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Abstract: Al;O3-MoSi; coating has excellent high-temperature stability. On this basis, Al,O3-MoSi,-
Cu composite high-temperature absorbing coating was prepared by atmospheric plasma spraying
method. The phase transition characteristics of AlO3-MoSi,-Cu spraying feedstock under high tem-
peratures were analyzed by thermogravimetric test, the phase analysis of coating was performed by
an in situ XRD test at different temperatures, and the microstructure of the coating was characterized
by SEM. The test results of high-temperature microwave absorption performance show that, in high-
temperature air atmosphere, the Cu in the coating is gradually transformed into Cu,O by oxygen
atom diffusion, and the microwave absorption performance of the coating gradually increases with
the increase in temperature. The 1.7 mm-thick coating at 500 °C has the best absorbing performance
with a reflection loss (RL) value of —17.96 dB and an effective absorbing bandwidth (RL < —10 dB)
in X-band of 2.42 GHz. The prepared Al,O3-MoSiy-Cu composite high-temperature absorbing
coating takes into account the dual advantages of high-temperature stability and high-temperature
absorbing properties.

Keywords: atmospheric plasma spraying; thermal analysis; absorbing coating; Al;O3-MoSiy-Cu

1. Introduction

With the rapid development of radar detection technology, absorbing materials have
attracted more and more attention, especially high-temperature absorbing materials. The
commonly used dielectric materials include TizSiC; [1], SiCs [2], and Al,O3-TiC [3], and
the magnetic materials include FesSi [4], CrAlB; [5], Fe@MoS, [6], etc. The absorbing
materials include SiICN(CNTs) [7] and SiCO@BN [8], and the absorbing coatings include
Lag ¢SrFeO3-5/MgAl,Oy4 [9], TiC-Al,O3/Silica [10], etc. There are many technical methods
for preparing absorbing materials or absorbing coatings, among which the preparation of
absorbing coatings by plasma spraying has good process convenience and practicability.
In this study Al,O3, MoSi;, and Cu powders were used to prepare high-temperature
absorbing coating by air plasma spraying.

MoSi; is often used as spraying feedstock for plasma spraying, which has good
oxidation resistance, high-temperature resistance, wear resistance, and good dielectric
properties [11,12], and is widely used in high-temperature oxidation resistant materials
and coatings. Al,O3 has the advantages of high hardness and high melting point, which
is commonly used in the production of high-temperature resistant materials; after fully
mixing with MoSiy, the high-temperature stability of MoSi, can be enhanced. Yan et al. [13]
prepared Mo coatings and MoSiy-Mo coatings using a plasma spraying method. The results
showed that the MoSi; composition could improve the micro hardness and wear resistance
of the coatings. Hou et al. [14] mixed MoSi, with different at% Al and prepared at% Al
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coating on a Ni-based superalloy by means of electrothermal explosive high-speed spraying.
The oxidation resistance of the coating in the air at 1100 °C was studied. The results showed
that the addition of Al to MoSi; could effectively improve the oxidation resistance of the
coating. Huang et al. [15] prepared Al,O3/MoSi; coating by a brushing method and found
that, when the content of MoSi, was 20%, the surface of the Al,O3/MoSi; coating remained
intact after 25 thermal shock cycles. The results showed that the content of MoSi; had an
effect on the high-temperature resistance of Al,O3/MoSi, coating. Huo et al. [16] used a
plasma spraying method and flame spraying method to spray MoSiy-Al,O3 powder on the
surface of 310S stainless steel. After a 1200 °C high-temperature oxidation test, the coating
prepared by a flame spraying process appeared powdered and peeled off, while the quality
of the coating prepared by plasma spraying process was intact.

