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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas
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Electromagnetic absorbing materials may convert electromagnetic energy into heat energy and dissipate it. However,
in a high-power electromagnetic radiation environment, the temperature of the absorbing material rises significantly and
even burns. It becomes critical to ensure electromagnetic absorption performance while minimizing temperature rise. Here,
we systematically study the coupling mechanism between the electromagnetic field and the temperature field when the
absorbing material is irradiated by electromagnetic waves. We find out the influence of the constitutive parameters of
the absorbing materials (including uniform and non-uniform) on the temperature distribution. Finally, through a smart
design, we achieve better absorption and lower temperature simultaneously. The accuracy of the model is affirmed as
simulation results aligned with theoretical analysis. This work provides a new avenue to control the temperature distribution

of absorbing materials.

Keywords: multi-physics field, electromagnetic—thermal coupling, microwave absorption, high power appli-

cation
PACS: 84.60.Rb, 84.60.-h, 42.25.Bs, 91.60.Ki

1. Introduction

Absorbing materials have widespread applications in
radar, communication, stealth technology, and other fields.
The absorbed electromagnetic wave energy will be converted
into internal energy and distributed in the form of heat.[!! Re-
cently, with the increasing use of high-power weapons and
high-power antenna arrays, absorbers have been facing chal-
lenges when exposed to such high-power electromagnetic en-
vironments. These materials rise temperature swiftly in ab-
sorbing electromagnetic energy because of the low heat con-
ductivity. The lack of power-handling capacity of wave-
absorbing materials has become an essential factor restrict-
ing their development and application. Therefore, research on
power-resistant absorbing materials has attracted intense at-
tention because of their importance in guaranteeing the safety
and dependability of military equipment and communication
systems.

In recent years, researchers have mainly focused on two
categories of electromagnetic—-thermal coupling research. One
is microwave heating technology, >/ which uses the energy
absorbed from microwaves to generate and transfer thermal
energy for specific applications. Prominent application sce-
narios include aircraft deicing,[5’6] medical microwave abla-

7-101 gas detection, =141 etc.

tion therapy, microwave curing, !
The other is eliminating the effects of temperature rises result-
ing from the energy absorption, thereby improving the high-
power processing capability of materials and enhancing their

suitability for high-power applications.!'>-!7! The main tech-
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nical methods for improving the thermal performance of wave-
absorbing materials include forced heat dissipation, modify-
ing the shape, adding vent holes, and embedding metal con-
ductors. Gong et al.''® found that heat dissipation perfor-
mance and power handling density of materials may be sig-
nificantly enhanced by properly planning vent holes and heat
sink structures without deteriorating their absorbing capabili-
ties. Chen et al.!'”) explored the internal temperature variation
of the polyurethane absorber under a continuous electric field
by thermocouple testing and found that the slender pyramids
can facilitate better heat transfer to the surroundings. Using
electromagnetic—thermal coupling simulations, Chen et al.!*]
confirmed that slender pyramids can enhance power handling
capabilities. Then they investigated the effects of frequency
and the distance between the antenna and the absorber tips on
the temperature field at the same input power. The impact of
these variables on the temperature field of the intricate struc-
ture, including the hollow pyramid absorber with ferrite tile,
was also investigated by Adhyapak ef al.>!! Additionally, us-
ing electromagnetic—thermal simulations, Jain ef al.!*?! inves-
tigated the impact of the shape of waveguide microwave loads
on heat dissipation. Yin ez al.[>}! explored the impact of elec-
tromagnetic fields on the internal temperature field of silicon
carbide pyramidal absorbers in unconventional environments.
They also considered the influence of material conductivity
changes on temperature and achieved bidirectional coupling
between the electromagnetic field and the temperature field.
The above-mentioned works mainly report some thermal
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management techniques, the mechanism between electromag-
netic parameters and the temperature field in absorbing mate-
rials remains unclear. In this paper, we systematically study
the coupling mechanism between the electromagnetic field
and the temperature field when the absorbing material is ir-
radiated by electromagnetic waves. We find out the influence
of the constitutive parameters of the absorbing materials (in-
cluding uniform and non-uniform) on the temperature distri-
bution. Based on our theory, a smart design is achieved with
better absorption and lower temperature simultaneously. This
work provides a better understanding of absorbing materials in
terms of electromagnetic—thermal coupling and offers insights
for potential optimizations in practical applications.

