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Plasma spraying technology, known for its efficient surface enhancement capabilities, has
been widely applied in aerospace, automotive manufacturing, and power generation. Iron-
based coatings, due to their superior mechanical properties and wear resistance, have
become important materials in these fields. However, under extreme working conditions
such as high temperatures, high speeds, and heavy loads, the thermal conductivity of the
coating directly affects its service life and stability. Therefore, studying the thermal
conductivity of plasma-sprayed iron-based coatings is of great significance. Currently,
research on the thermal properties of plasma-sprayed coatings primarily focuses on the
surface thermal conductivity, neglecting the complex coupled heat transfer mechanisms
within the coating. Moreover, existing research methods often rely on empirical formulas
or simplified models, making it challenging to comprehensively reflect the thermal
conductivity behavior under actual working conditions. This is especially true in high-
temperature and high-pressure environments where the limitations of these methods are
more pronounced. This paper establishes a coupled heat transfer model for plasma-sprayed
iron-based coatings to explore their thermal conductivity under different working
conditions. The study comprises three parts: first, the mathematical derivation of the
coupled heat transfer model within the plasma-sprayed iron-based coating; second, the
determination of conduction boundary conditions and the calculation of heat transfer
coefficients; third, the simulation results of the thermal conductivity characteristics of the
plasma-sprayed iron-based coating. This research not only fills the gaps in existing studies
but also provides reliable theoretical support and data reference for practical engineering
applications.

1. INTRODUCTION

coating, its application efficiency can be effectively improved,
the service life of the equipment can be extended, maintenance

Plasma spraying technology, as an efficient surface
strengthening method, has been widely used in the field of
materials engineering [1-4]. Iron-based coatings, due to their
excellent mechanical properties and wear resistance, are
widely used in aerospace, automotive manufacturing, power
generation, and other industrial fields [5-9]. However, as the
working environment becomes increasingly harsh, especially
under extreme conditions such as high temperature, high speed,
and heavy load, understanding the thermal conductivity of
iron-based coatings becomes particularly important. This not
only helps to improve the durability and stability of the
coatings but also provides a theoretical basis for their
optimized design in different application fields.

Studying the thermal conductivity of plasma-sprayed iron-
based coatings has important practical significance. On the one
hand, a thorough understanding of the internal heat conduction
mechanism of the coating can help engineers better predict the
performance of the coating under extreme working conditions
and avoid failure caused by thermal stress [10-13]. On the
other hand, by optimizing the thermal conductivity of the
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costs can be reduced, and economic benefits can be enhanced.

Although there have been many studies on the thermal
properties of plasma-sprayed coatings, most of them are
limited to the thermal conductivity of the coating surface and
ignore the complex coupled heat transfer mechanism inside
the coating [14, 15]. In addition, the existing research methods
are mostly empirical formulas or simplified models, which are
difficult to comprehensively reflect the thermal conductivity
behavior under actual working conditions [16-19]. Especially
in high-temperature and high-pressure environments, the
limitations of these methods are more obvious, and they lack
accurate calculations of heat transfer boundary conditions and
heat transfer coefficients, resulting in limited accuracy and
reliability of the research results [20-22].

This paper aims to explore the thermal conductivity of
plasma-sprayed iron-based coatings under different working
conditions by establishing a coupled heat transfer model. The
main research content includes three parts: first, the
mathematical derivation of the coupled heat transfer model
within the plasma-sprayed iron-based coating, establishing an
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accurate mathematical model through theoretical analysis;
second, the determination of conduction boundary conditions
and the calculation of heat transfer coefficients, ensuring the
accuracy and applicability of the model; third, the simulation
results of the thermal conductivity characteristics of the
plasma-sprayed iron-based coating, verifying the effectiveness
of the model through numerical simulation methods. Through
these studies, not only can the gaps in existing research be
filled, but also reliable theoretical support and data references
can be provided for practical engineering applications, which
has important academic value and engineering application
prospects.

2. MATHEMATICAL DERIVATION OF THE
COUPLED HEAT TRANSFER MODEL FOR PLASMA -
SPRAYED IRON-BASED COATINGS

In the industrial sodium production process, the cathode
tube is one of the critical components, enduring long-term
exposure to high temperatures and strong corrosive
environments. Therefore, the cathode tube is prone to thermal
deformation and corrosion failure, leading to a shortened
service life. Once a local defect appears in the cathode tube, it
usually results in the scrapping of the entire component,
causing significant waste and substantially increasing
production costs. Thus, effectively repairing the defects on the
inner wall of the cathode tube and extending its service life
have become urgent technical challenges in the field of
industrial sodium production. This paper explores the
application of plasma spraying technology in the repair of
industrial sodium cathode tubes, specifically studying the
thermal conductivity of plasma-sprayed iron-based coatings.
Plasma spraying is an advanced surface modification
technology that melts materials at high temperatures and

