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Abstract. Gravel scattering, which occurs from snow-ice that develops on trains during winter, is a major cause of damage to
train parts. An exothermic technology that uses copper wires to solve the problem of gravel scattering is ineffective on the snow-
ice produced on the surface of the trains. Therefore, studies have been conducted to overcome the weaknesses of the
conventional methods and to develop a paint-type surface exothermic technology that can be efficiently applied to complicated
structures. However, multi-layered paint-type coatings can lead to problems such as a delamination or exfoliation of the layers
when used for a long period of time within an environment undergoing variations in temperature. Therefore, this study assesses
the long-term effects of temperature on multi-layered exothermic coating technology based on nano-solutions for an application
of self-heating function on railway infrastructures. To do so, we developed an exothermic coating test specimen using the paint
applied to train cars and commercial nano-solutions. To conduct an experiment on accelerated aging, the specimen was
subjected to regular changes in the temperature within a thermal chamber. The results revealed that there is a nonlinear decline in
the performance as the specimen is worn out in comparison to the exothermic performance achieved during the early stages.
Further, it is possible to identify the structural causes of the decline in performance from the specimen applied thermal load by
analyzing the morphology. However, it is possible to observe a high stability from noninvasive overheating or short-circuits
based on the structural changes to the coating, which are observed during the assessment of the exothermic uniformity.
Therefore, it can be concluded that a multi-layer exothermic coating, which can be effectively applied as an exothermic
technology based on self-heating surfaces, can be applied for a long period to prevent disasters from freezing or snow-ice in
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trains during winter.
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1. Introduction

Numerous different safety accidents occur in railway
environments during winter owing to freezing temperatures
and snow-ice. For example, frozen train and screen doors
are difficult to open and close, causing inconvenience to the
passengers. In addition, gravel scattering (Onder and
Robinson 2018) induced by high-speed trains is the main
cause of damage to train parts such as windows and axle
protectors. At least 60% of gravel scattering occurs during
winter when snow-ice is present (Kim and Cho 2017). This
also leads to other problems such as a loss of profit owing
to a shutdown of the rail services, in addition to problems
related to the replacement costs of the train parts. Among
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these problems, damage to the train windows not only leads
to additional maintenance costs but is also the main cause of
the decline in the credibility of the institution, being related
to the psychological anxiety of the passengers. To prevent
such problems and efficiently manage a railway system,
new technologies for monitoring safety are continuously
being developed in various ways (Liu ef al. 2018, Li and
Wang 2018, Du et al. 2019).

To solve the various problems that occur during winter,
there have been numerous attempts to eliminate the snow-
ice that appears underneath the trains, such as heating
systems (Gue and Li 2013, Wang ef al. 2018) that apply
copper wires, exothermic jackets, and hot air. However,
these methods require a long time to apply and are
inefficient in eliminating snow-ice produced on the surface
of the trains, relying heavily on manpower. The release of
de-icing fluids and hot water, which is considered the most
advanced technique used to eliminate ice, is applied in some
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countries such as Japan and Northern Europe. (Nilsson et
al. 2019, Park et al. 2019) However, because the effects are
temporary and additional problems may occur, such as the
freezing of the remaining water and the possibility of water
entering the electric equipment, this is not a fundamental
solution for dealing with snow-ice. There is therefore an
increasing need to develop a method to fundamentally solve
the snow-ice problems that occur while the trains are in
operation. One of the newest technologies in this regard is
the use of exothermic technology that comes into effect
under contact with a surface and that can release heat at all
times when the trains are in operation (Yang et al. 2016,
Jayathilake ef al. 2019, Yang et al. 2019).

