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A B S T R A C T   

Ti3SiC2 exhibits considerable potential for high-temperature microwave absorption due to its relatively high 
melting point and conductivity. In this study, we successfully prepared Ti3SiC2/Al2O3-13%TiO2 heterogeneous 
coatings through granulation and plasma spraying techniques. This investigation covered composition, micro
structure, oxidation resistance, and a focused analysis of the temperature-dependent permittivity of the coatings. 
The augmentation in Ti3SiC2 content leads to an escalation in the polarized component, consequently elevating 
susceptibility to dielectric dispersion. With rising temperature, polarization within the coatings gradually es
tablishes, prompting a transition from polarization relaxation loss to conduction loss as the dominant dielectric 
loss mechanism. At 5 wt% Ti3SiC2 content, the coating achieves an effective bandwidth of 2.2 GHz at 873 K, with 
a mere 1.4 mm thickness. Moreover, the coating maintains exceptional oxidation resistance below 700 ◦C. 
Ti3SiC2/Al2O3-13%TiO2 coatings manifest as strong contenders for high-temperature microwave absorption 
applications, and plasma spraying emerges as a promising technique for fabricating high-performance micro
wave absorption coatings.   

1. Introduction 

Microwave absorbing materials (MAMs), as specialized functional 
materials, play a pivotal role in mitigating electromagnetic pollution [1, 
2]. Despite decades of utilization across various applications, the 
broader operational scope of MAMs remains constrained by their 
inherent attributes. Among diverse absorbing materials, including 
carbonyl iron absorbing materials [3,4], carbon absorbing materials [5, 
6], and conductive polymer absorbing materials [7,8], the utilization is 
hindered by their notably low Curie temperature or oxidation temper
ature, rendering them unsuitable for high-temperature environments 
[9]. Consequently, exploring MAMs tailored for harsh environments has 
emerged as an imperative avenue of research across civil, commercial, 
military, and aerospace sectors. 

Silicon-based materials, including SiC, SiCf, SiCN, SiBCN, Si3N4, are 
frequently adopted for high-temperature applications due to their 
elevated melting point and commendable chemical stability [10–14]. 
However, the microwave loss capacity of these materials often falls 
short, necessitating substantial thickness to achieve impedance match
ing and optimal loss conditions. The demand for significant thickness 
poses considerable challenges in practical applications, thereby 

increasing the complexity of employing high-temperature absorption 
materials. Consequently, the exploration of MAMs combining 
high-temperature resistance, substantial electromagnetic loss, and suit
ability for coating preparation techniques gains paramount importance. 

In order to consider both electromagnetic loss and high temperature 
resistance, MAX phase material seems to be a promising candidate. MAX 
material (Mn+1AXn: M = transition metals, A = Third or fourth main 
group element, X = C or N, n = 1–3) possesses hexagonal layered 
structure, which is composed of M6X layer and A atom layer alternately 
[15]. MAX materials have garnered substantial interest from researchers 
due to their noteworthy combination of metallic electrical and thermal 
conductivity, in conjunction with ceramic attributes of oxidation resis
tance and resistance to corrosion [16]. The distinctive properties of MAX 
phase materials offer valuable insights for the formulation of 
microwave-absorbing coatings with enhanced performance. Notably, 
among these materials, Ti3SiC2 exhibits impressive qualities such as 
oxidation resistance, elevated mechanical strength, favorable machin
ability, and noteworthy plasticity. Furthermore, Ti3SiC2 demonstrates 
exceptional electrical conductivity, leading to the development of sub
stantial dielectric loss capacity, setting it apart from conventional 
ceramic materials [17]. Based on this, Ti3SiC2 has potential application 
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in harsh environments microwave absorption. To further fortify Ti3SiC2 
against performance deterioration in high-temperature settings, careful 
attention is directed toward the substrate of the absorbing materials. The 
integration of Ti3SiC2 with Al2O3-13%TiO2 (AT13) insulating ceramic 
presents notable advantages, including high hardness, chemical stabil
ity, wear resistance, and corrosion resistance, making it extensively 
employed in aerospace, petrochemical, and other demanding domains 
[18,19]. The amalgamation of AT13 and Ti3SiC2 holds promise in 
enhancing impedance matching while concurrently elevating Ti3SiC2’s 
oxidation decomposition temperature, thereby expanding the materials’ 
operational temperature range. Notably, plasma spraying, due to its 
high operating temperatures and oxygen-free environments, emerges as 
a propitious technique for high-temperature microwave absorption ap
plications. This technique facilitates the rapid formation of high-melting 
point materials such as ceramics and metals, as well as materials with 
limited oxidation resistance, including carbon-based and polymer ma
terials [20,21]. 