sprays them onto the substrate surface, forming a dense and
strongly adherent coating. Compared to traditional repair
methods, it has a series of significant advantages. Specifically,
plasma spraying technology can quickly form a uniform iron-
based coating on the inner wall of the cathode tube, effectively
covering and filling surface defects, restoring its integrity and
function. At the same time, iron-based coatings have good
thermal conductivity, which can effectively alleviate the
thermal stress of the cathode tube in high-temperature
environments and reduce the occurrence of thermal
deformation. Plasma spraying technology can also form a
highly adherent coating on the inner wall of the cathode tube,
ensuring that the coating is not easy to peel off in high-
temperature and corrosive environments. Figure 1 shows a
schematic diagram of the plasma-sprayed iron-based coating.
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Figure 1. Schematic diagram of plasma-sprayed iron-based
coating

The study of the thermal conductivity of plasma-sprayed
iron-based coatings is a complex process involving the
microstructural characteristics, physical properties, and
thermal radiation properties of the coating. The mathematical
modeling of coupled heat radiation and heat conduction plays
a crucial role in this study, providing an in-depth
understanding and quantitative analysis of the internal heat
transfer mechanism of the coating.

Table 1. Physical parameters of plasma-sprayed iron-based coating

Temperature °C Density  Specific Heat Capacity Thermal Conductivity Thermal Expansion Elastic Modulus Poisson's
Kg.m? J.Kgtec! W.mL.eC? Coefficient 106.°C! GPa Ratio
20 520 9.5 15 168 0.25
200 820 9.5 16 128 0.26
400 890 9.6 17.2 115 0.27
600 6910 1110 10.2 17.6 83 0.3
800 1110 11.2 18 47 0.31
1000 1350 14 184 9.3 0.37
1070 1350 21 18.6 1 0.37
1100 1350 21 19.2 1 0.37

Due to the rapid cooling and solidification of the metal
particles melted at high temperatures during the spraying
process on the substrate surface, the coating often presents a
layered structure and may contain pores and microcracks.
These microstructural characteristics significantly affect the
thermal conductivity because they change the thermal
conduction paths and heat dissipation efficiency. Moreover,
the physical properties of iron-based coatings, such as thermal
conductivity and specific heat capacity, are key parameters
affecting their thermal conductivity. Since the thermal
conductivity of iron-based coatings may change with
temperature, it is necessary to accurately describe the
temperature dependence of these physical properties in steady-
state heat conduction problems. Additionally, the thermal
radiation properties of iron-based coatings cannot be ignored
in high-temperature environments. Thermal radiation not only
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affects the heat flow exchange on the surface of the coating
but also may transfer heat within the coating through radiation.
Therefore, establishing an accurate mathematical model can
help us understand and quantify the impact of the
microstructural characteristics of plasma-sprayed iron-based
coatings on thermal conductivity while systematically
incorporating their physical properties into the heat conduction
equations, thereby precisely predicting the internal
temperature distribution of the coating.

Specifically, this paper derives the relationship between
spectral radiance H(c) and temperature S(c), the relationship
between the surface temperature S(0) and the total heat flux
wror of the coating, and the relationship between temperature
S(c) and wror, S(0), Hyc). The mathematical model can
systematically integrate these influencing factors, providing a
comprehensive description of coupled heat conduction and



thermal radiation heat transfer. This model can not only
explain current experimental data but also predict the thermal
conductivity behavior of the coating under different conditions,
providing theoretical support for optimizing the preparation
process and improving performance.