Cu has excellent electrical conductivity and wear resistance, but the dielectric loss per-
formance of Cu is not obvious when it is used as a wave absorbent alone. Singh et al. [17]
mixed Cu with different mass fraction into SiC by ball milling and designed a double-
layer absorbing coating by genetic algorithm. The minimum reflection loss of the coating
with a thickness of 1.67 mm in X-band reached —32.16 dB, and the absorption bandwidth
(RL < —10 dB) was 2.35 GHz. Yang et al. [18] synthesized Cu-based MOF composites
through Cuy O@NPC and found that the content of Cu,O can change the dielectric constant
of the coating, thus obtaining a broadband absorbing material. The absorbing bandwidth
(RL < —10 dB) of the coating with a thickness of 1.85 mm can reach 7.3 GHz, and the mini-
mum reflection loss can reach —31.1 dB at 5.6 GHz. Gao et al. [19] prepared Cu,O/MWCNT
hybrid materials by precipitation method. The hybrid materials have excellent microwave
absorption properties. When the coating thickness is 1.5 mm, the minimum reflection loss
of the coating reaches —40.5 dB at 8.1 GHz test frequency.

In this study, Al,O3, MoSiy, and Cu powders were used to prepare high-temperature
microwave absorbing coatings. Both Al,O3 and MoSi, have excellent high-temperature
resistance, and Cu has good electrical conductivity. However, the preparation of high-
temperature absorbing coatings with high-temperature resistance by mixing Al,Os, MoSiy,
and Cu is rarely studied. In this study, Cu was the coating inner and surface. Therefore, Cu
can be oxidized to different degrees in a high-temperature environment of 500 °C; the Cu
transforms to Cu,O in high temperatures, which will improve the absorbing performance
of the coating. The high-temperature resistance of the two spray feedstocks was compared.
The microstructure and phase composition of Al,O3-MoSi,-Cu coating were studied, and
the process of Cu transforming into CuyO, the key component, was analyzed at different
temperatures The polarization phenomenon of the coating with the increase in temperature
further enhances the dielectric loss ability of the coating. With the continuous increase in
Cu;0 in the coating, the microwave absorbing performance of the coating is gradually
enhanced, especially in the high-temperature environment.

2. Materials and Methods

This experiment uses atmospheric plasma spraying equipment (5X-80, GuangZong
Sanxin Company, Guangzhou, China). The Al,O3-MoSi,-Cu coating was prepared by
plasma spraying method, and the sprayed coating was cut into rectangular samples for
testing dielectric properties in X-band. The oxidation reaction of spraying feedstock in
air atmosphere was tested by thermal analyzer (TGA, TGA400, PerkinElmer, Waltham,
MA, USA), the microstructure of the coating surface was observed by scanning electron
microscopy (SEM, Quanta 450 FEG, FEI Company, Hillsboro, OR, USA), and the phase
analysis of the coating was characterized by operando-XRD (XRD, D8-Advance, Bruker,
Bremen, Germany, Cu-Ka radiation). The dielectric constant of the coating between 25
and 500 °C was measured by a vector network analyzer (Agilent E8363B PNA, Santa Clara,
CA, USA).
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2.1. Preparation of Spraying Feedstock

Al,O3, MoSiy, and Cu powder were evenly mixed in the experiment. The particle
size of Al;O3 powder was 30 to 60 pum, and it was produced by Shanghai Xiangtian Nano
Co., Ltd. (Shanghai, China); the shape was spherical and the surface was wavy. The
particle size of MoSi; powder was from 15 to 40 um, and it was produced by Shanghai
Naio Nano Co., Ltd. (Shanghai, China). The shape of MoSi, powder particles was irregular
flocculent and there were small holes on the surface. The particle size of Cu ranged from
10 to 30 um, and it was produced by Shanghai Naio Nano Co., Ltd. (Shanghai, China);
the shape was ellipsoidal and the surface was smooth. Al,O3 powder, MoSi; powder, and
Cu powder were mixed by planetary ball mill and ground at 300 r/min for 4 h. At the
same time, alcohol was added in the process of ball milling to make three kinds of mixed
particles, stirred evenly. The Al,O3-MoSip-Cu mixed powder (70 wt% Al,O3 + 15 wt%
MoSip + 15 wt% Cu) obtained by ball milling was dried by a dryer and ground by bowl;
the prepared spray feedstock had excellent fluidity. SEM micrographs of Al,O3-MoSi;-Cu
mixed powders are shown in Figure 1.