Unlike the past use of linear heating (Ikeya et al. 2017,
Hu et al. 2018), which is a one-dimensional heating
approach, surface heating has an extremely low risk of fire,
and is considered an effective surface exothermic
technology because it can balance out the heating of a two-
dimensional space. Among the various methods applied for
surface heating, studies are being conducted on an
exothermic coating based on solutions incorporating
carbon-based nano materials with an electrical conductivity
(Lee et al. 2019), owing to the possibility of applying such
materials to both flat and curved surfaces (Bhattacharyya et
al. 2007, Arun et al. 2019). Because it is possible to
manufacture extremely thin structure using nano-solutions
based on carbon, such solutions can be inserted into an
existing multi-layer structure. As a result, it is possible to
incorporate this approach into an exothermic coating
without damaging the current form. However, multi-layered
structures can lead to problems such as a delamination or
exfoliation of the layers based on the differences in the
coefficient of thermal expansion among the materials when
they are used for a long period of time within an
environment undergoing changes in temperature (Li et al.
2012, Kumar et al. 2017).

In general, the functionalized smart structures like the
exothermic coating for self-heating surfaces are required to
have the long—term thermal reliability for field applications.
For the purpose, it is necessary to investigate characteristics
change of functionalized smart structures during the aging
because the aging effect of exothermic coating on its
durability can influence on the reliability and maintenability
of smart structures (Kim et al. 2017). Therefore, it is highly
required to investigate the long-term reliability of the
specific function applied to structures in order for
functionalization (Miyamoto and Motoshita 2017) of
conventional infrastructures, which do not have smart
functions like self-heating surfaces. In particular, to apply
the exothermic coatings over the long-term, it is necessary
to analyze the effects under a temperature of between -40°C
to 70°C according to the technical specifications for railway
vehicles (IEC 60068-2-14). Therefore, in this study, the
long-term effects of temperature on multi-layer exothermic
coating technology are assessed based on nano-solutions to
verify the compatibility of the railroads that currently use
surface exothermic technology. To do so, we first developed
a multi-layered exothermic coating test specimen using
paint that is applied to train cars with commercial nano-
solutions, and conducted an experiment by simulating the

aging of the specimen by exposing it for a long time to
regular changes in temperature within a heat chamber
ranging from -40°C to 70°C. Then, the changes in the
exothermic performances are assessed, such as the heating
rate and maximum temperature change based on each stage
of the cycle, and a scanning electron microscope (SEM) is
used to analyze the causes of the decline in the exothermic
performance. This process has to the aim of the present
study, which is to verify the long-term reliability of a multi-
layered exothermic coating as a surface exothermic
technology in a railway environment to prevent freezing
and snow-ice damage from occurring during winter.

2. Exothermic coating structure

For this study, we developed a multi-layered plane test
specimen that includes the exothermic coating layer by
reflecting the paint characteristics of the multi-layered
structures of the train cars. Similar to other general
structures, multi-layered paint coatings are generally
applied to train cars in order of primer, surfacer, base coat,
and clear coat. Based on the structure, the test specimen
replaced the surfacer with an exothermic layer and was
developed within an area of 50 mm X 50 mm. First, the base
material, which is the subject of the present study, was
developed with a size of 60 mm x 60 mm X 3 mm using
mild steel (SS400, POSCO Co.), which is normally applied
to the bottom part of high-speed trains. We applied each
layer on top of the base material with a spraying gun, as
shown in Fig. 1: The order of the layer is the primer (KR-
NUD-105, PPG Co.) of about 47 um thickness for an
insulator, nano-solution exothermic coat (ACR70, Future-
Carbon Co.) of about 32um thickness as a heating material,
base coat (Base coat, KR-NUN-794S, PPG Co.) of about 42
um thickness for a painting peculiar to its own color, and
polyurethane top coat (KA-900HP, Gangnam Chem. Co.) of
about 50um thickness for protect from environments. In
addition, a copper tape (1181, CM Co.) is applied with a 5
mm depth and 0.04 mm width to develop electrodes to
energize the power between the primer and exothermic
layer. A total of 21 specimens were used when considering
the test cycles of the aging experiment (conducted s times)
and the number of test specimens for each cycle (i.e., 3).
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Fig. 1 Configuration of test specimen with multi-layered
exothermic coating
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Fig. 2 Experimental setup for electrical and exothermic performance test exposed to periodic thermal cycles

3. Experimental setup

To apply exothermic coating technology on a railway
environment for a long time frame, it is necessary to assess
the reliability of the exothermic coating when used for a
long period under the same environment with the railway.
To do so, we conducted an accelerating aging experiment
by reflecting the characteristics of the railroad environment
with the experiment design, as shown in Fig. 2, based on the
conditions of reliability required by the technical
specifications for railway vehicles.

