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Experimental investigation of the thermal insulation
performance of Ce/Si/Ti oxide heat-reflective coating
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Abstract: To solve the problem of deformation and cracking of ballastless track slab under temperature load, a composite oxide
and a series of heat-reflective coating samples were prepared. At the microscopic level, the elemental composition and optical
properties of the materials prepared were analyzed by Fourier transform infrared spectroscopy and ultraviolet-visible spectroscopy,
and the feasibility of Ce/Si/Ti oxide as functional fillers for heat-reflective coatings of track slabs was demonstrated. At the
macro level, by designing and assembling an indoor sunlight simulation test device, the surface and internal temperatures of the
coated and uncoated concrete specimens were analyzed and studied, and the macroscopic cooling effect of the coatings was
evaluated. Also, to study the engineering application effect of the track slab thermal insulation reflective coating, COMSOL was
used to build a 3D calculation model of the heat transfer deformation of the ballastless track slab structure. The research results
showed that: Ce/Si/Ti oxide has strong reflectivity and can reflect 95% of infrared light; it has good ultraviolet (UV) shielding
ability and can absorb more than 65% of the UV light. The TiO, coating can reduce the temperature of the concrete surface
by 6-11 °C and that of the inside of the concrete by 10-14 °C; the cooling effect decreases evenly with the increase of air
temperature. The Ce/Si/Ti oxide coating can reduce the surface temperature of the concrete by 16 °C and that of the inside of the
concrete by 15 °C. In addition, the cooling effect is basically not affected by the air temperature, and it changes non-linearly
with the increase of the Ce/Si/Ti oxide content. Numerical calculation shows that the heat reflective coating can reduce the
surface temperature and internal temperature difference of the track slab by 11.54-21.31 °C, and the vertical displacement of the
track slab can be reduced by about 35%-70%. Considering the cooling effect, the adhesion strength, and the engineering
application effect of the coating, the optimal doping amount of Ce/Si/Ti oxide is 40%, and that coating is the most suitable for
use as a ballastless track heat reflective coating.
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1 Introduction

Temperature loading is the main factor causing
warping and arching of ballastless track structures in
high-speed railways and it seriously affects the dura-
bility and stability of such structures. Zeng et al.
(2018) established an analytical model for the temper-
ature field of double-block ballastless track slabs based
on solar radiation theory and boundary heat exchange
theory, to analyze the effect of geographical latitude
on the temperature field of ballastless track slabs. Liu
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et al. (2020) developed a computational model for a
ballastless track pre-stressed concrete simply sup-
ported box girder and proposed a connection between
temperature and deformation in the beam-rail system
and the spatial and temporal laws of temperature
stress distribution within the track slab. Yu et al. (2019)
used long-term meteorological statistics to establish a
calculation model for the force deformation of ballast-
less track slabs under long-term temperature loading.
Chen et al. (2020) built a model based on the trans-
verse shear test and cohesive zone model for simulat-
ing the occurrence of damage, crack development,
and interfacial bond failure at the interface between
track slab and asphalt concrete waterproofing layer
under the effect of temperature load. The calcula-
tion results showed that the interfacial bond state be-
tween track slab and asphalt concrete waterproofing
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layer varies greatly by temperature and that the inter-
facial bond state has a greater impact on the dynamic
performance of ballastless track structure. Fu et al.
(2020) conducted on-site vibration tests and tempera-
ture deformation monitoring of ballastless track struc-
tures to comparatively study the mechanical behavior
of asphalt concrete under train load and temperature
load. The tests showed that the asphalt concrete bot-
tom dealt with the tensile state under both train load
and temperature load, but the temperature change had
more significant effect on the force state of the as-
phalt concrete structure, especially near the expansion
joints.