The relationship between spectral radiance Hy(c) and
temperature S(c) is fundamental to understanding the thermal
radiation behavior inside the coating. According to Planck's
law, the radiance at each wavelength depends on temperature.
Therefore, the temperature distribution S(c) within the coating
will directly affect the spectral radiance H(c) at each
coordinate position c. Due to the presence of pores and cracks
in the microstructure of plasma-sprayed iron-based coatings,
these inhomogeneities will cause scattering and absorption of
radiation, thereby affecting the radiation transmission path. By
incorporating these microstructural characteristics into the
model, the transfer process of thermal radiation within the
coating can be more accurately described. Assuming that the
refractive index of the bottom layer (7-th layer) of the plasma-
sprayed iron-based coating is represented by v, the function
mapping coordinate ¢ to the corresponding layer number is
represented by m(c), the Stefan-Boltzmann constant in
blackbody radiation is represented by 0, the ratio of the radiant
energy contained in the wavelength band 4, to the total radiant
energy in blackbody radiation at temperature S is represented
by D(4,,S), the total thickness of the plasma-sprayed iron-
based coating is represented by £, and the thickness of the u-th
layer of the plasma-sprayed iron-based coating is represented
by f., the following differential equation is given for the
spectral radiance Hy(c) in the wavelength band /4; at
coordinate zc:
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The reflectivity on the outer and inner sides of the coating
surface is represented by 3, and $,, respectively, and their
calculation formulas are as follows:
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The relationship between the surface temperature S(0) and
the total heat flux wror is the key to defining the overall heat
transfer performance of the coating. According to Fourier's
law, the heat flux density in the conduction process is
proportional to the temperature gradient, and the surface
temperature S(0) is the boundary condition of this temperature
gradient. The thermal conductivity of plasma-sprayed iron-
based coatings may vary with temperature and microstructure,
so it is necessary to determine the effective thermal
conductivity of the coating through experimental data or
theoretical analysis. Combining this information, the
relationship between the total heat flux wror and the surface
temperature S(0) can be established to describe the heat flow
conduction behavior of the coating under steady-state
conditions. Specifically, suppose the temperature of the
substrate below the plasma-sprayed iron-based coating in
actual applications is F. This paper first constructs the heat
balance equations at the two boundaries ¢=0 and c=F+f of the
coating-substrate, further deriving the relationship between
S(0) and wror. Suppose the convective heat transfer
coefficients between the upper surface of the plasma-sprayed
iron-based coating and the solution, and the lower surface of
the substrate and the external airflow are represented by g; and
2, the thermal conductivity of the plasma-sprayed iron-based
coating is represented by j,, the thermal conductivity of the
substrate is represented by j,, and the thermodynamic
temperatures of the solution above the coating and the external
airflow of the substrate are represented by Scs and Sco
respectively, then we have:
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The expressions of matrices X and Y are:
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The relationship between temperature S(c) and wror, S(0),
Hji(c) is the core of the entire mathematical model. By solving



the heat conduction equation and the radiation transfer
equation, the internal temperature distribution S(c) of the
coating can be expressed as a function of the total heat flux,
surface temperature, and spectral radiance. The coupled heat
conduction and thermal radiation heat transfer process of
plasma-sprayed iron-based coatings needs to consider the
thermal physical parameters of the material, such as the
temperature dependence of the thermal conductivity and
specific heat capacity, as well as radiation characteristic
parameters such as the radiation absorption coefficient and
scattering coefficient. These parameters can be obtained
through experimental measurements or numerical simulations
and comprehensively processed in the model to accurately
describe the complex heat transfer mechanism within the
coating.

Under the known conditions of g, 7(0), and Gi(z), the
temperature distribution S(c¢) within the plasma-sprayed iron-
based coating can be calculated by the following formula:

S(c)=S(0)- >, (10)

u=1

o, Mol
ju jrn(c)

Based on Fourier's law of heat conduction, the temperature
distribution S(c¢) within the substrate can be calculated based
on the thermal conductivity j, of the substrate. Furthermore,
the temperature distribution within the plasma-sprayed iron-
based coating-substrate system can be obtained. Figure 2
shows the temperature curves in different directions of the
plasma-sprayed iron-based coating-substrate system.
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Figure 2. Temperature curves in different directions of the
plasma-sprayed iron-based coating-substrate system °C

To achieve the coupled heat transfer solution within the
plasma-sprayed iron-based coating, this paper introduces an
iterative method. The core idea of this method is to gradually
approach the temperature distribution within the coating to
accurately describe the thermal conductivity of the coating.
This method ignores the effect of thermal radiation and only
considers the heat conduction process under convective
boundary conditions on both sides to obtain the initial
temperature  distribution. After obtaining the initial
temperature distribution S(c)?, the next step is to calculate the
upper surface temperature S(0)* of the coating, the total heat
flux w7z, and the radiation amount Hu(c)® in each
wavelength band. These initial values are determined by the
preliminary solution of the heat conduction equation and the
radiation transfer equation, reflecting the heat transfer state
without considering the effect of radiation. Subsequently,
these initial values are substituted into the equations that
comprehensively consider the coupled effect of thermal
radiation and heat conduction to recalculate the temperature
distribution S(c¢)" within the coating. Through such iterative
processes, using the temperature distribution obtained from
the previous calculation and the related radiation and heat flux
parameters each time, the temperature distribution within the
coating is updated. Each iteration gradually approaches the
temperature field in the actual situation until the temperature
distribution S(c) converges, meaning that the temperature
change between two iterations tends to zero. When the
temperature distribution converges, it indicates that a stable
solution has been found, and the coupled heat transfer problem
is solved.

