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Abstract: TizAlC, a representative MAX-phase material, possesses high electrical conductivity and excellent thermal
stability, making it a promising candidate for electromagnetic wave absorption. However, its excessively high conduc-
tivity readily causes impedance mismatch and hinders effective penetration of incident electromagnetic waves. In this
study, transition metal V was introduced into TizAlC: to regulate its lattice and electronic structures by taking advantage
of the similar atomic characteristics of V and Ti. (Tio.7Vo.3)3AIC, was selected as a representative composition to inves-
tigate its structural characteristics, electromagnetic parameters, microwave absorption performance, and property evo-

lution after high-temperature treatment. The results show that V doping preserves the MAX-phase framework of TizAlC:
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while markedly enhancing its microwave absorption performance. Compared with pristine Ti3AIC2, V doping effectively

regulates the dielectric response and improves impedance matching. Consequently, the minimum reflection loss is im-

proved from —9.13 to —51.48 dB at a matching thickness of only 1.60 mm, with a maximum effective absorption band-

width of 2.24 GHz. After heat treatment at 600 °C followed by cooling to room temperature, the sample undergoes

surface oxidation, accompanied by decreases in dielectric loss and attenuation capability. Nevertheless, its minimum

reflection loss remains as low as —46.96 dB, indicating that appreciable room-temperature microwave absorption perfor-

mance is retained after high-temperature treatment. V doping therefore enhances the microwave absorption of Ti3AlC:

through the coordinated regulation of conductive response, polarization loss, and impedance matching, providing an

experimental basis for designing MAX-phase absorbers that combine strong microwave absorption with performance

retention after heat treatment.
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Fig. 1 (a) XRD patterns and (b) locally enlarged view of the (002) crystal plane diffraction peak of TizAlCz, (Tio.7Vo.3)3AlC2 and
(Ti0.7V0.3)3AlC2-600 °C samples
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Fig. 2 Microstructural characterization of samples

SEM images of (a) Ti3AlCz, (b) (Tio.7Vo.3)3AlCz2 and (c) (Ti0.7V0.3)3A1C2-600 °C; (d) EDS elemental mappings of Ti, V, Al and O;
HRTEM images of (e) Ti3AICz and (f) (Tio.7Vo.3)3AIC2

23 REWWERSSH
NS0T V B30 TiAIC, R FRE
JEZME, X TisAlC, M(Tio7Vos)3AlC, #4T 1 XPS I
e HE 3(a)n WL, TisAlC, H Ti2p WS 7EZ) 454.8 Al
460.6 eV A5 HA T Ti-C B Ti2ps, Al
Ti2pin, MFEZ] 458.6 A1 464.3 eV AbLFIUE ) 55k
F Ti—O #) Ti2psn 1 Ti2p1n2%), 7E 455.8 eV 4bfH)
I mT A 8 TR R B ALY Ti-Ox B Ti2psn?Y, ¥t
HIRE S AR AL 4y . MHEEZ T, (Tio7Vos)3AlC,
Ti—O FHORZH 73 W B Rk 55, R EH V B2 i R A
A o AR . I 3(b)FTR, (Tio7Vos)sAlC, [
V2p WEAEZ) 513.9 M1 521.6 eV Ab H BN FHAE I,
A3 5 N V-C BER) V2pan F1 V2p 1222, Wi V L&
CL R 51 NFE i T 3 DURR E R T KA AE . B

J. Inorg. Mater., XXXX, XX(XX): XXXX

3, & 722 1 74.2 eV ARSI VT Al-
Ti2psn 1 Al-02p3,), Hrft AL-Ti 85 MAX Af
Al 25 Ti M EAEH RS S, A0 WIRIET
KA. B 3(d)F, 29 281.8. 284.8 Al 288.6 eV
LE I 4y H % N T C-Ti(V). C—C Fil O—-C=0 4,
Zi4H XPS 5 XRD 4530 A1, V M5 N TizAlC,
i f%, HARBEIR I MAX M AR L5