The remedial measures for temperature damage
in ballastless track structures are divided into active
and passive protection. Passive protection includes
pins in the track slab to limit the deformation of the
slab, injection of cementitious material at the bottom
of the slab to enhance the bond between the slab and
the mortar layer, and release of the stress on the slab
during the high temperature season. Active protection
includes the application of heat-reflective coatings to
the surface of the rail panels. Research into heat-
reflective coatings in rail transport is in its early stages.
Jiang et al. (2020) developed a phase-change thermal
insulation reflective coating which, through full scale
tests, indoor thermal insulation tests, and theoretical
calculations, was shown to be effective in reducing
the rate of concrete heating and the surface tempera-
ture in high temperature environment, as well as in re-
ducing the temperature gradient and thermal deforma-
tion of track slabs in high temperature environment.
Li et al. (2021) used hollow polymer microspheres
dispersed in a fluorocarbon coating to prepare a coat-
ing capable of reflecting most of the thermal radia-
tion and blocking heat transfer. They demonstrated,
through tests, that the coating was able to reduce the
track slab surface temperature by 10% and the track
slab thermal deformation by up to 19%. Zhang et al.
(2020) developed a metal-ceramic anti-corrosion coat-
ing made of inorganic phosphate and metallic alu-
minium. This coating not only reduced the tempera-
ture stress and thermal deformation inside the track
slab but also protected the surface of the track slab
from erosion. They analyzed the thermal insulation ef-
fect of the coating under different coating thicknesses
through track slab thermal insulation tests and theoret-
ical calculations.
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Heat reflective coatings are widely used in con-
struction and highway applications (Levinson et al.,
2007; Ferrari et al., 2015; Jelle et al., 2015; Zheng
et al., 2015; Park and Krarti, 2016; Chen et al., 2019;
Al-Naghi et al., 2020). Zheng et al. (2015) used meth-
acrylic resin as a binder, titanium oxide and azodiaze-
pine black as pigments, and hollow glass beads as
functional fillers to prepare an asphalt pavement coat-
ing capable of cooling, anti-slip, and anti-glare. Indoor
and outdoor tests showed that the coating could effec-
tively reduce the surface temperature of an asphalt
pavement. To fully exploit the cooling efficiency of
the material, experts are beginning to design and study
multilayer coatings. Chen et al. (2019) produced a
multi-structured thermal barrier coating capable of re-
ducing rutting and preventing glare on asphalt pave-
ments using modified epoxy resin, silica, titanium di-
oxide, and hollow glass beads. They showed, by in-
door thermal insulation experiments, that the coating
was able to reduce the temperature of asphalt pave-
ments by 13.25 °C. Jiang et al. (2019) designed and
developed an asphalt pavement cooling coating con-
sisting of an infrared transmitting layer, strong reflec-
tive layer, and heat insulation layer. The main compo-
nents of the coating were organosilicon modified pro-
pionate emulsion, rutile titanium dioxide, hollow mi-
crobeads, water, and film-forming additives. Indoor
test results showed that it could reduce the tempera-
ture inside the specimen by 13 °C and meet the stan-
dard requirements of anti-slip, water resistance, acid
and alkali resistance, and wear resistance. Saber (2021)
tested the effect of varying degrees of washing as
well as rain erosion and natural weathering on the
solar reflectivity of heat reflective coatings, showing
that dust on the surface of the coating affects the re-
flection of short-wave sunlight, increasing the reflec-
tivity of the coating for short-wave sunlight by 5%
under wind action and by 45% after washing. Guo et al.
(2012) built a thermal insulation coating test house in
a hot-summer and cold-winter region to test the ther-
mal insulation performance of reflective thermal insu-
lation coating. The experimental results showed that
the thermal insulation coating was able to reduce the
temperature of the building’s exterior walls by 8-
10 °C and was able to save about 5.8 kWh/m’ of elec-
tricity for air conditioning each month. Thejus et al.
(2021) synthesised the LiMg,_Co,PO, series of inor-
ganic pigments, which are capable of reflecting 55%
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of sunlight and 67% of near-infrared light in heat re-
flective coatings, and have good corrosion resistance,
making them a better insulating and anti-corrosion
coating for buildings. Malz et al. (2020) investigated
the use of infrared reflective coatings in the building
field and used heat transfer theory to calculate that in-
frared reflective coatings can reduce the interior heat
loss by 18%—20%.

To enhance the applicability of the coating to
high-speed railway ballastless track slabs, this study
develops a heat reflective coating for track slabs with
good ultraviolet (UV) shielding, strong adhesion, and
high reflectivity based on the existing coating technol-
ogy, according to the characteristics of high-speed rail-
way operation, ballastless track structure, and climate
environment. The thermal insulation experiment of
the coating was carried out indoors to study the effect
of the coating on the temperature distribution inside the
concrete and to verify the feasibility of its application
to the ballastless track slabs of high-speed railways.