3. DETERMINATION OF CONDUCTIVE BOUNDARY
CONDITIONS FOR PLASMA-SPRAYED IRON-BASED
COATINGS

When conducting thermal conductivity simulation analysis
of plasma-sprayed iron-based coatings, especially in
considering the application scenario of repairing the inner wall
of industrial sodium cathode tubes, determining the
conductive boundary conditions is a crucial step. These
boundary conditions directly affect the accuracy of the
simulation results and the effectiveness of practical
applications. Based on the study of the thermal conductivity of



plasma-sprayed iron-based coatings and considering the
chemical composition of the materials and the application
environment, this paper details the basic principles of
constructing conductive boundary conditions.

Firstly, it is necessary to clarify the working environment of
the industrial sodium cathode tube and its thermal conduction
characteristics. The inner wall is in direct contact with high-
temperature sodium liquid, which means that the primary heat
transfer mode for the inner wall is convective heat transfer.
The temperature and convective heat transfer coefficient of the
sodium liquid are key parameters. Meanwhile, the outer wall
is usually in contact with ambient air, and the convective heat
transfer coefficient and ambient temperature of the air also
need to be determined. Besides convective heat transfer,
thermal radiation is another important factor that needs to be
considered. Due to the high temperature of the coating,
radiative heat flux cannot be ignored. The Stefan-Boltzmann
law is used to describe radiative heat flux, and the emissivity
of the coating and the Stefan-Boltzmann constant are key
parameters for describing radiative heat flux. In terms of
chemical composition, the coating mainly consists of iron and
other elements (such as C, Cr, Si, Ni, Mn), which affect the
thermal conductivity and radiation properties of the coating.
Referencing the chemical composition of the coating (50 kg):
C greater than 0.2%, Cr less than 17.5%, Si less than 0.75%,
Ni less than 0.6%, Mn less than 1%, Fe balance, the
proportions of these components directly impact the thermal
physical parameters of the coating. Therefore, when
constructing boundary conditions, it is necessary to
comprehensively consider the impact of these components on
the thermal conductivity of the material.

In the study of the thermal conductivity of plasma-sprayed
iron-based coatings, constructing a three-dimensional
transient heat conduction model and its corresponding
boundary conditions is a core step. The transient behavior of
heat conduction refers to the change of temperature with time
and space, which needs to be described by a mathematical
model. In this process, determining the heat exchange mode of
the coating surface and its environment is key. In the three-
dimensional transient heat conduction process, this paper uses
the function 6=6(a,s) to characterize the temperature field,
which is a function of space a={a,b,c)” and time s within the
coating domain ?. Assume the thermal conductivity of the
coating along the a, b, and ¢ directions is represented by ja, js,
and j., respectively, the specific heat capacity of the coating is
represented by z, the density of the coating is represented by 9,
and the heat source density within the domain is represented
by W, W=WI(a,s). The temperature field satisfies the partial
differential equation shown below:

o(.00Y o0(.00) 0. 00

a1t b= |t )=
oa oa) ob ob) oc oc
00

=pl—-MW(aeV¥
pr_-MW(ac¥)

(11

Boundary conditions include the following three types:

First type: The case of given boundary temperature 6=6
(a€4,) applies when the temperature of the boundary of the
plasma-sprayed iron-based coating is explicitly known and
does not change. In some applications, part of the coating may
be in direct contact with a part or medium with a constant
temperature, in which case we can directly set this temperature
value in the boundary condition. Assuming that the entire
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boundary of the coating domain ¥ is represented by 4,
A=0V=A1+4,+43, the expression is:

0=0(aeA,) (12)

Second type: The case of given boundary heat flux density
applies when the heat flow on the boundary of the plasma-
sprayed iron-based coating is known. Heat flux density refers
to the amount of heat flow per unit area, which usually occurs
in the case of a known heat source or cooling device. If there
is a known heat source continuously supplying heat to the
coating surface, the heat flux density can be used as a boundary
condition. Assuming that the unit outward normal vector on
the boundary of the plasma-sprayed iron-based coating is
represented by v, v={v, (4),vs(v),vc (4)}, and the boundary heat
flux density of 4, is w, w=w(4,s), the expression is:

0 .
——Vath

i 0 00
? da

b (13)

. 00
b+Jc§vc =w(aeA,)