In this study, we present a methodology wherein Ti3SiC2, renowned 
for its exceptional dielectric properties, is consolidated into powder 
form with AT13 using a simple, efficient, and economical granulation 
technique (no specialized equipment required). Subsequent application 
of plasma spraying culminates in Ti3SiC2/AT13 high-temperature mi
crowave absorption coatings. Our exploration investigates the impact of 
granulation and spraying processes on the coatings’ crystal structure, 
morphology, and oxidation resistance. Concurrently, we scrutinize the 
temperature-dependent permittivity and high-temperature microwave 
absorption properties of Ti3SiC2/AT13 coatings. The findings under
score the exemplary high-temperature resistance and microwave ab
sorption performance of Ti3SiC2/AT13 coatings, even at limited 
thicknesses, suggesting broad prospects for industrial applications. 

2. Material and methods 

Plasma-sprayed powder was derived from the agglomeration and 
granulation of high-purity powders of Ti3SiC2 (Jilin 11 Technology Co., 
Ltd, China, >99.9 %) and AT13 (Oerlikon Metco Co., Ltd, USA). Ti3SiC2 
powder was blended with AT13 powder in mass percentages of 0 %, 3 %, 
5 %, and 7 % to create a starting powder. Polyvinyl alcohol (PVA, 
80.0–110.0 mPa⋅s), used solely as an adhesive, was sourced from 
Shanghai Aladdin Company. PVA was dissolved in 90 ◦C deionized 
water at a concentration of 80 g/L, followed by magnetic stirring until a 
clear solution was achieved. The starting powders were mixed with the 
PVA solution at a powder: liquid mass ratio of 4:1 to form a paste, 
subsequently ground for 30 min. The resulting paste was dried at 150 ◦C 
for 12 h, and then finely powdered with particle sizes ranging between 
50 and 100 µm. The plasma-sprayed powder derived from the four 
components was labeled as T0, T3, T5, and T7. This finely prepared 
powder was employed to fabricate Ti3SiC2/AT13 absorbing coatings 
using plasma spray technology. Primary and auxiliary plasma-forming 
gases included argon (19 slpm) and nitrogen (1 slpm), respectively. 
The carrier gas, nitrogen (5 slpm), was utilized to feed powder at a rate 
of approximately 20 g/min. Plasma arc current and voltage were fixed at 
250 A and 30 V, respectively. The spraying distance was maintained at 
100 mm. The process of coating preparation is depicted in Fig. S1. 

The phase structure was characterized using X-ray diffraction (XRD, 
Bruker D8 Advance) with Cu Kα irradiation (λ = 1.540598 Å) at 40 kV 
and 40 mA. Data were collected within 2θ angles spanning 10–90◦, 
employing a step size of 0.017◦. Microstructure and chemical compo
sitions were analyzed through a Hitachi SU5000 scanning electron mi
croscope (SEM), outfitted with an energy-dispersive spectroscopy (EDS) 
detector. The temperature-dependent electrical properties of the coat
ings, within the range of 300–973 K, were evaluated using a Physical 
Property Measurement System (PPMS, Quantum Design PPMS-9). 
Thermogravimetric analysis (TGA) and differential scanning calorim
etry (DSC) were performed using a Mettler-Toledo TGA/DSC analyzer 
from 25◦ to 700◦C, at a heating rate of 10 ◦C⋅min− 1 under an air 