The experiment was conducted by generating periodic
temperature changes ranging from -40°C to 70°C on the
specimen within an environment chamber (TH-KE, Jeiotech
Co.) to identify the changes in the exothermic performances
of the specimen based on the progress of the cycles. The
experiment went through 1,000 cycles, which is considered
equal to 10 years of actual life. The conditions of the cycles
for accelerated aging were room temperature (20°C) —
70°C — -40°C — room temperature (20°C), and each cycle
was approximately 3 hours in length. Furthermore, to
analyze the changes in the performance of the exothermic
coating, we assessed the heating uniformity under a normal
state and changes to the heating rate and maximum
temperature change when the specimens were heated. In
addition, to identify the physical evidence of the changes in
the exothermic performance of the specimen, we also
analyzed the morphology of the surfaces of the exothermic
coating exposed to periodic thermal cycles. In addition, the
changes in performance of the exothermic coating through a
wearing out of the specimen and a morphology analysis
showed a total of six numbers of cycles (0, 100, 300, 500,
700, and 1,000 cycles). The results at each cycle were
calculated based on the mean results of three specimens.

3.1 Exothermic characteristics

It is necessary to assess the exothermic performances as
time passes, and conduct an experiment on heating under
the same conditions as used in prior experiments (Kim et al.
2019) applying a certain level of electricity 12 VC of DC
(XFR100-12, Xantrex Co.) under temperatures of -20°C. To
measure the heating temperature during the experiment, we
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Fig. 3 Analysis method of exothermic performance with
periodic thermal cycles

used DAQ (NI9213, National Instrument Co.) with a T-type
thermocouple (TC) on the surface of the specimen, under a
sampling rate at 1 Hz. Then, we analyzed the changes in the
exothermic performance by obtaining the heating rates and
maximum temperature change by each cycle, showing the
exothermic characteristics from a performance graph from
the heating experiment, as shown in Fig. 3. We used a
fitting line from Eq. (1) for the changes in temperature
based on the time of the exothermic performance graph for
a quantitative analysis.

T() = (cg + c1t + ct%) + (c3 + cut + cstDe™t (1)

where, T refers to temperature, ¢ refers to the elapsed time,
andci (i=1, 2, 3,4,5) is the coefficient.

We assessed the stability of the heating under a normal
state to analyze the changes in the performance based on the
locations within the test specimen, and the macroscopic
exothermic performances such as the heating rates and
maximum temperature change.

For the specimen at each stage of the aging cycle, when
the temperature of the specimen reached the steady state
after being supplied with 6V of DC at room temperature, as
shown in Fig. 4, we obtained thermal images on the surface
of the specimen using a thermal imaging camera (TESTO
882, Testo Co.) and analyzed the heating uniformity using
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Fig. 4 Experimental setup for exothermic uniformity test

statistic techniques.

To assess the uniformity of the heating from the thermal
images, we used two types of statistical technique
(skewness and kurtosis). First, skewness, as shown through
Eq. (2), refers to the deviation of the data within the
distribution in comparison to the median value. In detail, a
skewness value of zero indicates that there is a normal
distribution, a negative value refers to a distribution with
values greater than the median, and a positive value refers
to a distribution with values lower than the median.

1 -_
S 2t (X - X)°

3 2
<’% pnes —X)2> @

where, N refers to the number of total data, X; refers to
the data, and X refers to the mean.

Kurtosis, which is shown in Eq. (3), indicates the cluster
of the data. In detail, a Ku value of 3 refers to a regular
distribution, a value of less than 3 indicates a dispersed
distribution in comparison to a normal distribution, and a
value of greater than 3 shows a clustered distribution in
comparison to a normal distribution.
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where, N refers to the number of total data, X; refers to
the data, and X refers to the mean.