2.4 RIBEMSM

Bl 4 24 TisAIC, F(Tio7 Vo3 )3AlC: FER R H A
AR TG-DTG k. B 4a)ZoR, BFRESTE
BB R BN E, X EH TR PRRME
AEOK S 5| R AR A A, TR I I 2R T % A AT
REXT R AR PP AR R . Fl T 0 R N H Al 2
Vg, PIFTRERAETEE AT RAREREN. |

www.jim.org.cn



e

FEYL, %V IB AR TLAIC Wk M fe & b Aa s v 5

Bl 4(b)rT I, 4 TisAlC, ZI7E 423 °CJ5 H- 46 i 4
. 1M (Tio7Vos):AlC: ZI7E 559 °C 5 74 Hi L i 2 4 8
KUV BIREREEE TR ARG IRE . &
TS, Ti AL 3 R A A, C 45 LA
CO B, CO, LR, DTG HiZk7E 700~800 °Cyu [
P HE R B R A, U R X A A SO 3
Bo b 1Y E R IS, 3R B A T R A )

MR B0 A4 T — 2 FSAE ). £ 600 °Chb
)5, XRD Ko 1B TiO, fiT i, R MAX AH
FIERIEHE; 454 EDS F O e R KT 041, *
HIRE SR A2 T RIMAEL, HEER MAX M5 AR
SRR F, EE 600 °CLRIE 1 h A4
B, F TP SR MBS R &5 R B W i
PEREIIE AL .

(a) Ti,AIC, - Ti2p (b) (Tiy,V3),AIC, V2p
— Tio THC TiO o § Ii'c -
=§ P 2pyy  2pyn y Pz :
< “Pin S
gl _ML < v-C
‘? - "E‘ V-C 2py,
g (Tig;V3);AIC, £ 2Py

Binding energy / eV

467 464 461 458 455 452

527 523 519 515 511 507
Binding energy / eV

(C) Ti,AIC, i\l-O Al2p (d) Ti,AIC, c-C Cls
“ban C-Ti (V)

~ AL-Ti -~

= 5 = )

< “P3n < 0-C=0

= = =

2 2>

B |(Tig;Vo2),AIC, ‘B |(Tig;Vo2);AIC,

2 3

= |

AN

) \ A

84 81 78 75 72 69 66
Binding energy / eV

204 291 288 285 282 279 276
Binding energy / eV

3 TisAlC: Al(Tio.7Vo3)sAlC: ¥ i ) XPS K1
Fig. 3 XPS spectra of Ti3AlCz and (Ti0.7V0.3)3A1C2 samples
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Fig. 4 Thermogravimetric curves of Ti3AlC2 and (Ti0.7V0.3)3AlC2 under (a) N2 and (b) air atmospheres
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Fig. 5 (a-c) Electromagnetic parameters and (d-f) Cole-Cole plots of Ti3AlC2, (Ti0.7V0.3)3AlC2 and (Ti0.7V0.3)3A1C2-600 °C samples

NRE— 2 A A A FELE], B S(d~DZH T

= HFESHT Cole-Cole 2k . 3T Debye 412,
Him 2 AREA):

2 e 2

(=257 rer=(33") ©

K, e T el SRS B AS A L SIORT 3 AR PR A

HLH 2. 4 TisAlC, AR I H B 2 58 # (1) st 71 [

M52 90 H BN S35 4 AR AR, Ul B S B R o

HEE S, HR RS AE 5 5 o AU B DA ),

FILLZ R, (TiosVos)sAlCy BG4 1[5 56 ik i, &
B VB3I TR RO IR AT N - 454 HRTEM
SEL, FF i HH 1) SR 3 o 4 B 2 R 4 ) R B T Ay LA
AT KBRS A R BL A R R . AN
sth P FEAR B RSB, OB L A S i T 22 b Ak e
AR AR R, 28 600 °CAEHEE, FE G I EE;
TIE RN 46 FE A2 B R0 55, 3R B R B 5 5 F AR RE AT
WAk st ¥ 0 FE 2 4 BT i 55

Bl 6(a~c)FTE 6(d)73 il = 4L S ) = 4E A0 —
Ye SRR 2R . 2l TisAIC, /N RUFHHFEU N -
9.13 dB, XM JEREN 2.00 mm, FHTH AR 1
RIS & VBT, (TiosVos)sAlC, [ /)N I 5 47
FEREPRRE-51.48 dB, Xt AACILE N 1.60

J. Inorg. Mater., XXXX, XX(XX): XXXX

mm, FKH RRIHT %N 2.24 GHz, i B F B g it
WP RES BB B AR TE. & 600 °CALFE S, FEALY
A 3R15-46.96 dB )8 /IN SRR, X JRE R 4.48
mm, KA RRIH %N 1.60 GHz. #VLFE S, Ff
an R B S 40 B A, PH BT DT G 2% 1Rk AR R AL,
NI A8 5 A0 IC i 52 5 318 K