environment. 
Temperature-dependent permittivity of the coatings was determined 

via the waveguide method. The procedure involved uniform spraying of 
plasma-sprayed powder onto an aluminum substrate, followed by sep
aration of the coating from the substrate, and subsequent cutting into 
rectangular blocks measuring 22.86 × 10.16 × 2 mm. Electromagnetic 
parameter testing, employing a vector network analyzer (VAN, Ceyear 
3672c) and a microwave heating furnace, was employed to assess the 
temperature-dependent permittivity of the coatings within the fre
quency range of 8.2–12.4 GHz. During the test, furnace temperature 
ranged from 300 to 973 K, with the furnace’s heating rate maintained at 
10 K/min. 

3. Results and discussion 

3.1. Crystal structure 

Fig. S2 displays the XRD patterns for commercially available Ti3SiC2 
and AT13 powders. The observed reflections can be indexed as the 
presence of small quantities of Ti2Si3 and Al2TiO5. Fig. 1 shows XRD 
patterns for Ti3SiC2/AT13 absorbing coatings. The appearance of 
diffraction peaks corresponding to Ti3SiC2 implies that the plasma 
spraying process did not induce significant decomposition of Ti3SiC2. 
Notably, the primary phase for T0 coating is identified as spinel- 
structured γ-Al2O3 (JCPDS: #29–0063); in contrast, for other coatings 
prepared by agglomerating Ti3SiC2 and AT13, the main phase is α-Al2O3 
with space group R-3c (JCPDS: #10–0173). This distinction arises from 
the lower interfacial energy of γ-Al2O3 compared to α-Al2O3. During the 
process of melting and deposition of AT13, the initial formation of 
γ-Al2O3 crystal nucleus occurs due to its lower surface energy [22,23]. In 
the absence of agglomeration and granulation, rapid cooling leads to 
substantial undercooling of the crystal nucleus, accelerating nucleation 
and promoting γ-Al2O3 formation. Additionally, the thermodynamics of 
Al2O3’s phase transition suggests that γ-Al2O3 tends to transform into 
α-Al2O3 upon exposure to elevated temperatures [24,25]. Consequently, 
after agglomeration and granulation, Ti3SiC2 particles act as buffers, 
hindering heat transfer and fostering the conversion of γ-Al2O3 to 
α-Al2O3. In cases where plasma spraying is used for Al2O3-TiO2 coatings, 
deoxidation of TiO2 often occurs, forming the amorphous TiO2− x [26]. 
Hence, the TiO2 phase is challenging to identify in the T0 coating. 
However, the diffraction peaks of rutile TiO2 (JCPDS: #21–1276) can be 
discerned in the XRD patterns of the remaining coatings, owing to the 
buffering effect of Ti3SiC2. Concurrently, the emergence of the new TiC 
phase is attributed to insufficient oxygen partial pressure during plasma 
spraying, causing Ti3SiC2 decomposition and TiC formation [27]. 

3.2. Microstructural analysis 

The micromorphology of T7 composite absorbing materials 

Fig. 1. XRD patterns of Ti3SiC2/AT13 microwave absorption coatings.  
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following granulation is presented in Fig. 2(a). The particle size distri
bution ranges between 30 and 50 µm, displaying uniform shape and 
significant spheroidization. Spheroidization degree crucially affects 
powder fluidity, which impacts the spraying process continuity and 
resulting coating quality. Upon magnification, spherical particles are 
found to be composed of smaller irregular particles, implying uniform 
dispersion and bonding of the two materials via granulation. This ach
ieves simultaneous deposition of absorber and substrate during 
spraying. 

The microstructural analysis of the T7 composite absorber material 
after plasma spraying is depicted in Fig. 2(b). The spherical particles 
exhibit a more uniform, smooth, and compact appearance, indicating 
the adequate heating and melting of the plasma-sprayed powder in the 
ultra-high temperature plasma flame flow. Notably, the ceramic mate
rial Ti3SiC2 possesses a melting point of 3000 ◦C, surpassing that of 
Al2O3 (2054 ◦C) and TiO2 (1840 ◦C) [28]. As such, within the 
high-speed plasma plume, the matrix AT13 was initially molten and 
subsequently evenly applied onto the particle surfaces, forming a pro
tective layer. The creation of this protective layer proves beneficial in 
elevating the oxidative decomposition temperature of Ti3SiC2. EDS 
mapping (Fig. 2(c, d)) confirms the even distribution of Si and C ele
ments on particle surfaces, validating the efficiency of the granulation 
procedure employed. The process of forming the Ti3SiC2 buffer layer and 
AT13 protective layer is illustrated in Fig. S1. 