2. Electromagnetic—thermal coupling theory

The positive and negative charge centers within the mate-
rial separate from each other when dielectric materials are ex-
posed to electromagnetic fields, known as polarization. When
the electromagnetic field changes, the electric dipole moment
inside a material also changes; hence, the electric dipole mo-
ment oscillates in response to a periodically varied electro-
magnetic field. This oscillatory process results in friction
and interactions between molecules and atoms, which leads
to energy dissipation, with a part of the absorbed electromag-
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netic energy being converted into heat.[?*! For dielectric ma-
terials with polarization losses, the complex permittivity is
commonly used to illustrate their polarization properties, as
demonstrated by

e=¢—je, (1

where €’ is the real part of the complex permittivity, €” is the
imaginary part of the complex permittivity, which signifies its
capacity to absorb electric field energy and convert it into heat.

The material will experience an increase in temperature
as a result of the energy transforming from dielectric loss into
internal energy. The electromagnetic thermal unidirectional
coupling process is shown in Fig. 1(b). Therefore, this inter-
nal energy acts as the heat source in the temperature field of
the material, following the heat conduction equation with an
internal heat source when it reaches the steady state

T gy
Eril @
g =nfe | B, 3)

where A is the thermal conductivity of the material, f is the
frequency, F is the electric field, and g, respresents the av-
erage dielectric loss per unit volume, which can be obtained
from the average Poynting vector, as shown in Eq. (3).
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Fig. 1. Electromagnetic thermal coupling in materials. (a) Propagation path of electromagnetic wave in multilayer material. (b) Schematic
diagram of electromagnetic—thermal coupling. (c) Theoretical analysis and simulation results of electric field and temperature distribution of the
single-layer material. (d) Theoretical analysis and simulation results of electric field and temperature distribution of the multilayer material.

3. Results and discussion

We analyze the transmission characteristics and trans-
mission path of the vertically incident electromagnetic wave
inside the single-layer material. And then combine it with

boundary conditions to get the rigorous solutions of the elec-
tromagnetic field and temperature field, as shown in Fig. 1(c).
It is clear that the theoretical conclusions match with the sim-

ulation results, confirming the correctness of the whole ana-
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lytical process. For the multi-layer dielectric loss material, a
recursive algorithm is used to calculate the electric field distri-
bution in the material. We considered the incident electromag-
netic wave and its reflection and transmission process on mate-
rial interfaces as a computational unit. Then, the reflected and
transmitted electromagnetic waves on the material interface
were respectively regarded as the incident waves for the new
computational units and used to calculate the electric field in
the next layer at their respective propagation directions. Based
on the multiple refraction and reflection processes of electro-
magnetic waves in the multi-layer material, we iterated this
recursive process until the electromagnetic wave attenuated to
a very small value can effectively express the electric field dis-
tribution in the multi-layer lossy material. Subsequently, the
distribution of power loss density was calculated using Eq. (3),
and an approximate numerical solution for the temperature
distribution was obtained. While each material layer had dis-
tinct €”, resulting in a piecewise representation of power loss
density in the multi-layer material, but the temperature dis-
tribution in the material still remained continuous. Thus, we
considered the fact that the heat flux density should be contin-
uous at the interface when the electromagnetic—thermal cou-
pling process reaches a steady state and introduced interface
continuity conditions to ensure continuity of the temperature.
The following formula depicts the relationship at the layered
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where T; represents the temperature of layer i, and 7; repre-
sents the temperature of layer i + 1. The theoretical analysis re-
sults of electric field distribution and temperature distribution
are shown in Fig. 1(d), which are also in great agreement with
the simulation results and verify the accuracy of the model.

3.1. Single-layer homogeneous plate

Using the finite element approach, we simulated
electromagnetic—thermal coupling on a single-layered plate
with a height of 25 mm at 10 GHz, with an incident power den-
sity of 5 kW-m~2. The perfect matching layer (PML) and scat-
tering boundary condition were applied at the top in the setting
of the electromagnetic field to simulate the open boundary to
support the electromagnetic wave passing without reflection,
minimizing the influence of reflected waves on the calculation
domain. Periodic boundary conditions were applied on the
sides of the sample to emulate an infinite-width plate. Heat
dissipated from the upper surface through radiation and nat-
ural convection. The lower boundary is adiabatic, while the
periodic boundaries on the sides of the sample are configured
like the electromagnetic field setup.
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Fig. 2. Results of electromagnetic—thermal coupling of single-layer materials. (a) Schematic diagram of temperature rise of single layer absorbing
material caused by electromagnetic wave irradiation. (b) Reflectivity and maximum internal temperature results of ten materials. (c) The electric
field distribution of material No. 5 to material No. 10. (d) The power loss density distribution from material No. 5 to material No. 10.
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Table 1. Parameters corresponding to each material number.

