition peak occurred at a higher temperature and 
corresponded to a solid-to-liquid phase change of the PCM. The minor 
transition peak occurred at a lower temperature and corresponded to a 
solid-to-solid phase change [34,35]. 

shows that the melting temperature of the PCM was approximately 
58–59 ◦C, whereas a solid-to-solid phase change occurred at 56 ◦C in the 
exothermic process. These observed temperatures support the presence 
of phase change zones observed in the self-heating and cooling tests, as 
shown in Fig. 8. Based on the DSC heat flow results, the latent heat 
values were calculated using the total area under the two main transition 
peaks where solid-to-solid and solid-to-liquid transitions occurred 
(Fig. 9), as summarized in Table 3. Samples P0, P5, P10, P20, and P30 
showed latent heat energy of 0, 1.58, 3.16, 6.40, and 8.29 J/g and 0, 
1.40, 3.47, 7.41, and 10.95 J/g during the exothermic and endothermic 
processes, respectively, with the increase in PCM contents from 0 to 30 
%. Thus, the latent heat increased as the PCM content increased, 
showing increases in latent heat of approximately 424 % and 682 % in 
exothermic and endothermic processes, respectively. Considering the 
PCM content, these latent heats are similar to or greater than those 
found in previous studies [34,35]. Consequently, the DSC heat flow 
results revealed that the PCM can increase the latent heat energy, which 
is sufficient to improve the heat storage performance of conductive 
cementitious heating composites. However, as seen in self-heating ex
periments results, it should be noted that the excessive amount of PCM 

Fig. 8. Variations in the surface temperature and electrical resistance of the samples at 1st and 5th cycles.  

Fig. 9. Heat flow in the samples observed during (a) exothermic and (b) 
endothermic processes. 
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(i.e., 30 % by cement mass) can degrade the self-heating performance. 
The requirement of high latent heat energy to increase the temperature 
of this composite resulted in lower temperature increase, thus a lower 
PCM content (~20 %) should be used. 

Meanwhile, the micro-CT was used for 3D tomography analysis of 
samples in order to assess the dispersion of PCM and calculated the 
percent PCM content (as shown in Fig. 10). Cross-sectional images of the 
samples were obtained, and the images were labeled with the PCM 
content. Based on these images, the 3D tomography results were ob
tained, as shown in Fig. 10 (a). These results showed that the PCM was 
well dispersed in the cementitious composites, even as the embedded 
PCM content increased from 0 to 30 %. In addition, the PCM content can 
be calculated using micro-CT, as shown in Fig. 10 (b). The particle size 
and density can be set in micro-CT observation; thus, it is possible to 
compare the volume percentage of the embedded PCM by comparing 
with the reference P0 sample without incorporating PCM [55]. The re
sults showed that the PCM contents of P10, P20, and P30 were 11.7, 
22.4, and 27.4 vol%, respectively as seen in Fig. 10. The results obtained 
from these analyses are in close agreements with the cyclic heating and 
heat-storage test results. These findings have not been actively reported 
in the previous related studies; thus, these findings can be a step towards 
developments of cement-based self-heating systems. 

6. Concluding remarks 

In this study, the effects of PCM addition on the self-heating per
formance and heat-storage capacity of cementitious self-heating com
posites were investigated. Five PCM contents (0, 5, 10, 20, and 30 wt%) 
were considered, and their effects on the characterization, heat- 
generation, and heat-storage performances were investigated system
atically. The test results were analyzed using DSC and micro-CT obser
vations. The main conclusions can be summarized as follows:  

(1) The addition of the PCM increased the electrical resistivity and 
decreased the thermal and compressive strengths. In particular, 
the addition of 30 wt% of PCM increased the electrical resistivity 
dramatically, and a high input voltage was required to obtain a 
favorable heat-generation capability.  

(2) The electrical resistivity of the sample with 30 wt% of PCM 
increased by approximately 350 % during the cyclic heating test, 
which lowered the heat generation stability from 30 to 6 ◦C. Thus, 
it can be said that an excessive amount of PCM may negatively 
affect the heating performance.  

(3) Cooling speeds of the samples with 0, 5, 10, 20, and 30 wt% of 
PCM were recorded. It can be found that the addition of PCM 
reduced the cooling speed and improved the heat storage 
capacity.  

(4) The DSC test results indicated that the samples with 0, 5, 10, 20, 
and 30 wt% of PCM had latent heat energies of 0, 1.40, 3.47, 
7.41, and 10.95 J/g, respectively, during the endothermic pro
cess. This showed that improvements in the latent heat energy 
can enhance the heat storage performance. 

The experimental results in this study can contribute to investigating 
the effects of PCM addition on the self-heating performance and heat- 
storage capacity of cementitious self-heating composites. However, the 
evaluation on durability of the PCM-incorporated cementitious 

composites has not been conducted. Therefore, based on the present 
experimental results, the further studies will be carried out to investigate 
the durability of the fabricated composites as exposed to various 
weathering conditions (e.g., Carbonation, water ingress, and freeze
–thaw cycles). In addition, the mock-up test using the fabricated com
posites with optimized mix-proportions will be conducted. 
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Table 3 
Latent heat energy of the samples observed during the exothermic and endo
thermic processes.  

Sample Latent heat energy (J/g) 
P0 P5 P10 P20 P30 

Exothermic  0.00  1.58  3.16  6.40  8.29 
Endothermic  0.00  1.40  3.47  7.41  10.95  

Fig. 10. Internal structural analysis results of the samples containing PCM via 
micro-CT: (a) 3D visualization of PCM distribution and (b) calculated volume 
percentage of PCM. 
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