To preliminarily assess the application impact, T7 composite 
absorber materials were applied to 45 steel through spraying, resulting 
in a coating whose end surface morphology is depicted in Fig. 2(e). The 
illustration underscores the robust adherence of the coating to the 
substrate, exhibiting a high density and no discernible detachment. 
Additionally, SEM images of the end surface highlight noticeable vari
ations in chromaticity. Specifically, the white dashed line in the image 
signifies localized melting of Ti3SiC2. Evidently, the EDS mapping in 
Fig. 2(f) provides evidence of this composition distinction in these re
gions. The molten Ti3SiC2 region in the coating can be readily identified 
based on the distribution of Ti, Si, Al, and O elements in the EDS images. 
Furthermore, the presence of voids and porosity in the coating can be 
attributed to incomplete particle melting during the spraying process. 
Such voids and porosity can yield dual effects: affecting the coating’s 
mechanical traits, while concurrently intensifying the repetitive reflec
tion and scattering of electromagnetic waves. Numerous studies have 
reported that the repeated reflection and scattering due to a porous 
structure greatly contribute to effective electromagnetic wave 

absorption [29,30]. The morphology of the remaining samples 
post-agglomeration, spraying, and coating end surface are depicted in 
Fig. S4. 

3.3. Oxidation behavior 

The material’s capacity to withstand oxidation at elevated temper
atures is a critical precondition for its service in high-temperature set
tings. To investigate the coatings’ dependable operational temperatures, 
synchronized thermogravimetric analysis of T7 samples was conducted 
before and after plasma spraying. For convenience, we label the T7 
before and after plasma spraying as the T7-NS and T7-S, respectively. 

DSC heat flow curves for T7-NS, as depicted in Fig. 3(a), reveal an 
uninterrupted exothermic process throughout heating. Notably, as the 
temperature surpasses 587 ◦C, a more potent exothermic trend emerges, 
persisting even at the highest temperature. This underscores the 
continuous oxidative decomposition of Ti3SiC2 during superheating. 
Conversely, T7-S’s heat flow is minimal, implying a relatively sluggish 
oxidation rate for Ti3SiC2. 

Fig. 3(b) presents the variation in sample weight with increasing 
temperature. The weight alteration of T7-NS can be discerned across 
three distinct stages with rising temperature: i) below 220 ◦C, negligible 
weight change alongside a stable sample state; ii) between 220 and 
434 ◦C, slight weight reduction primarily due to PVA decomposition; 
and iii) above 434 ◦C, evident weight increase due to the oxidative 
decomposition of Ti3SiC2. Over the entire heating process, the T7-NS 
sample’s weight increases by roughly 7 %. In contrast, post-plasma 
spraying, the T7-S sample’s weight gain at 700 ◦C is 0.64 %. Beyond 
700 ◦C, a notable weight increase is witnessed, resulting in an approx
imate 6 % weight gain for the T7-S sample. Consequently, modification 
solely through agglomeration granulation without plasma spraying has 
minimal effect on oxidation resistance. Post-plasma spraying, the sam
ple remains stable under 700 ◦C, exhibiting a 266 ◦C increase in the 
onset temperature of oxidation. This substantiates the efficacy of the 
plasma spraying process in enhancing the oxidation resistance of the 
Ti3SiC2/AT13 composite material, thus broadening its operational 
temperature range. 