Figure 1. SEM micrographs of Al,O3-MoSiy-Cu mix powders: (a) the original powders; (b) ball
milling for 4 h after spray feedstock.

2.2. Plasma Spraying Experiment

The Al,O3-MoSi;-Cu coating was prepared by plasma spraying method. The substrate
needs to be pretreated, including sand blasting and oil removal; these two processes
can make the substrate reach the surface conditions required by plasma spraying on the
substrate. Finally, Al03-MoSiy-Cu mixed powder is sprayed on the surface of the substrate.
In the process of atmospheric plasma spraying, the main gas is Ar, and the secondary gas
is Hp. Ar as inert gas has good protection for spraying feedstock. H, can be used as a
secondary gas to reduce gas, so adding H; can effectively prevent Cu and MoSi; from
being oxidized. The plasma spraying parameters are shown in Table 1.

Table 1. Atmosphere plasma spraying parameter.

Parameters Value
Arc Current (A) 400
Arc Voltage (V) 30

Primary gas (Ar) flow rate (L/h) 1800
Secondary gas (Hj) rate (L/h) 10
Spray distance (mm) 85
Powder carrier gas (Ar) flow rate (L/h) 200

Powder feed rate (g/min) 20
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2.3. Micromorphology of Coating

SEM micrographs of Al,O3-MoSi,-Cu mixed coatings are shown in Figure 2. Al,O3-
MoSiy-Cu powder, by plasma spraying process, formed a coating on the surface of the
substrate. It can be seen from Figure 2a that there are micro holes on the surface of
the coating, which are unavoidable during plasma spraying. Additionally, the existence
of reasonable porosity can enhance the heat dissipation capacity of the coating. From
Figure 2b, it can be found that there are Al;O3, MoSiy, and Cu particles on the irregular
surface of the coating, and the three particles are uniformly distributed on the surface of
the coating, forming an Al,O3-MoSiy-Cu mixed coating.

"l- *

Adhesive layer

Substrate material

(e)
Figure 2. SEM micrographs of the Al,O3-MoSiy-Cu coating: (a) some pores exist in Al,O3-MoSiz-Cu
coating surface; (b) distribution of different particles on coating’s surface; (c) fracture surface SEM
micrograph of the Al,O3-MoSiy-Cu coating; (d) distribution of different particles in the coating’s
fracture surface; (e) fracture surface SEM micrograph of substrate material and coating.
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2.4. Properties of the Coating

The microwave absorbing properties of the Al;O3-MoSip-Cu mixed coating at high
temperatures were tested by a Agilent E8363B PNA series vector network analyzer. The
waveguide method is used in the X-band test, and the coating needs to be cut into a
standard size of 22.9 x 10.2 x 2 mm?. The coating needs to be kept warm for two hours
before testing, and then the coating that meets the test specifications is tested by a vector
network analyzer. The test temperature is 25-500 °C, and the test frequency is 8.2-12.4 GHz
(X-band). The dielectric constant of Al;O3-MoSiy-Cu mixed coating can be expressed as
er=¢ —je’l.

The reflection loss of Al,O3-MoSip-Cu mixed coating can be calculated by Formula (1) [20]
and Formula (2) [21].

)

R :201g‘zi" _1‘

Zin+1

Zyn = \/ftanhoz”fd JIGE) @

In the formula, Z;, is the input impedance, f is the frequency of the electromagnetic
wave, d is the thickness of the coating, and c is the speed of light in a vacuum. Because
Al;O3-MoSiy-Cu mixed coating is dielectric material at high temperature, the value of
peis 1.

3. Results and Discussion
3.1. Phase Analysis of the Coating

The transformation process of the Al,O3-MoSi;-Cu coating from Cu to Cu,O at
different temperatures was analyzed by XRD, and the compounds produced by the Al,O3-
MoSip-Cu coating at different temperatures were determined. Figure 3 shows the XRD
patterns at different temperatures, and the range of 20 is 20-80°. It can be seen from
Figure 3 that the diffraction peak of Cu,O is not obvious at room temperature (25 °C), and
only a weak peak appears at 42°. This is because a small quantity of Cu,O is produced by
high-temperature oxidation of Cu during plasma spraying. With the temperature reaching
500 °C, the characteristic peak of CuyO becomes sharp at 36° and gradually highlights at
approximately 61°, indicating that Cu gradually transforms into Cu,O with the increase
in temperature.