Ku =

3.2 Morphology

In general, all materials decline in performance as time
goes on, and it is necessary to understand the mechanism
behind the aging process to analyze the causes of such a
decline. However, it is impossible to distinguish the
wearing out of the exothermic coating used in this study
with the naked eye because the exothermic layer is within a
multi-layered structure.

Clear Coat

Base Coat

Primer
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Fig. 5 Sample (left) and morphology target (right) of
exothermic coating with thermal cycle changes

Therefore, to investigate the causes of the decline in
performance of the exothermic coating as time passes, it is
necessary to analyze the morphology of the exothermic
layer of a structured multi-layered exothermic coating. For
a morphology analysis of the exothermic layer of the
surface, as shown in Fig. 5, an exothermic coating with a
multi-layered structure is first identified within a liquid
nitrogen environment of each specimen at each cycle, the
coating surface is extracted using multi-layered structures,
and a scanning electron microscope (SEM) is applied for
the analysis.

4. Test results

The specimen is worn out for up to 1,000 cycles,
divided into six sections, and the exothermic performances
in each section are assessed as time passes. As mentioned in
section 3.1, the items used to assess the exothermic
performances were the heating rate and maximum
temperature change. The results of assessing the exothermic
performances based on the heating rate and maximum
temperature changes of each specimen are shown in Figs. 6
and 7.

The exothermic performance of each specimen shows a
similar tendency in a macroscopic point of view though
there are both performance difference of 20-30% and
tendency difference with aging cycles among 3 specimens.
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Fig. 6 Normalized heating rate of each exothermic coating
specimen with thermal cycle changes
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Fig. 7 Normalized temperature change of each exothermic
coating specimen with thermal cycle changes
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Those seem to be caused by manufacturing quality
issues, that is lack of uniformity due to hand-spray method,
rather than specific physical meaning. In other words, a
quantitative assessment of the all specimens is required
because of the performance deviations by the differences in
fabrication.

Therefore, the study used the mean results of the three
specimens in order to investigate tendency for each section
of the applied cycles as shown in the Figs. 8 and 9. Both
graphs show the relative rates and changes in comparison to
the early performances (zero cycles), and as shown in the
figures, both graphs are nonlinear (approaching a quadratic
performance, where Adj. R? = 0.99) as the number of cycles
increases, resulting in a decline in performance. Although
there are slight differences between the two, the decline in
exothermic performance as indicated by the two graphs are
generally similar, and there is an approximately 45%
decrease in performance in comparison to the early
performances after 1,000 cycles.

There is a significant decline in performance during the
early cycles, and the decreasing rates have greatly declined
after approximately 700 cycles, saturated to a certain level.

To identify the causes of the decrease in performance of
the exothermic coating as time passes, we have inferred the
changes in the exothermic performances based on the
changes in the electrical resistance measured from each
stage of the cycles. We measured the resistance of three
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Fig. 10 Electrical resistance change of exothermic coating
exposed to periodic thermal cycles

specimens from each stage of the cycles at room
temperature (approximately 20°C) using a 2-point probe
method with a digital multimeter (Keithley 2000, Keithley
Co.) and calculated the mean. As shown in Fig. 10, the
resistance of the specimen demonstrated a linear increase,
though resistance variations of specimens are also increase
as periodic thermal cycles are applied.

Based on the results, it is possible to estimate the
nonlinear changes in the exothermic performance using the
electrical correlation equation (Redondo ef al. 2018) for the
resistance of the polymer levels, as shown in Egs. (4) and

).

VZ
q = Jexp (V) “)
qcycle _ 1
qO - Rcycle (5)
Ro

where, g refers to electricity (W), V refers to voltage (V),
R refers to the electrical resistance (€2), and n refers to the
proportional constant.

In addition, because an increase in the resistance may be
considered indirect evidence of the decrease in the
exothermic performance, we analyzed the morphology of
the exothermic layer using an SEM to identify the direct
causes of such a performance decline. As shown in Fig. 11,
it is possible to identify a type of structural flaw such as a
cutoff of the network through SEM images of 1,500
magnifications during each stage of the cycle among
exothermic materials that have exposed through 300 cycles
when compared to SEM images of pristine specimens.