3.4. High-temperature conductivity and dielectric properties 

For nonmagnetic materials, their electromagnetic characteristics are 
fundamentally described by complex permittivity (ε′ and ε″). By the 

Fig. 2. SEM images of Ti3SiC2/AT13 composite materials after (a) granulation and (b) plasma spraying respectively. (c, d) EDS mappings of Ti3SiC2/AT13 composite 
materials after plasma spraying. (e) SEM images of T7 coating. (f) EDS mappings of T7 coating. 

W. Wang et al.                                                                                                                                                                                                                                  



Journal of the European Ceramic Society 44 (2024) 254–260

257

modified Debye Relaxation theory (the explicit formulas are described 
in the Supplementary Information), ε″ is composed of ε″P and ε″c, where 
ε″P is contributed by the polarization relaxation loss and ε″c by the 
conductance loss. To explore electronic attributes, particularly 
temperature-dependent dielectric properties, high-temperature con
ductivity testing was conducted on Ti3SiC2/AT13 coatings. Fig. 4(a) il
lustrates the temperature-dependent conductivity variation as measured 
by PPMS. Evidently, the coatings’ conductivity demonstrates a 
semiconductor-like increase with temperature. However, numerous 
studies have established Ti3SiC2’s metallic character, a typical trait of 
MAX phase materials, marked by valence and conduction bands signif
icantly overlapping [31,32]. As such, Ti3SiC2 should exhibit a positive 
resistivity temperature coefficient, indicating that conductivity de
creases with temperature—an opposite trend to that exhibited by the 
coatings. Remarkably, the semiconductor properties and negative tem
perature coefficient of resistivity in Al2O3 and TiO2 have been exten
sively documented [33,34]. Furthermore, considering the proportion of 
Ti3SiC2 in the coating is notably less than that of AT13, it is proposed 
that the augmented conductivity of the AT13 matrix plays a pivotal role 

in the observed elevation of coating conductivity with temperature. 
To investigate coatings’ high-temperature dielectric properties, 

variations in permittivity with temperature were measured through in 
situ heating VAN. Fig. 4(b, c) graphically presents the dielectric char
acteristics of the T3 and T5 coatings within the X-band at varying 
temperatures. Corresponding information on the temperature- 
dependent permittivity of the T0 and T7 coatings is available in 
Fig. S5. Based on Equation (S1), elevating the temperature results in a 
reduction of relaxation time τ(T), thereby causing ε′ to exhibit a 
noticeable increase. As the temperature escalates, the ε′ of all coatings 
demonstrates a gradual increase, as depicted in Fig. 4(b1, c1). However, 
a noteworthy aspect concerns the behavior of ε″ in response to tem
perature changes. Referring to Fig. S5(a2) and Fig. 4(b2), it is observable 
that the value of ε″ for both the T0 and T3 coatings gradually ascends 
with temperature but experiences a gradual decline as frequency in
creases. Equation (S2) and Equation (S3) suggest that at lower temper
atures, when τ(T) is relatively large, ωτ(Τ)≫1. In such cases, ε″ can be 
transformed into: 

Fig. 3. (a) DSC and (b) TG curves of T7 composite materials before and after plasma spraying.  

Fig. 4. (a) Temperature-dependent conductivity of Ti3SiC2/AT13 microwave absorption coatings. The temperature-dependent (b1, c1) ε′ and (b2, c2) ε″ as function of 
frequency for T3 and T5 coatings. (d) Cole-Cole plots of complex permittivity for T5 coating at 300 K and 973 K. 
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ε″ = εs − ε∞

ωτ(T) +
σ(T)
ωε0

(1) 

As temperature rises, τ(T) diminishes as σ(T) augments, leading to a 
conspicuous increase in ε″. Additionally, with the increase of ω, both ε″P 

and ε″c undergo a reduction, resulting in a gradual decline in ε″. How
ever, due to the increased presence of Ti3SiC2 in the coating, the po
larization stemming from dipoles, defects, and interfaces increases. This 
divergence causes the ε″ behavior of T5 and T7 coatings to markedly 
differ from that of T0 and T3 coatings. As shown in Fig. 4(c2), the ε″ of T5 
coatings initially decreases, then increases with the increasing temper
ature. This phenomenon can be attributed to several factors. Firstly, 
based on Equation (S2), an increased temperature exponentially de
creases τ(T), prompting ωτ(Τ) to transition from ≫1 to ≈ 1, and then 
further transitioning to ≪1. The resulting in the transformation of ε″P as 
follows [35–37]: 