[)
*+ #Cu o o
‘: vMoSi, T=500°C
"I' ‘ L *Mo,Si, @sio,
| P @ f‘ %Cu,0 +ALO,
U 3%, SO PN, SOOI, O
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s |
= |
@ Il I
= ‘ f
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2theta (°)

Figure 3. XRD patterns of Al,O3-MoSip-Cu coatings at different temperatures.

Figure 4 is a locally enlarged XRD pattern in Figure 3, as shown in Figure 3, when
the temperature rises from 25 to 500 °C. No characteristic peak appears at 25 °C; when the
temperature rises to 300 °C, a single peak gradually bulges and becomes sharp at 500 °C.
This shows that AlO3-MoSi,-Cu coating will produce new compounds with the increase
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in temperature of air atmosphere. Through the comparison of three temperatures, it can
clearly be observed that Cu in the coating will gradually transform into CuyO.

Intensity(a.u.)

35 36 37 38
2theta (°)

Figure 4. Figure 3 locally enlarged graphs in the range of 26 from 35° to 38°.

3.2. Thermal Analysis

Thermogravimetric analysis of Al,O3-MoSiy powder and Al;O3-MoSiy-Cu powder
was performed by thermal analyzer, with a test temperature from room temperature
(25 °C) to 1000 °C and a heating rate of 10 degrees Celsius per minute. MoSi; and Al,O3
are selected because MoSi; has good high-temperature resistance and is commonly used
in high-temperature structures in the aerospace field. However, with the increase in
temperature, the “pesting” phenomenon [22] usually occurs at 400 to 600 °C, and the
appropriate mixing of Al,Os in MoSi; can effectively prevent the MoSi, occurrence of
pulverizing in the coating surface. In Figure 5, the black curves show the weight change
trend of Al,O3-MoSi; powder during heating. It can be seen that Al,O3-MoSi; powder
increases with temperature, and the weight of powder remains stable below 500 °C. When
Al,O3-MoSi, powder rises from 500 to 800 °C, the mass of powder increases by 1.36%.
When the temperature of Al,O3-MoSi, powder changes from 800 to 1000 °C, it goes through
a process of decrease and increase, and, finally, remains at approximately 100%. It can be
seen from the thermogravimetric curve of Al,O3-MoSi, powder that there is no weight
decrease phenomenon in the Al,O3-MoSi; powder. The quality of the Al,03-MoSi; powder
did not drop sharply, but remained stable. This shows that the content of Al,O3-MoSi,
powder is reasonable and has high-temperature stability. The red curve in Figure 5 is the
weight change trend of Al,O3-MoSip-Cu powder during the heating process. It can be
found that, due to the addition of Cu, when Al,O3-MoSi,-Cu powder is heated from 400 to
1000 °C, the mass of Al,O3-MoSip-Cu powder increases gradually. When the temperature
reaches 1000 °C, the mass increases by 10%, relative to the original weight, because different
compounds result from oxidation with the increase in temperature of air atmosphere, which
increase the quality of Al;O3-MoSi,-Cu powder. Al,O3 phase transformation occurs in
different temperature environments. According to the report, AlO3 was transformed to
v-Al,O3 [23] at a temperature of 500 °C; when the temperature reaches 900 °C, y-Al,O3
will continue to transform in to 8-Al,O3 [23]. MoSi, will be transformed to MosSi3 in a
high-temperature environment, and SiO; will be formed [24]. Cu was oxidized to Cu,O,
and Cu;O further oxidized to CuO in a high-temperature environment with sufficient
air [25]. Chemical reactions and phase transitions of Al,O3-MoSi; and Al,O3-MoSi-Cu
powders at different temperatures can be expressed by chemical Formulaes (3)—(7).