2 Material system
2.1 Coating system design

The heat reflective coating of the high-speed rail-
way track slab consists of a top layer, a middle layer,
and a bottom layer. Epoxy resin has high bond
strength and chemical resistance, but its weather resis-
tance is poor; the specific parameters are presented in
Table 1. Therefore, epoxy resin is chosen as the base
layer of the coating structure to increase the bonding
between the concrete track slab and the coating struc-
ture. The top layer is able to isolate dust, water, acid,
alkali, and UV rays from the natural environment and
protects the coating from environmental erosion. The
middle layer has the function of reflecting sunlight
and blocking heat transfer. In order to make the over-
all bonding and elasticity of the top and middle layers
consistent, the coating base material for the top and
middle layers is polytrifluoroethylene resin (PEVE),
which has a strong C—F bond as a backbone and has
good heat resistance, chemical resistance, and cold
resistance.

Ce/Si/Ti oxide is a reflective material and pig-
ment for heat reflective coating formed by wrapping
Si0, and CeO, on the surface of TiO,. Silicon dioxide
aerogel and hollow glass beads are thermal insulation
materials. Phase-change particles were used as energy
storage and temperature regulation materials. In this
experiment, 10 types of heat reflective coatings for
track slabs were designed and the effect of the coat-
ings on the behaviour of the temperature field inside
the track slabs was investigated. The specific formula-
tions and parameters of the coatings are shown in
Table 2.

2.2 Preparation of Ce/Si/Ti oxide

Preparation of Ce/Si/Ti oxide was by an acid-
base neutralization method. Firstly, 1 mol of rutile tita-
nium dioxide was dispersed in 10 L of deionized
water and 0.01 mol of (NaPO,), was added, and the
pH of the suspension was adjusted to 9. That’s be-
cause after many comparative tests, 0.01-mol (NaPO,),
was found to be the most beneficial to the dispersion
of the titanium oxide particles. If (NaPO,), was less
than 0.01 mol, it resulted in poor dispersion of the tita-
nium oxide and reduced production of Ce/Si/Ti oxide;
if it was more than 0.01 mol, there were more impuri-
ties in the final product and they were difficult to re-
move. Moreover, several tests in the laboratory in-
dicated that when the PH of the suspension reached
9, the titanium oxide particles were the best dispersed
and most fully reacted with the assistance of 0.01-mol
(NaPO,),, and the highest yield of Ce/Si/Ti oxide
could be achieved.

The suspension was heated to 90 °C and stirred
in the reaction vessel for 2 h. Then, a constant pres-
sure funnel was used to drop in 0.1-mol/L Na,SiO,
(150 mL) and 0.1-mol/L H,SO, solution, keeping the
temperature and pH in the reaction vessel constant.
Next, a constant pressure funnel was used to drop in
0.1-mol/L Ce(SO,), and 0.1-mol/L NaOH solution,
keeping the temperature and pH in the reaction vessel
constant. Then, the reaction was aged for 6 h at a tem-
perature of 90 °C and a speed of 300 r/min. Finally,
the suspension was filtered, dried, and crushed to ob-
tain Ce/Si/Ti oxide powder.

Table 1 Parameters of the resin (25 °C)

Epoxy resin

Fluorocarbon resin

Appearance Density (g/cm’)  Viscosity (mPa-s)

Appearance Density (g/cm’)  Viscosity (mPa-s)

Colorless transparent 1.10-1.12 9000-12000

Colorless transparent 1.74-1.77 7500-8000
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Table 2 Formulations of the coatings