No. 1 No. 2 No. 3 No. 4 No. 5

! 10716 11302 11926 12613 13383

e 00625 01233 01933 02720  0.3616

o 6320 12128 18476 25218 32443

’ Zn ’ 0.965 0.938 0.910 0.880 0.849
No. 6 No. 7 No. 8 No. 9 No. 10

e/ 14255 15253 1.6394 17741 19359

e 04642 05827 07180  0.8808  1.0806

o 40.199 48560 57422 67317 78529

Zn 0.817 0.783 0.748 0711 0.672

Firstly, the relationship between electromagnetic parame-
ters and temperature for ten distinct materials was investigated
in this paper. Table 1 lists the electromagnetic properties of
each material, and Fig. 2(b) shows the associated reflectivity
and the outcomes of simulated peak temperatures. As reflec-
tivity decreases, materials No. 1 to No. 5 exhibit noticeably
higher interior peak temperatures. This can be attributed to the
decreased reflectivity resulting in greater absorption of elec-
tromagnetic energy and, consequently, more electromagnetic
energy being converted into internal energy. In the case of
materials No. 5 to No. 10, their reflectivity is around —12 dB.
We calculate the matching constant and attenuation coefficient
for each sample, as shown in Table 1. The attenuation constant
(o) and the matching coefficient (Z)[?) are formulated as

1 e 2
oa=w\/UE 5 1+( >—1 , (®))

I

- ‘, /%tanh (jznfdw/rrer)
. c

where o is the angular frequency, u is the permeability, d is

Z == 9 (6)

Zin
Zy

the thickness of the material, and c is the speed of electromag-
netic waves in vacuum. Material No. 10 has a higher attenua-
tion constant compared to material No. 5. However, material
No. 10 has a lower matching coefficient, leading to a similar
reflectivity as material No. 5. Consequently, both materials ab-
sorb a comparable quantity of electromagnetic energy. Addi-
tionally, we calculate the internal electromagnetic loss power
for samples with dimensions of 10 mm x 10 mm X 25 mm.
Materials No. 5 to No. 10 exhibit a total electromagnetic loss
power of 0.47 W. This provides more evidence of the similar-
ity in levels of absorbed electromagnetic energy. However, it is
crucial to draw attention to the significant 34 °C temperature
differential that exists among them. This difference implies
that material No. 10 can withstand a higher incident power
than material No. 5 under similar reflectivity. This is helpful
for high-power applications requiring absorbing materials.
The maximum temperatures of material No. 5 to No. 10
differ noticeably when absorbing the same total electromag-
netic energy. These disparities indicate the significant impact

of electromagnetic parameter selection on electromagnetic—
thermal coupling outcomes. To explain this phenomenon, the
electric field distribution and power loss density distribution
inside material No. 5 to No. 10 are analyzed, as shown in
Figs. 2(c) and 2(d).
electromagnetic waves within the material progressively rises

It is clear that the attenuation rate of

with the increase in electromagnetic characteristics of the ma-
terial, aligning with the calculated results in Table 1. Based
on the power loss density (gy) equation, it is observable that
the power loss density is directly correlated with the electric
field E2 and the dielectric loss factor £”. Material No. 10 ex-
hibits a higher €”, resulting in a more concentrated power loss
in the vicinity of its upper surface, coinciding with the heat
dissipation boundary of the material coincidentally. As a con-
sequence, the internal temperature of material No. 10 has the
lowest value. Figures 3(a) and 3(b) depict the distribution of
temperature, normalized electric field, and normalized power
loss density for material No. 5 and material No. 10, respec-
tively, in agreement with the findings.

Temperature Electric field

(a) ‘
T(°C)
350
‘ 325

Power loss density
/

1.0 v 1.0

0.8 0.8

06 NP s

(b) 300 0.4 0.4
’ 275 02 "N o2
250 0 0

@atat

Fig. 3. Simulation results of temperature, electric field, and power loss
density distribution. (a) Simulation results of material No. 5. (b) Simula-
tion results of material No. 10.