These small flaws increase in size or frequency under
more cycles. This is different from Figs. 8§ and 9, as a
significant decline in performance occurs initially,
ultimately leading to a certain value in the following cycles.
In other words, to investigate the changes in morphology
related to the decrease in the exothermic performance
occurring under 300 cycles, a more detailed analysis should
be conducted.

The decline in exothermic performance is considered as
the changes in normalized performance of the entire area of
a specimen. The differences in the performances within the
locations of the surface are extremely important for
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Fig. 11 Morphology of exothermic coating with thermal
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exothermic technology applied to a large surface such as an
exothermic coating. For a more detailed analysis, we
assessed the exothermic characteristics based on the
location within the specimen, that is to say, the heating
uniformity, using thermal imaging cameras.

It was possible to obtain thermal images of the surfaces
of the specimen when it reached a steady state at the
maximum temperature after inserting DC 6V at room
temperature (approximately 20°C), which is identical to the
test condition used to measure the resistance. Considering
the number of pixels of the thermal images, 200 points were
extracted from the middle lines of each electrode on both
sides, as shown in Fig. 12, to obtain data on the
temperature.

The observation for the heating uniformity was
conducted after 300 cycles, which was the start of the
structural changes based on the results of the SEM analysis.
We analyzed the skewness and kurtosis using the mean
values of the temperature data from three specimens, as
shown in Figs. 13 and 14. In terms of the skewness, as
shown in Fig. 13, all of the values were less than zero,
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which means that the dispersion is focused on higher
temperatures than the median, and the skewness was
maintained at a certain level (-0.88 ~ -0.40) without
significant changes with aging. In other words, the results
of analyzing the skewness revealed that the performance of
heating uniformity is maintained at a certain level even after
aging proceeds in comparison to the early stages.

For kurtosis, the results show a value of 3 greater than
the initial values; in other words, there is an increase in the
cluster of data, as indicated in Fig. 14. This may be due to
the fact that, as time passes, the exothermic performances
decline, along with the target temperature of the specimen,
resulting in a decrease in the differences in temperature
among the locations of each specimen. Furthermore, as the
Kurtosis from the repeated cycles was within a certain
range (2.29 ~ 4.08), it can be concluded that there are no
effects caused by aging.



Experimental investigation of long-term effects on temperature reliability of exothermic coating for... 59

In summary, there are no problems affecting the
performance as time passes, such as an overheating in a
particular section or circuit problems in terms of the heating
stability. Further, the performances of the specimens are
decline of about 45% after 1,000 cycles. However, the
exothermic performances of specimens showed temperature
change of avg. 17 degrees under applied voltage of 12 DC
though those are exposed to cyclic thermal load of 1,000
cycles (10 years in field application). That is high enough to
prevent objects from icing if we consider an average
temperature (-2 degrees C) in winter season of South Korea.
Besides, the exothermic coating technology might be used
for a longer time though its performance declines with
thermal cycles because the target temperatures can be
manipulated by raising voltage.

5. Conclusions

This study assessed the long-term reliability of the
exothermic coating required to apply the exothermic
coating technology for a long period in a railroad
environment. To do so, an experiment of accelerated aging
was conducted through 1,000 cycles within a heat chamber
reflecting the temperature of a railroad environment based
on the technical specifications for railway vehicles using the
test specimens with an exothermic coating. Afterward, the
study assessed the exothermic performances of the
exothermic coating by each stage of the cycles, and used an
SEM to analyze the morphology of the surfaces of the
exothermic layers to analyze the causes of changes in the
performance.