Type of Top layer Middle layer Bottom layer
coating Component [FRICKIES Component Thickness Component D
(pm) (pm) (pm)
Heat S1 Fluorocarbon resin+50% 30 Fluorocarbon resin+10% SiO,+ 200  Fluorocarbon 30
insulation TiO,+additive 10% PCM+additive resint+additive
S2 Fluorocarbon resint+50% 30 Fluorocarbon resin+6% hollow 200 Fluorocarbon 30
TiO,+additive glass beads+10% PCM+additive resint+additive
S3 Fluorocarbon resin+50% 30  Fluorocarbon resin+10% SiO,+ 200  Fluorocarbon 30
Ce/Si/Ti oxide+additive 10% PCM+additive resin+additive
S4 Fluorocarbon resint+50% 30 Fluorocarbon resin+6% hollow 200 Fluorocarbon 30
Ce/Si/Ti oxidetadditive glass beads+10% PCM-+additive resin+additive
Heat S5 Fluorocarbon resin+ 30  Fluorocarbon resin+20% Ce/Si/ 200 Fluorocarbon 30
reflective additive Ti oxide+additive resin+additive
S6 Fluorocarbon resin+ 30 Fluorocarbon resin+33% Ce/Si/ 200 Fluorocarbon 30
additive Ti oxide+additive resint+additive
S7 Fluorocarbon resin+ 30  Fluorocarbon resin+40% Ce/Si/ 200 Fluorocarbon 30
additive Ti oxide+additive resintadditive
S8 Fluorocarbon resin+ 30  Fluorocarbon resin+50% Ce/Si/ 200 Fluorocarbon 30
additive Ti oxide+additive resintadditive
S9 Fluorocarbon resin+ 30  Fluorocarbon resin+20% TiO,+ 200  Fluorocarbon 30
additive additive resintadditive
S10 Fluorocarbon resin+ 30  Fluorocarbon resin+50% TiO,+ 200  Fluorocarbon 30
additive additive resin+additive

PCM: phase change microcapsule

3 Experimental procedure

3.1 Experimental overview

The overall process of the test was to prepare the
functional materials, prepare the coating, place the
coating, and then test the thermal insulation capacity.
The specific steps are shown in Fig. 1.

Paint
preparation

Preparation of Ce/Si/Ti
oxide with a reactor

e

e
Coating adhesion
test

Set up the
temperature sensor

Thermal
insulation test

Fig. 1 General process of the tests

The general process of conducting this trial was as
follows. Firstly, Ce/Si/Ti oxide powder was prepared
in the reactor. Then, the defoamer, anti-settling agent,

and film-forming additives were mixed with the resin
in proportion. After that, the functional materials were
dispersed in the resin and dispersed with a disperser
at the same time to form the paint required for the
test. Next, a coating of paint was applied to the top
surface of the concrete specimen in accordance with
GB/T 1727-2021 (SAMR, 2021). Then, the coating
adhesion strength was tested according to ASTM
D4514-12 (ASTM, 2012) and GB/T 5210-2006
(AQSIQ, 2006). Afterwards, temperature sensors
were placed in the concrete specimens and a thermal
insulation membrane was applied to the bottom and
sidewalls of the specimens. Finally, the thermal insu-
lation of the coating was tested with four levels of tem-
perature loading: 50, 55, 60, and 66 °C, with each heat
cycle being 4 h and the total test cycle being 16 h.

3.2 Infrared heating device and specimen

To investigate the internal temperature distribu-
tion law of concrete under the protection of coating,
the sunlight simulation device (Fig. 2) developed by Su
et al. (2023) was used to simulate the real light and
heat environment. A concrete specimen with the size
of 20 cm*20 cmx20 cm was used to test the insulation
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effect of the coating, and the temperature sensors
were deployed in the interior of the concrete speci-
men, and the specific arrangement scheme is shown
in Fig. 3.

Sunlight simulator

Temperature

Thermal control box

insulation |

l N Infraréd light Coating|| | |

| | transmitter |

Reflective |
box I @\

l | Switc

l |

l i::j;:gln E%rl?::éi WH Data

e bt T T collector
o (-_ 7@"§ Tu“'—k

Fig. 2 Solar simulation system in the tests: (a) schema;
(b) physical drawing

’ /Coating

Concrete
specimen

Temperature
sensor

Fig. 3 Layout of the temperature sensors T1-T6 (unit: mm)

4 Results and discussion
4.1 Fourier transform infrared (FTIR) spectros-
copy analysis

Fig. 4 illustrates the FTIR spectra of TiO, and
Ce/Si/Ti oxide powders, where 468.25 cm™ is the

symmetric stretching vibrational absorption peak of
Si—O-Si, 713.03-873.14 cm™ is the symmetric stretch-
ing vibrational absorption peak of Ti—~O-Ti and Ti-O,
1117.92 cm™ is the vibrational absorption peak of Ce-
0, 1419.13-1636.30 cm™" is the symmetric vibrational
absorption peak of O-H in water, and 3436.22 cm™
is the antisymmetric telescopic vibrational absorption
peak of O—H in water.