ε″p = (εs − ε∞)ωτ(T) (2) 

In this process, ε′′
P reaches its maximum value of εs − ε∞

2 when ωτ(T) =

1, it is referred to as the dielectric dispersion region. Subsequently, 
according to the Schweidler equation, when various polarized compo
nents possessing similar τ(T) exist within the dielectric, the dispersion 
region expands [36,38,39]. Consequently, coatings like T5 and T7, 
which contain numerous polarized components, are more susceptible to 
experiencing dispersion. With escalating temperature, these coatings are 
prone to crossing the dispersion region. Accordingly, as per Eq. (2), a 
decrease in τ(T) corresponds to a decrease in ε″P. The gradual decline of 
ε″P from a microscopic perspective results from intensified thermal 
motion of dipoles, which aligns with the external electric field, thereby 
diminishing polarization loss ability. While the establishment of polar
ization reduces the significance of polarization loss, the substantial in
crease in σ(T) with temperature magnifies the prominence of conduction 
loss as a dominant mechanism. This transition is confirmed by the 
Cole-Cole plots in Fig. 4(d). At 300 K, two distinct semi-circles on the 
curve correspond to two relaxation processes, whereas at 973 K, the 
curve is primarily composed of straight lines. This competitive interplay 
between polarization and conductivity results in an initial decline fol
lowed by an increase in ε″. In summary, at lower temperatures, polari
zation loss governs, leading to a gradual reduction in ε″ due to 
polarization establishment. Conversely, at higher temperatures, the 

marked conductivity increase results in conduction loss prevailing, 
leading to a gradual ε″ rise in tandem with conductivity growth. Addi
tionally, the ε″ of T5 and T7 coatings exhibits a different trend compared 
to T0 and T3 coatings as the frequency increases. According to Eq. (2), 
higher frequencies contribute to greater polarization loss; thus, leading 
to a progressive elevation of ε″ with increasing frequency. 

3.5. High-temperature microwave absorption properties 

To assess the high-temperature microwave absorption characteristics 
of the Ti3SiC2/AT13 coatings, according to the transmission line theory, 
the reflectivity loss (RL) of the coatings were evaluated by the following 
equations [12]: 

Zin = Z0
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(μr/εr)

√
tanh

[
j
(

2πfd
/

c
) ̅̅̅̅̅̅̅̅̅̅̅̅

(μrεr)
√ ]

(3)  

RL = 20lg|(Zin − Z0)/(Zin +Z0)| (4)  

where f denotes the electromagnetic wave frequency, d represents the 
material thickness, and Zin is the input impedance at the absorber-air 
interface, which is linked to complex permeability and complex 
permittivity. For an ideal absorber, Zin equals 1. 

Fig. 5(a, b) visually illustrates the reflectivity loss of T3 and T5 
coatings at various thicknesses and temperatures. For T3 coatings, an 
effective bandwidth (RL < − 10 dB) of 1.9 GHz is attainable at a thick
ness of 2.0 mm and a temperature of 973 K, while a bandwidth 
exceeding 3 GHz (with RL < − 5 dB) is feasible. With a T3 coating 
thickness of 2.5 mm, the bandwidth with RL < –5 dB surpasses 2 GHz 
within the temperature range of 300–873 K. As for the T5 coating, at a 
thickness of 1.4 mm and a temperature of 873 K, an effective bandwidth 
of 2.2 GHz is achieved, expanding to 3.0 GHz for RL < –5 dB when the 
temperature hits 973 K. Notably, the T5 coating exhibits substantial 
bandwidths at multiple temperatures with a thickness of 2.2 mm. Spe
cifically, effective bandwidths span from 3.37 GHz at 300 K to 2.12 GHz 
at 573 K. The minimum RL value reaches 48.2 dB at 373 K and 51.8 dB 
at 573 K. Analysis of the Ti3SiC2/AT13 coatings’ microstructure and 
permittivity underscores their impressive microwave absorption po
tential, attributed to the synergy of diverse microwave absorption 
mechanisms. These encompass the favorable electrical conductivity of 
Ti3SiC2 and the polar centers induced by defects, enhancing the 