Third type: The case of heat exchange with a fluid at a
certain temperature applies when the boundary of the plasma-
sprayed iron-based coating exchanges heat with the
environment through convection and radiation. In practical
applications, a surface of the coating may be exposed to air or
in contact with cooling liquid, in which case the boundary
condition needs to consider not only the temperature change
but also the heat transfer coefficient, ambient temperature, and
radiation effects. Assuming that the convective heat transfer
coefficient is represented by g, and the cold source
temperature is represented by 6x, 6:=6. (43,s), the expression
is:

el
oa

00 . 00
Vb + Jc Vc
ab oc

ja Va+jb g =(0x_9)(a6A3) (14)

By combining these three types of boundary conditions, it
is possible to simulate in detail the thermal conduction
behavior of the coating in actual working environments,
helping to predict the temperature distribution and thermal
stress of the coating under different operating conditions,
thereby optimizing material selection and spraying processes,
and improving the performance and durability of the coating.
Specifically, in the application of industrial sodium cathode
tubes, the inner wall requires the application of given
boundary temperature conditions, while the outer wall needs
to consider the heat exchange with ambient air. This
comprehensive method of constructing boundary conditions
ensures the accuracy and practicality of the thermal
conduction model.

The study of the thermal conductivity of plasma-sprayed
iron-based coatings aims to evaluate and optimize the thermal
conduction behavior of the coating in high-temperature
environments, with the core being the accurate calculation of
the heat transfer coefficient. The calculation of the heat
transfer coefficient involves multiple aspects, including the
microstructural characteristics, physical properties, and
thermal radiation properties of the coating. In terms of
microstructural characteristics, the plasma spraying process
usually forms microscopic pores and cracks within the coating,
which can reduce the overall thermal conductivity of the
coating. Specifically, pores in the coating increase thermal
resistance, while cracks may make the thermal conduction



path discontinuous, thereby reducing thermal conductivity
efficiency. In terms of physical properties, iron (Fe) in the
iron-based coating mainly provides the structural strength and
thermal conductivity of the matrix, while the presence of
elements such as carbon (C) and chromium (Cr) increases the
hardness and wear resistance of the coating but may also affect
its thermal conductivity. For example, a high content of
chromium (Cr) forms hard carbide phases, which, although
improving wear resistance, typically have lower thermal
conductivity than the pure iron matrix, thereby reducing the
overall thermal conductivity of the coating. In terms of thermal
radiation properties, the surface roughness of the iron-based
coating and the presence of an oxide layer can change its
radiation properties. Generally, coatings with higher surface
roughness have higher radiation absorption rates, while oxide
layers increase the radiation emissivity of the coating.
Therefore, when calculating the heat transfer coefficient, it is
necessary to comprehensively consider the thermal radiation
properties of the coating, especially its radiation behavior in
high-temperature environments. Assuming that the heat
transfer per unit area is represented by w, the convective heat
transfer coefficient is represented by g, and the average
temperature difference between the fluid and the unit heat
transfer surface is represented by As, the heat transfer
coefficient can be calculated using Newton's cooling formula:

W=gAs (15)

Assuming the thermal conductivity of the fluid involved in
heat transfer is represented by #, the Prandtl number of the
fluid is represented by Pr, the characteristic length of the heat
transfer component is represented by m, and the Reynolds
number of the fluid flow is represented by Re. When Re<5*10°
and Pr>=0.6, the convective heat transfer coefficient can be
calculated by the following formula:

r 1
Re? Pr?

ml

0.644n
16
- (16)

When Re<5*10° and 0.6<Pr<60, the convective heat

transfer coefficient can be calculated by the following formula:

4 1
Oz =0.037%(Reg—871]Pr3 (17)

The thermal conduction model for plasma-sprayed iron-
based coatings includes specific parameters such as the
geometric dimensions and material properties of the substrate,
bonding layer, and wear-resistant coating. Assume the
substrate material is nickel-based high-temperature alloy
GH4169, with dimensions of 30mmx>20mm and a thickness of
Smm. The bonding layer and wear-resistant coating have
dimensions of 30mmx20mm and a thickness of 0.1mm. The
material of the wear-resistant component is cobalt-based high-
temperature alloy GH605, and the wear-resistant coating
material is plasma-sprayed iron-based coating, with the
chemical composition as follows: C greater than 0.2, Cr less
than 17.5, Si less than 0.75, Ni less than 0.6, Mn less than 1,
Fe balance.