In summary, the specific temperature distribution should
be analyzed in combination with the power loss density
distribution in the materials and the heat dissipation con-
ditions. These results primarily highlight the electromag-
netic parameter selection for wave-absorbing materials in the
electromagnetic—thermal coupling process and provide data
support for further optimizing the design and performance of

absorbing materials.

3.2. Multilayer gradient design plate

Gradient design plays an essential role in significantly
enhancing the absorption capability of the absorbing materi-
als. Gradient design allows for better impedance matching
when electromagnetic waves are incident, enabling as many
electromagnetic waves as possible to enter the interior of the
structure. The electromagnetic waves are absorbed after go-
ing through multiple reflections and refractions inside the ma-
terial, minimizing the reflection of electromagnetic waves.
Hence, combining with the aforementioned conclusion is best
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to concentrate power losses close to the boundary of heat dis-
sipation, gradient design presents an opportunity to enhance
both wave absorption and temperature optimization.

The traditional approach in gradient design is progres-
sively increasing the dielectric property of the material. How-
ever, this design strategy will make the high power loss density
located far from the heat dissipation boundary, which hinders
temperature optimization. Hence, we present a novel three-
layer gradient design as illustrated in Fig. 4(a), accompanied
by the corresponding results of the wave absorption effect and
temperature distribution in Figs. 4(a) and 4(b). Evidently, the
gradient design not only reduces the maximum internal tem-
perature by 14.44 °C but also diminishes the reflectivity from
—12.79 dB to —21.88 dB when compared to homogeneous
material No. 5.

(a) o0
—=— Material No. 5
—=*— Gradient design
o —10
)
>
h=
Z =201
1ol No. 9 KENIMESIN
g ;““1;,‘\ BT 1, — 2.39
3
o —30 hy=20.53 mm
—40 T T
8 9 10 11 12

T (°C)
350

325

300

275

250

Fig. 4. Comparison of the single-layer material and gradient design struc-
ture. (a) Reflectivity results of material No. 5 and the gradient design
structure. (b) Simulation results of temperature distribution of material
No. 5 and the gradient design structure.

The calculated impedance matching coefficient for gradi-
ent design is 0.75, which is similar to uniform material No. 8.
From Fig. 5(c), it can be observed that the electric field attenu-
ation result of the gradient design is similar to that of material
No. 9, indicating that the electric field attenuation result inside
the gradient design is superior to material No. 8. Consider-
ing both the impedance matching and the electric field atten-
uation, the absorption performance of the gradient design is
better than material No. 8 (—13.08 dB). Therefore, the absorp-
tion performance of the gradient design is better than materials
from No. 5 to No. 10. Near the heat dissipation boundary, the

electric field intensity of the gradient design is higher than ma-
terial No. 5, which can be intuitively observed from the nor-
malized electric field results of Figs. 5(a) and 5(b) as well as
in Fig. 5(c). Furthermore, according to Eq. (3), the power loss
density is proportional to £”E?, and the upper material in the
gradient design is selected as material No. 9, which also has a
higher dielectric parameter. Therefore, the power density loss
is mainly concentrated in the upper material, which is consis-
tent with the result of normalized power loss density distri-
bution in Fig. 5. The power loss mainly concentrating in the
region close to the heat dissipation boundary is advantageous
for heat dissipation. Consequently, the temperature is signif-
icantly reduced compared to that of material No. 5, aligning
with the previous analysis.

Electric field Power loss density

(a) -
3 9
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
() 0.2 0.2
0 0
(¢) 2000
1500

5007 —=— Gradient design

—=— Material No. 5

0 —=— Material No. 9
0 5 10 15 20 25

Position (mm)

Fig. 5. The comparison results of the material No. 5 and the gradient de-
sign. (a) The results of normalized electric field and power loss density
distribution for material No. 5. (b) The results of normalized electric field
and power loss density distribution for gradient design. (c) The electric
field attenuation results of gradient design and uniform materials.

More three-layer gradient design schemes are shown in
Fig. 6(a), including the materials used for each gradient de-
sign and the corresponding thickness of each layer. Figure 6(b)
shows the absorption performance and temperature results for
each gradient design. To achieve better wave absorption per-
formance and lower temperature than material No. 10, it may
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be necessary to apply materials with higher dielectric parame-
ters. Therefore, based on the ten materials given in the previ-
ous Subsection 3.1, the gradient results are compared with the
results of uniform materials from No. 5 to No. 8.