VEAN MR BB B I FERCRE J1, i — D
T IEIE B(a), W 6(e)Fin, ZHFEMK a BB
BT TG I, 3R B PR 0 X 38 R A T SR
LG U FEBRE 1. Hodb 4l THAIC, 1 a B,
(Tio7Vo3)3AIC2 K2, 600 °CALFE 5 (I FE S B A, &
B2l TisA1C, AHEL 55 403 4L b LA o 5 1) F
TEIAE 1. SR, [EAEERE, 40 THAIC, B AR
B o, (HRFHFERTS, ViR — G 1A
RE Ve W M e, 1075 R BH T EC AR B kA
KW, V BARIE e F e A B T 2t 5
A L NS B BB IR, o IR BE 77 5 BHTIL D
BAFE . B 6(D) 9 FE i B B BT IC AT (| Zin/ Zo|) HH 25
BH 7T T e 2 52 M A sl VR 8 1 e 1) B TR R 3% 2 — B0,
M| Zinl Zo|¥EIE 1 B, MR BRSTS B2 RI B 4T
AT, FUT O A, N T B i NP R,
FHAEAL R R h B 2P AR 2E TisALC, (] Zin/ Zo

www.jim.org.cn



e

FEYL, %V IBAR TLAIC Wk M fe & i Aa s v 7

FEREA B N 3B A s 1, 1 B L BE UL FO B 22,
FRTHD SRR, 3 o HL I IR 1 B 59 1Y) E SR PR B

Atz ~, fE & LIt E E (1.60 mm) T,
(Tio7Vo.3)3AIC: | Zin/ Zo|¥23E 1, R V B8 T
FLBHATVC AT, M TIALE 56 22 N5 R R I8 BE 06 1k N4 8L
PR SRR X T 600 °CARERFE &, 7R AR
DUPC )5 2 (4.48 mm) &, Ff il 1| Zin/ Zo| 75 5 591 X 354
W1, PRAT BT AR v A X dak ST A B R . ] 6(g)
10. 1315, 17, 27, 3205k L oy #fr T S ARGE 1) MAX A7 &
MXene J: W5 A BRI RE o 25 S 2% B AT F 1] 4% (1)
(Ti0.7V0.3)3A1C, 7E 5 UUIC JE T B A 05 1) & 5
e, RIS R U7 2R SR p Ve

BeAh, Wi B 3k 32 20 7 2 — P A UL RS 5%
PEROFEI o ARYEIZARRY, DCRC SR el )2 B &
I R BOM R R 3 IR RE . V 525 & 600 °Chb
B TR R BE S R, TR Y T R AE R
W2 A A S R A B A VL R SR B o 28 600 °CAL2E
Ja, REFE M EIRAE 1A FTFEAR, (HAE 4.48 mm
JJEE e AR LA AT B AT B BT i 5 B [
I, MREER T S 5 e T ARG m] 5 2 18] FRAH Y
T ReA BT ik — D BEAR ST s e, AT F2 i
R o 25 E, FE A I SR RFE T PHLBTIUE R . Y
FS BE B AR AU R AR G T SR RIS

-20
=30
-40
=50
—— Ti,AIC,
- — (g Vg hAIC,
e (i ;¥  hAIC, 6007
ﬁ.m o \"
S —— Ti,AIC, / /
& 50— (T Vealc, | i _,/-Q‘—;_.«;
i (Tig 2V 5 1hAIC, 600°C el
-'2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency / GHz Frequency / GHz Frequency / GHz
(g) 55 Y This Work
- 7’* @ Ti.C, MXenc®!
51 m 7’ Py ™ AI-Ti,SiC,"
7 s
8 404 " @ T1isic,"”
— R\ar ‘ @ (Cry,Tip)AIC
=] e ® A (Ti by ), AICH
= 30+ s A Fe-doped Ti,AlC,/"!
”~ L P 38l
25 - 7 & Mo.CT, MXene!'”
” o ~ [2
204 = W Ti,AIC,"
T T T T T T T J T T Cr.AlCH
4.0 35 3.0 2.5 2.0 1.5 1.0 <

t/ mm

Bl 6 TisAlC2. (Tio7Vos)3AlCa. (Tio.7Vo3)3AlC2-600 *CHE fih [ (a~d) AT HRFE ()30 %, (DFHHLILAC £ BL K (g) 5
A PR 3B 7 P A2 RE KT L
Fig. 6 (a-d) Reflection loss, (¢) attenuation constants and (f) impedance matching curves of TizAlCz, (Tio.7Vo.3)3AIC2 and
(Ti0.7V0.3)3AlC2-600 °C samples; (g) Comparison of electromagnetic wave absorption properties with reported absorbers