500°C

A1203 — ]/-A1203 (3)
ALO; € 9_ALO; )

MoSiy + 70, —2 MosSis + 7Si0, (5)
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Figure 5. Thermogravimetric curve of Al,O3-MoSi; powder and Al,O3-MoSi,-Cu powder.

The thermogravimetric curves show that Al,O3-MoSi, powder can increase the high-
temperature oxidation resistance of the material. The CuO [26] and Cu,O formed by Cu
oxidation at high temperature can improve the microwave absorption performance of
the material.

3.3. Dielectric Properties of the Coating

The dielectric properties of the coating at room temperature (25 °C) to 500 °C were
tested; Figure 6a shows the change of the real part of dielectric constant of Al03-MoSiz-Cu
coating with increasing microwave frequency at different temperatures. In the 8.5 GHz
microwave frequency environment at 500 °C, the dielectric constant of the coating is
25.29. When the frequency increases to 12 GHz, the dielectric constant is 20.05. Figure 6b
shows the change in the imaginary part of the dielectric constant of the Al,O3-MoSi-Cu
coating with the increase in microwave frequency at different temperatures: at 500 °C, the
imaginary part of the dielectric constant is 4.43 at 8.5 GHz microwave frequency and 5.34 at
12 GHz. Figure 6¢ shows that the tand of the AlO3-MoSip-Cu coating increases from 0.181
at 8.5 GHz to 0.271 at 12 GHz at 500 °C. It can be seen that the loss ability of the Al,O3-
MoSi;-Cu coating increases with the increase in environment temperature. The dielectric
constant of the coating increases with the increase in temperature, but the dielectric constant
decreases with the increase in frequency at different temperatures; this phenomenon—that
the dielectric constant decreases with the increase in frequency—fully conforms to the
dispersion effect [27]. Figure 6e is the permittivity of the Al,O3-MoSiy-Cu,0 coating by
the same process. The ¢’ is 8.51 and the ¢” is 1.66 in the 8.5 GHz microwave frequency. The
frequency increases to 12 GHz, ¢’ is 8.27, and ¢” is 2.12. The Al;03-MoSi,-Cu,O coating is
not affected by temperature, so the permittivity changes little.
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Figure 6. Dielectric properties of Al;O3-MoSip-Cu composite coating: (a) ¢’ of Al;O3-MoSip-Cu composite coating; (b) &
of Al,O3-MoSip-Cu composite coating; (c) Tand of Al,O3-MoSip-Cu composite coating; (d) the Cole—Cole plot of Al,Os-
MoSiy-Cu composite coating with the fitting date in 500 °C; (e) permittivity of Al;O3-MoSip-CuyO composite coating at

room temperature (25 °C).

The ¢’ and ¢’ of Al,03-MoSip-Cu,O composite coating can be expressed as
Formulaes (8) and (9) according to the Debye model [28].

& 7 fo (8)
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In the equation, eg is static dielectric constant and e is optical frequency dielectric constant.

The Al;O03-MoSi,-Cu coating permittivity change in real part and imaginary part at
high temperatures can be deduced by Formulas (10) and (11) [29,30].

8” —

e = e + _ & 780 (10)
1+ w2t(T)?

(eg — €oo)wt(T)  o(T)
1+ w?[wr(T)]?  weo

e = €0+ (11)

In the equation, 1(T) is polarization relaxation time influenced by temperature, g is
the vacuum dielectric constant, and o(T) is the conductivity affected by temperature

The change in ¢’ and ¢” can be obtained by Formulae (10) and (11). This is because
the external electric field of the coating changes with the temperature. The change of polar
molecules inside the coating cannot keep up with the drastic change in external electric field
caused by temperature. Figure 6d is the Cole—Cole fitting plot of Al;O3-MoSip-Cu coating
at 500 °C; it can be seen that there are two incomplete and irregular semicircles rather than a
complete semicircle in the figure, indicating that the coating has not only Debye relaxation
but also other relaxation [31] mechanisms at high temperatures.The irregular semicircles
show that the Al,O3-MoSiy-Cu coating has two losses at 500 °C. Al,O3-MoSiz-Cu coating
is made of an electrical material and is dominated by dielectric loss. The ¢’ and ¢ of
the coating increase with the increase in temperature. A conductive network is formed
by Al,O3 and MoSi; in the coating [12]. With the increase in temperature, Cu gradually
transforms into Cu,O, and the conductive network formed together with Al,O3 and MoSi,
enhances the conductivity loss of the coating. It can be seen that Al;O3-MoSiz-Cu coating
has significant dielectric properties at high temperature.