The results indicate that there is a nonlinear decline in
the exothermic performance as the specimen is worn out in
comparison to the exothermic performances during the
carly stages (0 cycle), and there was a decline of
approximately 45% in performance after 1,000 cycles.
There was a significant decline in performance during the
early cycles, and the decline rates greatly decreased after
approximately 700 cycles. The decrease in performance
may be indirectly inferred from the changes in the
resistance of the specimen, and it was possible to identify
the structural causes of the decline of the exothermic
performances for specimens exposed to thermal load over
300 cycles by analyzing the morphology for the exothermic
layers using an SEM. However, because there were no
particular changes in the morphology from the specimen
exposed to less than 300 cycles, which showed significant
declines in the exothermic performance, it was necessary to
conduct a more detailed analysis. In addition, it was
possible to realize that the factors of decline of the
structural performance, which can be identified from the
morphology, do not affect the heating uniformity related to
an overheating, or the short-circuits, by analyzing the
skewness and kurtosis.

Therefore, it was possible to conclude that a multi-layer
exothermic coating as the functionalized smart structures
based on self-heating surfaces can be used for the long-term
in the railway infrastructures to prevent disasters from
freezing or snow-ice during winter.

Acknowledgments

This research was supported by a grant from R&D
Program of the Korea Railroad Research Institute, Republic
of Korea.

References

Arun, D.I, Chakravarthy, P., Girish, B.S., Kumar, K.S. and
Santhosh, B. (2019), “Experimental and Monte Carlo simulation
studies on percolation behaviour of a shape memory
polyurethane carbon black nanocomposite”, Smart Mater.
Struct., 28(5), 055010.
https://doi.org/10.1088/1361-665X/ab083b

Bhattacharyya, A., Dervishi, E., Berry, B., Viswanathan, T.,
Bourdo, S., Kim, H., Sproles, R. and Hudson, M.K. (2007),
“Energy efficient graphite—polyurethane electrically conductive
coatings for thermally actuated smart materials”, Smart Mater.
Struct., 16(1), S187.
https://doi.org/10.1088/0964-1726/16/1/S19

Du, C., Dutta, S., Kurup, P., Yu, T. and Wang, X. (2019), “A
Review of Railway Infrastructure Monitoring using Fiber Optic
Sensors”, Sensors Actuat. A: Phys., 111728.
https://doi.org/10.1016/j.sna.2019.111728

Guo, L. and Li, Q.Z. (2013), “Research on On-line Anti-icing
Technology for Carenary along Electrified Railway”, Adv.
Mater. Res., 676, 321-324.
https://doi.org/10.4028/www.scientific.net/ AMR.676.321

Hu, R., Ma, A. and Wang, Y. (2018), “Transient hot wire measures
thermophysical properties of organic foam thermal insulation
materials”, Experim. Thermal Fluid Sci., 98, 674-682.
https://doi.org/10.1016/j.expthermflusci.2018.07.005

Ikeya, Y., Orlii, R., Fukagata, K. and Alfredsson, PH. (2017),
“Towards a theoretical model of heat transfer for hot-wire
anemometry close to solid walls”, Int. J. Heat Fluid Flow, 68,
248-256. https://doi.org/10.1016/j.ijheatfluidflow.2017.09.002

Jayathilake, D.S.Y., Sagu, J.S. and Wijayantha, K.G.U. (2019),
“Transparent heater based on Al, Ga co-doped ZnO thin films”,
Mater. Lett., 237, 249-252.
https://doi.org/10.1016/j.matlet.2018.11.092

Kim, M.S. and Cho, K.H. (2017), “Proposal for Specification of
Counter-measurement in Frost-Heave System in Railway
Underpass Box Structures in North Korea Considering Climate
Condition”, J. Kor. Soc. Railway, 20(1), 99-110.
https://doi.org/10.7782/JKSR.2017.20.1.99

Kim, H., Kang, D. and Kim, D.H. (2017), “Mechanical strength of
FBG sensor exposed to cyclic thermal load for structural health
monitoring”, Smart Struct. Syst., Int. J., 19(3), 335-340.
https://doi.org/10.12989/ss5.2017.19.3.335

Kim, H., Kang, D. and Choi, K. (2019), “Evaluation on Heating
Performance and Resistance Characteristics of Paint-Type
Exothermic Coating for Application to Railway Vehicle”, J.
Kor. Soc. Nondestruct. Test., 39, 300-306.
https://doi.org/10.7779/JKSNT.2019.39.5.300