N IAE V B 5 TisA1C, FURGHE R T
RERIERTHE R, SR CST Studio Suite HLH4 1 E 4 AF,
TE A R A B RO~) Je LR N 26 0, BT
TisAlC, F1(Tio.7Vo.3)3AlC Y E5 1A U AL M (RCS), 45
Rl 7 froR. SHEAEE FIRPEC)MH L, BFPFE S
B IR BTG 5 B B R TS, R H AR A PR
HLG I e i o 33— 20X B R BN, (Tio7Vo3)3AIC, 1E K
ZHOOTALAA TR AR RCS, = 4 HUR PO

J. Inorg. Mater., XXXX, XX(XX): XXXX

B TisA1C, B4R, 78 0°J5 [, (Tio7Vo3)3AlC, A
Xt PEC [ RCS Z{HiA %] 26.08 dB-m?, [iALEHR
WKW, V BB A RN TizAIC, HIL )
MEECS, 5 RSHRFENNRL R G, Bk 7 HE
T e M P RE 1S 21 R 3

BT ERHT, (TiosVos)sAlCs I HLILE WAL
B 8 Fron. B4, V B4 T AR A H A
L N R e S T = W el 1 1 52 K 7 W N &= )

www.jim.org.cn



e

FEYL, %V IB AR TLAIC Wk M fe & b Aa s v

PUUCC I AR 1 ST, A 5E 22 FRL LI R 08 10E A4
KA. FEULEEAL b, V B4 00C8 TR SR S
SEK, FERINBRIE S AR R AR, 38U SR A A A
AN AR E T, X ek X 5 7 A4
T B B AL TE (R AR A s TR A, AATT 32 = AR A
FLRFERE /182, [FIRY, (Tio7Vos)sAlCy TR B8 A 2 H

(a) y

TARREIE, BT ERZAR IR T IER IR
HLURERY; JRIRTE SR R G 1 Ja) 8 45 K A
P SIEA AT i g BB AR SR R ], 2D AR
HEFR T AR AL B A RE BAEAL. 2, HEAM BN

LG AE 3 LR SR PG . AL TR A B IR
YT LA OB R

(C)zo_ ——Ti,AIC, (d)40 T 1TiAlC,
— (Tig;Vo ), AIG 351 E1(Tig,Voa)AIC,
_ 107 N T ~30
) .08 dB-m” N
z F2s
Z-10; 220
& -20- g1s
[ o
_30_ 10'
40 (5) ]
60 -40 20 0 20 40 60 15 30 45 60
Phi / (°) Phi/ (°)

Bl 7 TisAIC2 Fll(Tio.7Vo3)sAlC2 ) RCS A4
Fig. 7 Simulated RCS results of TisAlCz and (Tio.7Vo.3)3A1C2
Three-dimensional RCS patterns of (a) TisAlC2 and (b) (Ti0.7V0.3)3AlC2; (¢) RCS curves of PEC and two samples at different

azimuth angles; (d) RCS reduction values of two samples relative to PEC at selected azimuth angles

——————
-
-

Impedance matching
Air ; Material
| w—
/\/\/\/\—»:W X
Incident

i Enhanced
microwave

Z, Zy

!T’

1
I
|
v

Conduction loss

-
S ———

Transmitted
microwave

s Lattice distortion and

structural defects
LD

Reflected = B> Defects
i 3 S
microwave . . 7

i
-——— -

K8  (Tio.7Vo3)sAlC, HL R W WAL HE 7R =

Fig. 8 Schematic illustration of electromagnetic wave absorption mechanisms of (Ti0.7Vo03)3AIC2

3

ISE

AWFIET V B3 T X TizAIC; MAX A
BB B S %, IR T H TR AL R S A
AR FFREYE . 45 R W, VL R DLEVETE 051N i,
HARBEIR MAX A RSG5, V 5245, FESBLHTIT