120
100
;\? 1
o 80
(]
=
©
= 60
& ; 1428.33
& aof 3, &4 343622
= Ti-O $1419.13 O-H
1117.92 O-H 3481'._‘31
20r__tip, CeO =
- — - Ce/SilTi oxide
0 1 1 L L 1 L 1
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™')

Fig. 4 FTIR spectra of TiO, and Ce/Si/Ti oxide powder

Comparison of the infrared (IR) spectra of titani-
um oxide and Ce/Si/Ti oxide reveals that the absorp-
tion peaks of hydroxyl groups become weaker after
surface modification of titanium oxide, indicating a
reduction in the water absorption of the surface modi-
fied titanium oxide (Ce/Si/Ti oxide). There are strong
Ti—O and Ti—O-Ti absorption peaks on the surface of
titanium oxide, by contrast the Ti—O and Ti—-O-Ti
absorption peaks on the surface of Ce/Si/Ti oxide are
substantially less intense. Strong Si—O-Si and Ce—O
absorption peaks appear on the surface of Ce/Si/Ti
oxide, indicating that the TiO, surface is wrapped with
SiO, and CeO, shells during the preparation of Ce/Si/
Ti oxide. Fig. 4 shows that the reduction of hydrophilic
groups on the surface of the Ce/Si/Ti oxides results
in less adsorption of water and therefore the Ce/Si/Ti
oxides are more easily dispersed and less prone to ag-
glomeration when added to paints.

4.2 Optical characterization

The light reflectivity and light shielding proper-
ties of TiO, and Ce/Si/Ti oxide are shown in Figs. 5
and 6. As can be observed from Fig. 5, the reflectance
of Ce/Si/Ti oxide for visible and far-infrared light is
slightly reduced by up to 5% due to the sealing of
Si0, and CeO, on the TiO, surface. The reflectance of
Ce/Si1/Ti oxide is about equal to that of TiO, in the



near-infrared (NIR) region, and the reflectance of Ce/
Si/Ti oxide in the UV region is twice that of TiO,. The
reflectance patterns of Ce/Si/Ti oxide and TiO, for dif-
ferent wavelengths of light are generally consistent.
Compared to TiO,, Ce/Si/Ti oxide has significantly
enhanced the reflectance for UV light and slightly re-
duced the reflectance for visible and IR light, but the
reduction in reflectance for visible and IR light is less
than 5%. In Fig. 6, it can be observed that the devel-
opment pattern of absorption rate of Ce/Si/Ti oxide
and TiO, for different wavelengths of ultraviolet B
(UVB) is basically the same. However, the absorption
ability for UVB of Ce/Si/Ti oxide is significantly im-
proved and is twice as high as that of TiO,; the maxi-
mum absorption rate for UVB of Ce/Si/Ti oxide is
82%, while that of TiO, is 40%. UVB is the main fac-
tor leading to the ageing and cracking of the coating
and the reduction of the thermal insulation capacity of
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Fig. 5 Reflection spectra of TiO, and Ce/Si/Ti oxide powder.
VIS: visible; SW-NIR: short wave near-infrared; LW-NIR:
long wave near-infrared
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Fig. 6 Absorption spectra of TiO, and Ce/Si/Ti oxide powder.
UVA: ultraviolet A; UVC: ultraviolet C
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the coating. The absorption of UVB by TiO, is only
30%, while that by Ce/Si/Ti oxide is as high as 70%.
In conclusion, the Ce/Si/Ti oxide without affecting its
anti-thermal ability, not only has the excellent heat re-
flectivity of TiO,, but also possesses the thermal sta-
bility of SiO, and the UV shielding property of CeO,,
and thus can effectively reduce the adverse effect of
UVB on the durability of the coating and extend the
service life of the coating.