From Fig. 6(b), it can be seen that the following six gradi-
ent designs all achieve optimization of both the wave absorp-
tion performance and thermal performance compared to the
results of material No. 5 (—12.79 dB, 346.16 °C). In partic-
ular, gradient design 2 has lower reflectivity and lower tem-
perature compared to material No. 8. The reflectivity result of
gradient design 6 reaches —30.07 dB, and the temperature is
still 4.22 °C lower than that of material No. 5. Similarly, the
four-layer gradient design schemes and results are provided in
Figs. 6(c) and 6(d), which also achieve both optimization of
electromagnetic and thermal performance compared to mate-
rial No. 5.

It can be clearly seen from Fig. 6(a) that under the bound-
ary conditions in this paper, in order to achieve the simulta-
neous optimization of electromagnetic—thermal performance,
the dielectric parameters of the materials should follow a

(a) 35
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Material No. 7
Material No. 10
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Material No. 8
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Material No. 5

307 Material No. 9

251

20
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O T T T T T T
1 2 3 4 5 6

Gradient design number

Material No. 3
Material No. 9

Material No. 4
Material No. 10

Material No. 2

Material No. 8
30

25 1

20 1

h (mm)

15

10+

O T T T T T T T T T T T
7 8 9 10 11 12

Gradient design number

three-level design concept of high—low—high. The top level
should use materials with high dielectric parameters because
the high power loss density at the heat dissipation boundary
is conducive to temperature reduction. This layer should not
be designed too thick; otherwise it will not be conducive to
impedance matching. The main function of this thin layer
is heat dissipate. The second level should use a material
with smaller dielectric parameters; its role is mainly to carry
out impedance matching to ensure that more electromagnetic
waves enter the interior of the material. The third level should
also be selected with higher dielectric parameters; the role of
this layer is to ensure that the electromagnetic waves entering
the interior of the material can be effectively attenuated.

This result suggests that structural design can achieve bet-
ter absorption performance while maintaining a lower material
temperature. In other words, the gradient-designed absorber
can withstand higher incident power density without exceed-
ing the safety temperature limits of the material. This holds

significant advantages for high-power application scenarios.

(b) Material No. 5 ® Material No. 6
—4 % Material No. 7 ® Material No. 8
B Gradient design 1 ~ ® Gradient design 2
—8 A Gradient design 3 ¥ Gradient design 4
Gradient design 5 Gradient design 6
—12- . N .
b
T —16- Uniform material
6 [ |
é o
= —20+ .
Q: v
—24 . X
Gradient design
—28
—32 T T T T
325 330 335 340 345 350
T (°C)
(d)
—12 A Uniform material .
° *
>
=
2 v
ﬁ —16 4 n Material No. 5
K © ® Material No. 6
Q A * Material No. 7
~ ® Material No. 8
Gradient design B Gradient design 7
—20+ ® Gradient design 8
A Gradient design 9
Vv Gradient design 10
Gradient design 11
Gradient design 12
_24 T T T T
325 330 335 340 345 350

T (°C)

Fig. 6. The results of gradient designs. (a) The design scheme of three-layer gradient designs. (b) The absorption performance and temperature
results of three-layer gradient designs. (c) The design scheme of four-layer gradient designs. (d) The absorption performance and temperature

results of four-layer gradient designs.
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4. Conclusion

Based on the multi-physical field analysis, rigorous so-
lutions of the electromagnetic field and temperature field in
the single-layer and multi-layer absorbing materials were ob-
tained. These theoretical solutions were validated by align-
ing with simulation results, affirming the accuracy of our
model. For single-layer absorbing material, it was found that
there were notable temperature variations, even for materials
with similar reflectivity. Areas of high power loss density
within the material located at the heat dissipation boundary
will benefit the internal temperature of the material. When
analyzing the temperature distribution within materials, the
power loss density distribution and the specific heat dissipa-
tion conditions should be considered simultaneously. In the
case of multi-layer absorbing material, several gradient de-
signs are given to optimize their electromagnetic—thermal per-
formance simultaneously, and the gradient design strategy for
the boundary conditions in this paper is summarized. This
work serves as a reference for a better understanding of the
electromagnetic—thermal coupling process and provides data
support for electromagnetic—thermal balance design.
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