J. Inorg. Mater., XXXX, XX(XX): XXXX

Be 75 2 B B o, SRBE ARG TR 5 S R U R A
H, JEEETE T H LD FERLEE /I, f#(Tio7Vo3)3A1C,
) B /N I SR FE R 4 Ti; ALC, 11)-9.13 dB i3 &
51.48 dB, XJMULHECJFEFEAN 1.60 mm. [FIF, # 5
AR 4l TisAIC, Y 423 °CHE = & 559 °C.
2 600 CCAHEIFAH B =G, FamBERE— Tk

www.jim.org.cn



FEYL, %V IBAR TLAIC Wk M fe & i Aa s v 9

FERI R T, HA BB S = kae 71 A BT AR,
{ETERE 8 A0 B A AT R R AT ) B UC S, e /IS e 5
R T IE $]-46.96 dB, FHHAIE w24 A0 H 5
1Ty B A BRI e 17 iZWE LR, V B2 s 2
Tt TisAIC, 3 MAX FIM R e R R &
T5L I FH 8 77 A R

S HK -

[11LV H L, YANG Z H, PAN H G, et al. Electromagnetic absorption
materials: current progress and new frontiers. Progress in Materials Sci-
ence, 2022, 127: 100946.

[2] PANG H F, DUAN Y P, HUANG L X, et al. Research advances in
composition, structure and mechanisms of microwave absorbing mate-
rials. Composites Part B: Engineering, 2021, 224: 109173.
[31MAXC, ZHI Q, LI W, et al. High-temperature oxidation mechanism
and electromagnetic wave absorption properties of Fe,AlB,. Journal of
Inorganic Materials, 2026, 41(1): 45.

[4] XIA Q S, HAN Z, ZHANG Z C, et al. High temperature microwave
absorbing materials. Journal of Materials Chemistry C, 2023, 11(14):
4552.

[5] XIAO J X, HE M K, ZHAN B B, et al. Multifunctional microwave
absorption materials: construction strategies and functional applications.
Materials Horizons, 2024, 11(23): 5874.

[6] GONZALEZ-JULIAN J. Processing of MAX phases: from synthesis
to applications. Journal of the American Ceramic Society, 2021, 104(2):
659.

[71LTY B, WEI H S, CHEN L, et al. Regulating the electronic structure
of MAX phases based on rare earth element Sc to enhance electromag-
netic wave absorption. ACS Nano, 2024, 18(14): 10019.

[8] Mk, )R, BB T, 5. MXene(TisCo) I % K F W M A
FERR 35244, 2018(3): 315.

[91 L1 Z M, LUO F, HE C C, et al. Improving the microwave dielectric
properties of Ti;SiC, powders by Al doping. Journal of Alloys and Com-
pounds, 2015, 618: 508.

[10] ZHOU Y C, WANG X H, SUN Z M, et al. Electronic and structural
properties of the layered ternary carbide Ti;AlC,. Journal of Materials
Chemistry, 2001, 11(9): 2335.

[11] FAN X C, LI S B, ZHANG W W, ef al. Enhanced microwave ab-
sorption properties of Ti;AlC, particles modified by a facile preoxida-
tion strategy. Materials Today Nano, 2024, 28: 100539.

[12] ZHANG Z X, WANG W L, ZHANG J T, et al. Influence of ele-
ments (Zr, Mo, Cr, Fe, and Ni) doping on the electromagnetic wave ab-
sorption performance of Ti;AlC,-based ceramics. Ceramics Interna-
tional, 2023, 49(17): 28660.

[13] YAO P, QIAN Y H, LI W C, et al. Exploration of dielectric and
microwave absorption properties of quaternary MAX phase ceramic
(Cr;3Ti3)3AlC,. Ceramics International, 2020, 46(14): 22919.

[14] XU T T, L1 J, ZHAO D P, et al. Structural engineering enabled
bimetallic (Ti;_,Nb,), AIC solid solution structure for efficient electro-
magnetic wave absorption in gigahertz. Small, 2023, 19(27): €2300119.
[15] L1 J, XU T T, BAI H, et al. Structural modifications and electro-
magnetic property regulations of Ti;AIC, MAX for enhancing micro-
wave absorption through the strategy of Fe doping. Advanced Materials
Interfaces, 2022, 9(6): 2101510.

[16] BAI X Z, GUO Y, YAN H Y, et al. Magnetic-dielectric synergistic
construction of Ni-doped Ti;AlC, achieving efficient microwave ab-
sorption. Ceramics International, 2023, 49(24): 40570.