In the setup of boundary conditions, all surfaces except the
bottom contact surface of the sample are treated as convective
heat transfer surfaces, and appropriate convective heat transfer
coefficients are applied to these surfaces. This means that
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during the calculation process, the surfaces of the coating,
bonding layer, and substrate will exchange heat with the
environment, simulating the heat flow conditions in the actual
working environment. The selection of the convective heat
transfer coefficient should be based on the actual heat
dissipation capacity of the plasma-sprayed iron-based coating
and its surface characteristics. The microstructure of the
coating, such as pores and cracks, will affect its overall heat
dissipation efficiency, so these factors need to be considered
when setting the convective heat transfer coefficient.
Additionally, considering the thermal expansion properties of
the coating at high temperatures, the thermal expansion effect
is included in the model through thermal-structural coupled
analysis. This process can simulate the stress and deformation
of the coating under thermal loads, reflecting its thermal
conduction performance under actual working conditions. The
microstructure of the plasma-sprayed coating may lead to
localized stress concentration, affecting the overall thermal
conduction effect.

When studying the transient thermal conduction
performance of plasma-sprayed iron-based coatings, it is
assumed that the wear-resistant component always remains
perpendicular to the coating surface and uniformly contacts
the bottom, ensuring the uniformity of load distribution. We
assume that the wear-resistant coating, bonding layer, and
substrate materials are isotropic and free of defects and pores,
simplifying the model to focus on the thermal conduction
properties of the materials themselves. For the load, five
different load values are selected: 5N, 8N, 10N, 15N, and 20N.
The ambient temperature is set to four conditions: room
temperature, 200°C, 400°C, and 600°C.

4. SIMULATION RESULTS OF THERMAL
CONDUCTIVITY CHARACTERISTICS OF PLASMA-
SPRAYED IRON-BASED COATINGS

Table 2. Calculation results of convective heat transfer
coefficient g, (W/(m?.K))

\Temperature (°C)
20 200 400 600
Speed(cm/ min)
500 9.78 9.65 9.21 9.12
1000 12.35 12.22 12.41 12.35
2000 19.5 19.56 19.52 17.56
3000 23.14 23.21 22.31 21.65
4000 27.56 27.52 26.59 25.69

Table 3. Calculation results of convective heat transfer
coefficient g,.» (W/(m* K))

W 20 200 400 600
Speed (cm/ min
500 4126 4126 4123  38.64
1000 5896  57.56 5632  54.87
2000 8231 8132 8124 79.23
3000 101.56 81.25 99.58  96.31
4000 118.36  101.26 113.26 111.25

From the data in Tables 2 and 3, we can observe the
variations in convective heat transfer coefficients under
different temperature and speed conditions. Table 2 shows the
calculation results of the convective heat transfer coefficient
gm. As the speed increases, the convective heat transfer
coefficient gradually increases, but the temperature has a small



effect on the heat transfer coefficient, with little variation.
Specifically, when the speed increases from 500 cm/min to
4000 cm/min, the convective heat transfer coefficient
increases from 9.78 W/(m2.K) to 27.56 W/(m2.K) at 20°C, and
from 9.12 W/(m*K) to 25.69 W/(m>K) at 600°C. Table 3
shows the calculation results of the convective heat transfer
coefficient g.». As the speed increases, the convective heat
transfer coefficient significantly increases, and the
temperature has a certain effect on the heat transfer coefficient.
At 20°C, the convective heat transfer coefficient increases
from 41.26 W/(m?.K) to 118.36 W/(m?K), and at 600°C, it
increases from 38.64 W/(m>K) to 111.25 W/(m2.K). Through
the analysis of the experimental data, several important
conclusions can be drawn. First, the effect of speed on the
convective heat transfer coefficient is significant; higher
speeds significantly improve heat transfer efficiency, which is
validated in both sets of data. Second, the temperature has a
smaller effect on g, but a more significant effect on guo,
which may be due to the different heat transfer mechanisms of
different models or materials at high temperatures. Overall, as
the speed increases, the convective heat transfer coefficient
increases significantly, indicating that in practical applications,
increasing fluid speed can effectively enhance the heat transfer
performance of the coating.
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Figure 3. Temperature variation of different coatings at room
temperature

Figure 3 shows the temperature data of different coatings
over time at room temperature. At time zero, the initial
temperature of all coatings and the non-coated material is 20°C.
As time progresses, the temperature gradually rises. The
temperature of the plasma-sprayed iron-based coating changes
more slowly, rising to 22°C at 1000 seconds, 23.5°C at 2000
seconds, and finally stabilizing at 26°C after 3000 seconds.
The temperature of the non-coated material rises faster,
reaching 30°C at 1000 seconds, 37°C at 2000 seconds, and
rapidly rising to 50°C after 3000 seconds, remaining constant.
The temperature variation of the tungsten-cobalt alloy coating
is between the plasma-sprayed iron-based coating and the non-
coated material, being 24°C at 1000 seconds, 27°C at 2000
seconds, and stabilizing at 36°C after 3000 seconds. By
analyzing the temperature variation data over time, several
important conclusions can be drawn. The plasma-sprayed
iron-based coating exhibits a significant thermal buffering
effect during heat transfer, effectively slowing the temperature
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rise and ultimately stabilizing at 26°C, indicating its excellent
thermal insulation performance. The non-coated material's
temperature rises the fastest, with a final temperature of 50°C,
indicating that the non-coated material conducts heat the most
rapidly, lacking effective thermal protection. The tungsten-
cobalt alloy coating's temperature rise rate and stable
temperature are between the plasma-sprayed iron-based
coating and the non-coated material, indicating that it has a
certain thermal protection effect, but not as significant as the
plasma-sprayed iron-based coating.
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Figure 4. Surface temperature variation of plasma-sprayed
iron-based coating with load