4.3 Temperature control efficiency
4.3.1 Heating process

Fig. 7 demonstrates the internal temperature vari-
ation rules of concrete specimens with different coat-
ings. With the change of ambient temperature, the
temperature variation rules and values of TS and T6
are always similar. The surface temperature of the un-
coated specimen rises faster, and the temperature dif-
ference between T1-T6 is larger, due to the fact that
concrete is a poor conductor of heat. When the sur-
face of the concrete is heated, the surface temperature
of the concrete will rise rapidly and be equal to the
ambient temperature, while the internal temperature
of the concrete rises slower with the increase of the
depth, and this is also the main reason for the crack-
ing of high-speed railroad track slab. By spraying a
coating material on the surface of the concrete to
impede the absorption of heat from the surface of
the concrete, the temperature difference and the
rate of temperature rise within the concrete are re-
duced. Comparing the test results of the uncoated
specimen with the S1-S4 specimens, it is easy to
find that the availability of the coating reduces the
amount of heat transfer from the concrete surface
or reduces the rate of heat entering the concrete
specimens.

By comparing S1 and S3, S2 and S4 separately, it
can be obtained that the cooling effect of Ce/Si/Ti ox-
ide coating as a top layer is about the same as that of
TiO, coating as a top layer, indicating that although
the Ce/Si/Ti oxide surface is covered by SiO, and
CeO,, resulting in a reduction of its IR reflectance by
about 2%, the macroscopic heat reflectivity of Ce/Si/
Ti oxide is not affected.

The temperature rise process at different depths
within the heat reflective coated specimens is shown
in Fig. 8. Comparison of S5-S9 shows that the same
content of TiO, and Ce/Si/Ti oxide heat reflective
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Fig. 7 Temperature variation of thermal insulation coating specimens: (a) uncoated concrete; (b) S1; (c¢) S2; (d) S3; (e) S4

coatings have basically the same effect on the surface 4.3.2 Temperature difference

cooling of concrete specimens and are capable of re- . .
& P P The internal temperature difference of the con-

crete specimens can be calculated according to Eq. (1)
and the results are shown in Fig. 9.

ducing the surface temperature of concrete by 6—
16 °C. By comparing Figs. 7 and 8, it is found that the
surface cooling effect and reduction of temperature
gradient is better with the heat reflective coating. This AT =T —~T,.,, (1)
is because the heat in the concrete comes mainly from

solar radiation and ambient heat exchange, and the  where i is the temperature sensor measurement point
concrete gets more heat from solar radiation; thus, the  number, A7] is the internal temperature difference of
cooling effect of the heat reflective coating will be  the concrete, and 7] is the concrete temperature at dif-
better. ferent depths.
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Fig. 8 Temperature variation of thermal reflective coating specimens: (a) S5; (b) S6; (¢) S7; (d) S8; (e) S9; (f) S10

The cumulative temperature difference within
the uncoated concrete specimens is as high as 23.1 °C
and the surface temperature difference is less influ-
enced by the ambient temperature, which indicates
that the thermal conductivity of concrete is less influ-
enced by the ambient temperature. S1-S4 are reflec-
tive thermal insulation coatings; S1 and S2 have large
changes in the internal temperature gradient of con-
crete with the increase of ambient temperature, with
AT, having the greatest changes with the increase of
ambient temperature, increasing by 60% and 30%, re-
spectively; while S3 and S4 have smaller changes in

the accumulated temperature difference with the am-
bient temperature, with the accumulated tempera-
ture difference increasing by 0.36 °C for every 1 °C
rise of the average ambient temperature. This is be-
cause, compared with TiO,, the Ce/Si/Ti oxide surface
compounded with SiO, improves the overall thermal
stability of the coating. S5—S10 are reflective coatings
and a comparison of S5-S8 reveals that the Ce/Si/
Ti oxide content is non-linear with the change in
temperature gradient inside the concrete. The cumula-
tive temperature difference inside the concrete is the
lowest when the Ce/Si/Ti oxide contents are 33%
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Fig. 9 Temperature gradient in concrete specimens

and 40% (S6 and S7). Comparing S1, S2, S10 and
S3, S4, S8 respectively, it was found that the cumu-
lative temperature difference of the thermal insula-
tion coatings (S1-S4) was 1.3-2.0 times higher than
that of the heat reflective coatings (S8 and S10). This
is because the heat inside the concrete in a short peri-
od of time originates mainly from infrared radiation
and the heat reflective coating is more conducive to
reducing the temperature difference inside the con-
crete, reflecting that the TiO, and Ce/Si/Ti oxide con-
tents have less influence on the temperature gradient.