[17] CHANG Y K, ZHAO H L, LIU X, et al. Etching-time-regulated
strategy toward delaminated Mo,CT, MXene for tailoring electromag-
netic wave absorption. Journal of Advanced Ceramics, 2024, 13(11):
1795.

[18] HALIM J, CHARTIER P, BASYUK T, ef al. Structure and thermal
expansion of (Cry, Vi_)a+1AlC, phases measured by X-ray diffraction.
Journal of the European Ceramic Society, 2017, 37(1): 15.

[19]1 QU L S, BEI G P, STELZER B, et al. Synthesis, crystal structure,
microstructure and mechanical properties of (Til-Zr);SiC, MAX phase

J. Inorg. Mater., XXXX, XX(XX): XXXX

solid solutions. Ceramics International, 2019, 45(1): 1400.

[20] LIU H, GUO Y T, YANG R, et al. Preparation and lithium-storage
performance of (Ti;-,, V,);C; MXene solid solutions. Journal of Alloys
and Compounds, 2024, 976: 173204.

[21] MARTINEZ L, SOLER L, ANGURELL I, et al. Effect of TiO,
nanoshape on the photoproduction of hydrogen from water-ethanol mix-
tures over Au;Cu/TiO, prepared with preformed Au-Cu alloy nanoparti-
cles. Applied Catalysis B: Environmental, 2019, 248: 504.

[22] GOU J L, CHANG Y K, LIU S, et al. Solid solution strategy mod-
ulated defects engineering of (Cr;_,V,),AIC MAX phase toward superior
electromagnetic wave absorption. Rare Metals, 2024, 43(7): 3205.

[23] AZINAC, MRAZ S, GRECZYNSKI G, et al. Oxidation behaviour
of V,AIC MAX phase coatings. Journal of the European Ceramic Soci-
ety, 2020, 40(13): 4436.

[24] YAN Y L, HELFAND M A, CLAYTON C R. Evaluation of the
effect of surface roughness on thin film thickness measurements using
variable angle XPS. Applied Surface Science, 1989, 37(4): 395.

[25] WANG X H, LI F Z, CHEN J X, et al. Insights into high temperature
oxidation of Al,O;-forming Ti;AlC,. Corrosion Science, 2012, 58: 95.
[26] QUAN B, LIANG X H, XU G Y, ef al. A permittivity regulating
strategy to achieve high-performance electromagnetic wave absorbers
with compatibility of impedance matching and energy conservation.
New Journal of Chemistry, 2017, 41(3): 1259.

[27] GUO K Y, CHEN L, YANG G J. Boosting electromagnetic wave
absorption of Ti;AIC, by improving effective electrical conductivity.
Journal of Advanced Ceramics, 2023, 12(8): 1533.

[28] QIAO L J, BI1J Q, YANGYY, et al. In-situ synthesis of multi-princi-
pal-element (Mog 25Cr25Tig25Vo.25):Co Ty MXene-based composites with
enhanced electromagnetic wave absorption. Ceramics International,
2023, 49(24): 40498.

[39] WU C W, ZHANG F, ZHI Q, et al. From binary to ternary and back
to binary: transition of electromagnetic wave shielding to absorption
among MAB phase Ni;ZnB, and corresponding binary borides Ni,+ B,
(n=1, 3). Journal of Advanced Ceramics, 2023, 12(11): 2101.

[30] WANG L, CAI Z X, SU L, et al. Bifunctional SiC/Si;Ny4 aerogel for
highly efficient electromagnetic wave absorption and thermal insulation.
Journal of Advanced Ceramics, 2023, 12(2): 309.

[31] SHIY X, LIANG B Q, GAO H, et al. Research progress on spher-
ical carbon-based electromagnetic wave absorbing composites. Carbon,
2024, 227: 119244.

[32] ZHANG Y, WEN J, ZHANG L, ef al. High antioxidant lamellar
structure Cr,AlC: dielectric and microwave absorption properties in X
band. Journal of Alloys and Compounds, 2021, 860: 157896.

[33] GONG C C, DING J W, WANG C X, et al. Defect-induced dipole
polarization engineering of electromagnetic wave absorbers: insights
and perspectives. Composites Part B: Engineering, 2023, 252: 110479.
[34] QIN M, ZHANG L M, WU H J. Dielectric loss mechanism in elec-
tromagnetic wave absorbing materials. Advanced Science, 2022, 9(10):
2105553.

www.jim.org.cn