3.4. Absorbing Performance of the Coating

The absorbing properties of the coating are shown in Figure 7. Figure 7b shows that
the absorption peak of Al,O3-MoSi,-Cu coating with 1.5 mm thickness is approximately
11 GHz. The absorption performance of the coating is not obvious at 25 °C. The minimum
reflection loss is —3.09 dB at 11.4 GHz and —16.07 dB at 500 °C. The coating has the
best absorbing property at 500 °C; it shows that Al,O3-MoSi,-Cu coating has good high-
temperature absorbing properties. With the increase in temperature, the dielectric constant
of the coating increases, and the absorbing bandwidth of the coating moves from high
frequency to low frequency. This law conforms to Formula (12) [32].

fo = c
" 4d, Je,

In the equation, 4 is the thickness of the coating, and c is the speed of light in vacuum.

Microwave absorbing properties of Al,O3-MoSiy-Cu coatings improved significantly
from room temperature (25 °C) to 500 °C, mainly due to the transformation of Cu on the
coating surface into Cu,0O in air atmosphere; Cu,O can effectively improve the absorbing
properties of materials [33]. According to Figure 3—the XRD pattern results of the coating—
the characteristic peak of CuyO became obvious at 500 °C, indicating that Cu,O was
generated. It can be seen from Figure 2 SEM micrographs that there are different sizes of
pores in the coating; as the temperature rises, the air reacts with Cu on the coating surface
and enters the coating from the pores to react with Cu. The reason for the formation of
Cu,0 is that Cu is first transformed into CuyO due to insufficient oxygen during heating.
There are also peaks of Cu. It is indicated that a Cu,O/Cu mixture exists in the coating,
which is due to the fact that Cu in the coating cannot react completely with air during
heating in air. Comparing Figure 6a,b,e, it can be seen that, with the temperature rises,
the coating surface is the site of the oxidation reaction, in the coating inner where lattice

(12)
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vibration occurs; as the temperature increases, the lattice vibrates with greater intensity.
At the same time, high temperature causes a change in conductivity. These three reasons
together lead to the dielectric constant change in the coating at high temperatures. Cu has
strong conductivity, but the absorbing property of the composite coating is not obvious
at room temperature, according to Figure 7c. The coating thickness is 1.7 mm, and the
minimum reflection loss at 25 °C is only —4.89 dB. The minimum reflection loss decreases
to —17.96 dB at 500 °C. Because Cu is transformed into Cu,0O, the conductive network is
formed with Al,O3-MoSi,, which enhances the absorbing loss performance of the coating.
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Figure 7. Reflection loss of the Al;O3-MoSiy-Cu composite coatings: (a) d =1.3; (b) d =1.5; (¢c)d = 1.7.

The results show that the Al;O3-MoSiy-Cu microwave absorbing coating has good
high-temperature resistance and microwave absorption performance at 500 °C.

4. Conclusions

The results show that the Al,O3-MoSiy-Cu coating has good microwave absorption
properties at 500 °C, and the microwave absorption performance of the coating increases
with the increase in temperature. Thermogravimetric analysis assisted to verify the ratio-
nality of spray feedstock match ratio and the stability of the coating in a high-temperature
environment. The phase composition of the coating and the changes in the compounds
at different temperatures were studied using an in situ XRD test. Finally, the dielectric
properties and microwave absorbing properties of a 1.7 mm-thick coating in the range of
25 °C-500 °C were tested by a vector network analyzer. The existence of Cu/Cu,O mixture
in the coating enhances the conductivity loss of the coating. At high temperatures, Cu,O
and Al,O3-MoSi; form a conductive network, which enhances the microwave absorbing
properties of the coating and has good microwave absorbing properties in X-band.
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