Figure 4 shows the surface temperature data of plasma-
sprayed iron-based coatings under different load conditions
over time. Initially, the temperature under all loads is 20°C. As
time increases, the temperature variation trend under different
loads gradually appears. For a SN load, the temperature rises
to 21.5°C at 500 seconds, 22.5°C at 1000 seconds, and
stabilizes at 24°C after 1500 seconds. Under a 10N load, the
temperature changes faster, reaching 22.5°C at 500 seconds,
24.5°C at 1000 seconds, and stabilizing at 28°C after 1500
seconds. The temperature variation under a 15N load is similar
to that under a 5N load but slightly higher, with temperatures
of 22°C at 500 seconds, 23.5°C at 1000 seconds, and
stabilizing at 26°C after 1500 seconds. Under a 20N load, the
temperature rise is more significant, reaching 23°C at 500
seconds, 26°C at 1000 seconds, and stabilizing at 32°C after
1500 seconds. Under the maximum load of 25N, the
temperature rises to 24°C at 500 seconds, 27°C at 1000
seconds, and stabilizes at 36°C after 1500 seconds. The data
analysis shows that the load significantly impacts the surface
temperature of the plasma-sprayed iron-based coating. As the
load increases, the surface temperature rises faster and
eventually stabilizes at a higher temperature. Specifically,
lower loads stabilize the temperature at 24°C and 26°C, while
higher loads stabilize the temperature at 32°C and 36°C. This
result indicates that an increase in load leads to enhanced
internal heat conduction of the coating, accelerating the
temperature rise and reaching a higher stable temperature.

Figure 5 shows the surface temperature and stress data of
plasma-sprayed iron-based coatings under extremely low
maximum stress conditions over time. Initially, the
temperature is 20°C, and the stress is 4 MPa. As time
progresses, both temperature and stress gradually increase. At



1000 seconds, the temperature rises to 22.8°C, and the stress
is 44 MPa; at 2000 seconds, the temperature reaches 24.8°C,
and the stress is 60 MPa; at 3000 seconds, the temperature is
26.4°C, and the stress is 78 MPa; at 4000 seconds, the
temperature rises to 27.4°C, and the stress is 84 MPa.
Thereafter, the growth rate of temperature and stress slows
down, with the temperature stabilizing at 28.4°C and the stress
remaining constant at 94 MPa. The data analysis shows a
significant correlation between surface temperature and stress
over time under extremely low maximum stress conditions.
The temperature rises rapidly initially and stabilizes at 28.4°C,
indicating that the coating material has good thermal stability
and thermal buffering capacity. Regarding stress, the stress
increases rapidly from the initial 4 MPa to 94 MPa and remains
stable, indicating that the coating material can withstand high
stress without significant deformation or damage under
extremely low maximum stress conditions.
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Figure 5. Surface temperature and extremely low maximum
stress of plasma-sprayed iron-based coating over time

Figure 6 shows the temperature distribution data of different
coatings under different thickness conditions. The initial
temperature of the plasma-sprayed iron-based coating at 0
micrometers is 1930°C. As the thickness increases, the
temperature gradually decreases, stabilizing at 1200°C after
1200 micrometers. The initial temperature of the non-coated
material is 1880°C, with a faster temperature decrease,
reaching 1400°C at 800 micrometers and stabilizing at 1260°C
after 1200 micrometers. The initial temperature of the
tungsten-cobalt alloy coating (single layer) is 1840°C,
decreasing to 1240°C after 1000 micrometers and remaining
constant. The tungsten-cobalt alloy coating (double layer) has
the lowest initial temperature of 1800°C, decreasing to 1320°C
at 800 micrometers and stabilizing at 1300°C after 1000
micrometers. The data analysis shows significant differences

in thermal conductivity performance among different coatings.