Kumar, S.K., Ganguli, R. and Harursampath, D. (2017),
“Detecting width-wise partial delamination in the composite
beam using generalized fractal dimension”, Smart Struct. Syst.,
Int. J.,19(1), 91-103.
https://doi.org/10.12989/sss.2017.20.4.451

Lee, H., Kang, D., Kim, J., Choi, K. and Chung, W. (2019), “Void
detection of cementitious grout composite using single-walled
and multi-walled carbon nanotubes”, Cement Concrete
Compos., 95, 237-246.
https://doi.org/10.1016/j.cemconcomp.2018.10.003

Li, K. and Wang, S. (2018), “A network accident causation model
for monitoring railway safety”, Safety Sci., 109, 398-402.



60 Heonyoung Kim, Myeongcheol Kang, Mun-Young Hwang, Lae-Hyong Kang, Chulmin Joo and Donghoon Kang

https://doi.org/10.1016/j.ssci.2018.06.008

Li, W., Cho, Y. and Achenbach, J.D. (2012), “Detection of thermal
fatigue in composites by second harmonic Lamb waves”, Smart
Mater. Struct., 21(8), 085019.
https://doi.org/10.1088/0964-1726/21/8/085019.

Liu, X., Markine, V.L., Wang, H. and Shevtsov, L.Y. (2018),
“Experimental tools for railway crossing condition monitoring
(crossing condition monitoring tools)”, Measurement, 129, 424-
435. https://doi.org/10.1016/j.measurement.2018.07.062

Miyamoto, A. and Motoshita, M. (2017), “An Intelligent bridge
with an advanced monitoring system and smart control
techniques”, Smart Struct. Syst., Int. J., 19(6), 587-599.
https://doi.org/10.12989/ss5.2017.19.6.587

Nilsson, F., Moyassari, A., Bautista, A., Castro, A., Arbeloa, L.,
Jarn, M., Lundgren, U., Welinder, J. and Johansson, K. (2019),
“Modelling anti-icing of railway overhead catenary wires by
resistive heating”, Int. J. Heat Mass Transfer, 143, 118505.
https://doi.org/10.1016/j.ijjheatmasstransfer.2019.118505

Onder, A. and Robinson, M. (2018), “Harmonised method for
impact resistance requirements of E-glass fibre/unsaturated
polyester resin composite railway car bodies”, Thin-Wall.
Struct., 131, 151-164. https://doi.org/10.1016/j.tws.2018.06.041

Park, G.W,, Lee, J.K. and Lee, H.K. (2019), “Ice Melting Capacity
Evaluation of Applicable Materials of De-icing Fluid for High
Speed Railway Rolling Stock”, Appl. Chem. Eng., 30(3), 384-
388. https://doi.org/10.14478/ace.2019.1026

Redondo, O., Prolongo, S.G., Campo, M., Sbarufatti, C. and
Giglio, M. (2018), “Anti-icing and de-icing coatings based
Joule’s heating of graphene nanoplatelets”, Compos. Sci.
Technol., 164, 65-73.
https://doi.org/10.1016/j.compscitech.2018.05.031

Wang, J., Zhang, J., Xie, F., Zhang, Y. and Gao, G. (2018), “A
study of snow accumulating on the bogie and the effects of
deflectors on the de-icing performance in the bogie region of a
high-speed train”, Cold Regions Sci. Technol., 148, 121-130.
https://doi.org/10.1016/j.coldregions.2018.01.010

Yang, K., Cho, K., Im, K. and Kim, S. (2016), “Temperature
Maintenance of an ITO Nanoparticle Film Heater”, J. IKEEE,
20(2), 171-173. https://doi.org/10.7471/ikeee.2016.20.2.171

Yang, H., Bai, S., Guo, X. and Wang, H. (2019), “Robust and
smooth UV-curable layer overcoated AgNW flexible
transparent conductor for EMI shielding and film heater”, App!.
Surface Sci., 483, 888-894.
https://doi.org/10.1016/j.apsusc.2019.04.034

HJ