4.4 Adhesion strength

The damage of the coatings in the adhesion test
is shown in Fig. 10. S1, S2, S4, and S7 coatings are
separated from the base concrete, which are adhesion
damage; S3, S5, S6, S8, S9, and S10 coatings are
pulled apart, which are cohesion damage. The pattern
of coating damage shows that the results of the coat-
ing adhesion tests give a true and valid indication of
the adhesion of coatings S1-S10.

S6 S10

Fig. 10 Failure phenomenon of the coating

The coating adhesion strengths are shown in
Fig. 11, where the lowest adhesion strengths are found
for the thermal insulation coatings (S1-S4). In partic-
ular, when silica aerogel is added to the coatings, the
coating adhesion strength decreases by 53%—57%. The
adhesion strength of the reflective coatings (S5-S10)

is greater, and the adhesion strength of the Ce/Si/Ti
oxide coatings (S7) is higher than that of the TiO,
coatings (S9 and S10). The adhesion strength of the
Ce/Si/Ti oxide (S5-S8) varies non-linearly with the
increasing Ce/Si/Ti oxide content, and the coating
adhesion strength is the greatest when the Ce/Si/Ti
oxide content is 40% (S7). In Fig. 10, the S7 coating
is pulled apart completely when the coating is broken
in the adhesion strength test, and it is confirmed that
the interlayer bonding of the S7 coating is even better.

T
12 - 11.53 B

N

Adhesion strength (MPa)

O T T T T 5 T T T T T
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Group

Fig. 11 Adhesion strengths of the coatings

5 Engineering application

To investigate the cooling effect of the coating
on the track slab, a numerical calculation model pro-
posed by Su et al. (2023) was used to analyze the dis-
tribution law of the internal temperature and deforma-
tion of the track slab under the protection of the coat-
ing. The initial ambient temperature in the calculation
is 20 °C and the maximum temperature is 50 °C. Tem-
perature calculation time is 4 h. Material parameters
used in the calculation are shown in Table 3.

5.1 Model verification

To verify the rationality of the computational
model in this study, the temperature distribution of
concrete specimens under 50-°C ambient temperature
was calculated and compared with the results of labora-
tory tests. The simulation results are shown in Fig. 12.

Fig. 12 compares the test results with the numeri-
cal calculations, and it is found that the difference be-
tween the internal temperature of the concrete speci-
mens measured in the laboratory and the numerical
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Table 3 Material properties

Heat transfer Thermal

Component Density Elastic Poisson’s Thermal conductive coefficient expansion
(kg/m’) modulus (Pa) ratio  coefficient (W/(m-K)) (W/(m>K))  coefficient (K~
Track slab 2500 3.6x10" 0.20 1.280 150.0 1x107°
Cement asphalt (CA) mortar 1500 9.0x10° 0.34 0.930
Supporting layer 2550 2.5%10" 0.20 1.800 1x107
Thermal insulation layer 300 5.0%10° 0.085 10.0
Coating 2300-2460 1.2-9.7
55 55 .
(a) —a— Uncoated concrete in test (b) —o—Stintest
50 - - Uncoated concrete in simulation 50 + - - S1insimulation
G 45 %) 45r
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Fig. 12 Comparison of simulation and test results: (a) uncoated concrete; (b) S1; (c¢) S3; (d) S5

calculations is less than 7%, indicating that the numer-
ical model is reliable and can accurately reflect the in-
ternal temperature of the concrete.

5.2 Temperature distribution of the track slab

The central cross-section of the track slab has a
large temperature difference and, in engineering prac-
tice, thermal stresses and thermal deformations are
generated inside the track plate during the hot sum-
mer. They result in arching of the track plate and thus
damage to the ballastless track structure, where the
centre of the track plate has the largest deformation and
is the most easily damaged. The central cross-section

of the track slab is thus chosen as a typical interface
for analyzing the temperature distribution of the track
slab under different conditions. The temperature distri-
bution of the track slab without coating is shown in
Fig. 13a; the temperature of the outer surface of the
track slab is equal to the external ambient temperature
and the temperature decreases sharply inwards, re-
sulting in a large difference between the internal and
surface temperatures of the track slab. According to
Figs. 13b-13d, the surface temperature of the track
slab decreases by different amounts after the coating
is applied, and the highest temperature points appear
at four corners of the track slab.
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Fig. 13 Temperature distribution of track slab: (a) uncoated
concrete; (b) S7; (¢) S8; (d) S10 (unit: °C)

Calculation results of the track slab temperature
under different conditions are shown in Table 4. With-
out coating, the internal temperature difference of the
track slab is as high as 29.62 °C. The coating can re-
duce the difference between the surface and internal
temperatures of the track by 11.54—21.31 °C. Among
them, S7 and S8 coatings have the best cooling effect,
and can reduce the internal temperature differences
of the track slab by 69.1% and 71.9% and the surface
temperatures by 41.6% and 43.3%, respectively.