The plasma-sprayed iron-based coating shows a gentle
temperature decrease as the thickness increases, stabilizing at
1200°C after 1200 micrometers, demonstrating good thermal
insulation and temperature stability. The non-coated material
has the fastest temperature decrease, indicating the poorest
thermal insulation effect and weaker thermal conductivity.
The tungsten-cobalt alloy coatings (single and double layers)
exhibit good thermal conductivity, with the double-layer
coating stabilizing at 1300°C after 1000 micrometers, which
is higher than the single-layer coating but still better than the
non-coated material.
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under the assumption of no radiative heat transfer

Figure 7 shows the temperature distribution data of different
coatings under different thickness conditions. For the plasma-
sprayed iron-based coating, the initial temperature is 1730°C,
and as the thickness increases, the temperature gradually
decreases, stabilizing at 1100°C after 1200 micrometers. The
initial temperature of the non-coated material is 1680°C, with
a faster temperature decrease, reaching 1200°C at 1000
micrometers and stabilizing at 1160°C after 1200 micrometers.
The initial temperature of the tungsten-cobalt alloy coating
(single layer) is 1640°C, decreasing to 1140°C after 1000
micrometers and remaining constant. The tungsten-cobalt
alloy coating (double layers) has the lowest initial temperature
of 1600°C, decreasing to 1200°C at 1000 micrometers and
stabilizing at 1200°C after 1200 micrometers. Data analysis
shows significant differences in the thermal conductivity
performance of different coatings under the assumption of no
radiative heat transfer. The plasma-sprayed iron-based coating
shows a gentle temperature decrease as the thickness increases,
stabilizing at 1100°C, demonstrating good thermal insulation
and temperature stability. The non-coated material has the
fastest temperature decrease, indicating the poorest thermal
insulation effect and weaker thermal conductivity. The
tungsten-cobalt alloy coatings (single and double layers)
stabilize at 1140°C and 1200°C, respectively, after 1000
micrometers, showing better thermal insulation than the non-



coated material.

This paper established a coupled heat transfer model for
plasma-sprayed iron-based coatings, accurately calculating the
thermal conductivity performance of the coating under
different working conditions and validating the model's
effectiveness with experimental data. This study not only
confirmed the excellent performance of plasma-sprayed iron-
based coatings in high-temperature environments but also
provides important theoretical support and practical references
for optimized design and thermal management in practical
applications.

5. CONCLUSION

This paper established a coupled heat transfer model for
plasma-sprayed iron-based coatings, deeply exploring the
thermal conductivity performance of the coating under
different working conditions. The research mainly includes
three parts: first, the theoretical analysis established the
mathematical derivation of the coupled heat transfer model
within the plasma-sprayed iron-based coating, ensuring the
model's precision; second, the determination of conductive
boundary conditions and calculation of heat transfer
coefficients for the plasma-sprayed iron-based coating,
ensuring the model's accuracy and applicability; finally, the
numerical simulation methods validated the model's
effectiveness, demonstrating the excellent thermal
conductivity characteristics of plasma-sprayed iron-based
coatings in high-temperature environments.

Experimental results show significant differences in the
thermal conductivity performance of the coatings under
different conditions. By comparing the temperature variations
of different coatings at room temperature, the surface
temperature changes with load, and the extremely low
maximum stress changes over time, it can be seen that the
plasma-sprayed iron-based coating shows a gentle temperature
decrease as the thickness increases, demonstrating good
thermal insulation and temperature stability. Especially under
the assumption of no radiative heat transfer, the temperature
distribution of the plasma-sprayed iron-based coating is more
uniform, further validating the model's accuracy and
effectiveness. These results not only confirm the excellent
performance of plasma-sprayed iron-based coatings in high-
temperature environments but also provide important
theoretical basis and practical guidance for optimized design
and thermal management in industrial applications.

This study has achieved important results in analyzing the
thermal conductivity performance of plasma-sprayed iron-
based coatings, providing accurate mathematical models and
validation data, and offering theoretical support for optimized
coating design in industrial applications. However, this study
also has some limitations. First, the research mainly focuses
on the thermal conductivity performance of plasma-sprayed
iron-based coatings and does not deeply explore the
performance of other types of coatings and under different
environmental conditions. Second, the experimental data is
primarily based on numerical simulations, which might be
influenced by other factors in actual applications, such as
environmental humidity and mechanical stress. Future
research can further extend to the analysis of thermal
conductivity performance of other types of coatings and
combine experimental data under actual industrial
environments for validation. Additionally, exploring the
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performance of coatings under different environmental
conditions (such as high humidity and strong mechanical
stress) can provide guidance for coating materials in broader
application fields. These studies will help improve the
reliability and performance of coating materials in practical
applications and promote the development of related
technologies.
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