Fig. 5. Reflectivity loss of (a1, a2) T3 and (b1, b2) T5 coatings with varying thicknesses across temperatures from 300 K to 973 K. Impedance matching factor (c1, c2, 
c3) and attenuation constant (d) of the T5 coating at 300 K, 773 K, and 973 K are presented. 
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coating’s conductivity and dipole polarization loss capabilities [40,41]. 
The non-uniform charge distribution between Ti3SiC2 and the AT13 
matrix within the coating leads to interface polarization loss. Moreover, 
the existence of holes and porosity within the coatings promotes 
repeated reflection and scattering of microwaves within the coating [42, 
43]. 

To explore further the influence of temperature on electromagnetic 
wave absorption, we introduce the impedance matching factor and 
attenuation constant. The absorption performance of a material is 
determined by its impedance matching performance and attenuation 
constant. The former determines whether electromagnetic waves can 
enter the interior of the materials as much as possible, while the latter 
denotes the material’s loss ability toward electromagnetic waves. The 
attenuation constant (α) of a material is formulated as follows [44]: 

α =

̅̅̅
2

√
πf

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μ″ε″ − μ′ε′+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ′2 + μ″2
)(ε′2 + ε″2

)

√√

(5) 

Impedance matching performance can be expressed by impedance 
matching factor (Δ) [45]: 

Δ =
⃒
⃒sinh2(Kfd) − M

⃒
⃒ (6) 

A value of Δ approaching zero signifies better impedance matching 
performance. Based on the above formulas, Fig. 5(c, d) shows the 
attenuation constant and impedance matching factor of the T5 coating at 
300 K, 673 K, and 937 K. The regions exhibiting improved impedance 
matching (Δ < 0.2) gradually shift toward lower frequencies and 
smaller thicknesses with rising temperature. Therefore, the reflectance 
peak shifts toward lower frequency with temperature elevation. 
Regrettably, the low attenuation constant impedes effective microwave 
loss, due to the inherent trade-off between impedance matching and 
attenuation constant. The mismatch between impedance and attenua
tion often hampers materials from achieving ideal absorption properties 
in high-temperature conditions. The analysis underscores the 
outstanding microwave absorption performance of the plasma-sprayed 
Ti3SiC2/AT13 coatings in high-temperature environments. It is imper
ative, however, to judiciously adjust the Ti3SiC2 content and coating 
thickness according to the target temperature and desired microwave 
absorption properties during the design and optimization of these 
coatings. 

4. Conclusions 

In summary, a series of high-temperature resistant Ti3SiC2/AT13 
microwave absorbing coatings have been successfully devised and pro
duced through the application of plasma spraying. The granulation 
spraying technique has demonstrably improved the coatings’ resistance 
to oxidation, yielding commendable thermal stability under 700 ◦C. Our 
investigation into the temperature-dependent permittivity of the coat
ings has unveiled the establishment of dielectric polarization and the 
consequent transition in the loss mechanism. As temperature rises, the 
primary dielectric loss mechanism in the coating transitions from po
larization loss to conductive loss. This transition in the loss mechanism 
enables the coatings to maintain excellent microwave absorption per
formance even in high-temperature environments. The T5 coating 
maintains a respectable effective bandwidth (RL < –10 dB) of 2.2 GHz at 
873 K, with a mere thickness of 1.4 mm. Even at 973 K, a bandwidth 
with RL < –5 dB can extend to 2.9 GHz. This study examines the 
evolutionary mechanism of the temperature-frequency characteristics of 
the dielectric constant in high-temperature absorbing materials, offering 
novel insights and approaches for the design of such materials. By 
analyzing the temperature-frequency characteristics of the coatings’ 
permittivity, this study offers new insights for the design of high- 
temperature absorbing materials. 
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