5.3 Deformation characteristics of the track slab

The layer has a different degree of relief to the
deformation of the track slab and the specific values
of the track slab deformation are shown in Table 5.
In Table 5, the track slab coating can reduce the

deformation of the track slab by about 35% to 70%,
among which S7 and S8 coatings are the most effec-
tive in controlling the deformation of the track slab,
reducing the deformation of the track slab by 66.0%
and 69.8%, respectively, which is consistent with the
results of the track slab temperature calculation.

In summary, the S7 coating has excellent temper-
ature shielding properties, good adhesion properties,
and track slab deformation control; therefore, the S7
coating is the most suitable as a thermal insulation
coating for high-speed railway track slabs.

6 Conclusions

In this study, a composite titanium oxide heat re-
flective material was developed; different coatings
were designed; laboratory samples were prepared. A se-
ries of indoor tests were carried out to test the thermal
reflectivity, temperature control, and adhesion strength
of the coating. The following conclusions were ob-
tained from this study.

1. Ce/Si/Ti oxide has an IR reflectivity of 95%
and can absorb more than 65% of UV light. The com-
posite titanium oxide has good thermal reflectivity,
thermal stability, and UV light shielding properties.

2. The test results show that the strong reflective
coating can better reduce the temperature of the con-
crete surface and reduce the temperature difference in-
side the concrete. Ce/Si/Ti oxide can reduce the con-
crete surface temperature by 25% and can reduce the
temperature difference inside the concrete by 15 °C;
its cooling ability is not affected by the ambient tem-
perature and has good thermal stability.

Table 4 Summary of temperature calculation results of the track slab

Load condition

Surface temperature (°C) Bottom temperature (°C) Edge temperature (°C)

Internal temperature

difference (°C)
Uncoated concrete 50.00 20.38 50.00 29.62
N 34.36 20.21 40.48 14.15
S2 34.34 20.12 40.42 14.22
S3 32.74 20.10 39.48 12.64
S4 31.19 20.08 37.79 11.11
S5 35.85 20.16 42.94 15.69
S6 37.78 20.15 44.65 17.63
S7 29.22 20.07 35.36 9.15
S8 28.37 20.06 34.11 8.31
S9 3491 20.14 41.72 14.05
S10 38.27 20.19 44.77 18.08




Table 5 Deformation calculation results of the track slab

Deformation

Load condition .
reduction rate (%)

Deformation (mm)

Uncoated concrete 1.06
S1 0.53 50.0
S2 0.50 52.8
S3 0.49 53.8
S4 0.43 59.4
S5 0.60 43.4
S6 0.67 36.8
S7 0.36 66.0
S8 0.32 69.8
S9 0.56 47.2
S10 0.68 35.8

3. The coating adhesion test shows that the intro-
duction of hollow glass beads and aerogel materials
will reduce the adhesion strength of the coating and
that the adhesion strength of Ce/Si/Ti oxide coating
has a non-linear relationship with its content; when the
content of Ce/Si/Ti oxide is 40%, the strength reaches
the maximum of 11.53 MPa.

4. The finite element calculation results show
that the coating can reduce the surface temperature
and internal temperature difference of the track slab
by 11.54-21.31 °C. When the Ce/Si/Ti oxide content
is 40%—50%, the cooling effect of the coating is ex-
cellent. It can reduce the surface temperature of the
track slab by about 40%, the temperature difference
by about 70%, and the vertical displacement of the
track slab by about 70%.

5. Taking into account the thermal insulation rate
of the coating, the internal temperature difference of
the concrete, and the adhesion strength of the coating,
as well as the deformation control effect of the track
slab, the optimal amount of Ce/Si/Ti oxide is 40%
and that coating is the most suitable for the thermal in-
sulation coating of the track slab.
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