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Abstract: Carbon fiber reinforced ceramics (CFRCs) are well-suited for aerospace compo-
nents due to their high-temperature stability and oxidation resistance. The SiC-based
matrix offers excellent fracture toughness and thermal shock resistance but is prone to
defects such as cracking and delamination due to its brittleness. To address these issues,
ongoing research focuses on incorporating MAX phase ceramics into composites. In this
study, tailoring the M-site composition in MAX phases, such as M;SiC, structures, expands
the mechanical and thermal properties using ab initio calculations. This study identified
that Ta-based M;SiC, MAX phases exhibit high bulk modulus, making them resistant to
pressure changes, while Ti and Hf-based phases demonstrate high shear and Young's mod-

"'Corrtezs.ponding Author: Jiwoong Kim ulus, contributing to superior crack resistance and thermal durability. Additionally, Ti, Zr, Hf,
E-mail: jwk@ssu.ac.kr and Ta-based compositions were found to have thermal expansion properties like SiC;
effectively mitigating thermal stress and fatigue under rapid temperature fluctuations. Ab
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carbon fiber reinforced ceramics (CFRCs)= 172 W 719¢
oA e MAE 4 e FEE it w e
213 k6.

CFRCs+= BFA~ A-G-(carbon fiber, C;) T+ SiC A1-8-(SiCy)
o} SiC Wi E gl (matrix) & 2343t B molth 595
woFoll A FHold WAlsHY, 112 M, B =2 AEE
Ageth7]. o] g3t E4 €& CFRCs= 35719
Aof FFof de] -85l glon, 53] 112 2Ho4 9
Tl B WEAGA Fold s IFITH8]. SiC

EZ A, AL DA fett e Alesh,
A d S0 A 548 seth9). 2y & F
4o Qs 7l sl ol A geo 2
Aol WA 4 glom, ol BEO 5 Astet 1
502 ofojd 4= QITHI0].

SiC WiE= 20| AS S5 A8, HZole MAX
phase Alg}u]S tjEZA AR ARRSE A7} 2hiks| X3
3L Qlth. MAX phaser= 11 A, & A W 3129
9] 44 7} 29(crack healing) E4& Algal= Alet

g A=, o5 AHESHH SiIC IEE AL HA ZAIE B
ek 4= Qlth11]. 3] CrSiC EAI2E C-MAX phase

+ SiC-MAX phase 552 AT A, ol5 &3t
g dEo) et HFdS FolaL, I3 A= o
=2 A AEE o A o]2 QI3 MAX phase=
P9t 2 12 9 et oA &8 7ol =
22 HbE

MAX phase Zo]|A] M,SiC, -3+ M-siteo]] t}Fgt H o]
a4 das AEsto] 247 &8 HAE 2HS 74
o] Atk dA+to] W=, MsSIC,2| F3] B/ A 4=(bulk
modulus)i= M-C @ ©t3l=2] Fuf /g A 42} vl=|s}
o, 1] SAGT 2545 oF dge ot WEgol A
a1 7HAdo] wof 3t S oA = A2 FAFAIZITH12].
Aol =W, TSGRt Fu] eHd A7t & M-site
AEo] WHE Q) o= MEE A 7ol T3 TA]
£ AlFsit.

MAX phase FoAxE Ti;SiC= JEH AR ARES]7] 0]
et A2 SR Qi TiSiChre $-3t 4k}
I wE oA FEE Holn, 112 S A& 7]A
A 4= QUh(13]. o] A= ¥HEA Q] skt
o= #d AuE ardoz A5k, 4
|H O] mhe S TAAlA B A7]2<l
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o} SH oA = Hold 52 35k, Tio,
Joto] B FE BHE

o

rlo

ol
4

A

2L

A

(
ot
e}

r
(o]

2oy

M ofo o

_1155 18w

>' ol 1)

0% k

1
=)

ox,
o
odt

38

¢

ot 4
f OINI H

o flo

ot _>;

dr <
ox, M
2
>
2
o
o%
filo
Jo
N
ok
K
—
)
o
& |o
ot
|
o
flo
=
%
O

roo
o 2
=)
(m
)

N 2 doop2 2

ox
[e]

i
-
oK
ot
4 >
s
fr
Jo
o
ot
B
N
14
filo
el
>
ot
-
1)
S

MAX phasei= Ho|a< 94:9] F5oll et Z=, HL=,
RAEE, GRYA 7 GefAH, o]& F8l TiSiC, 2ol
= thQFe MAX phasesgo] =3t gHollA =& g at
gt AR EAS Al o Qe 7S Holett
[18]. UHTCO|A] Zr, Hf, Ta Yar= FQ THILOE T
ww, ZrC, HfB, 59 Fei= wol AEar Ich19,20].
ol Hola< 7|8t ItES WAikeHdo] =1, F3eh
oA f-3k M-S Hol7] "ol o]F R MAX
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L @A MAX phase Q7= & T,AIC, TiSiC,2F 22 Ti
7 MAX phased] 5E|o] Q1 o™, Zr, Hf, Ta?} -2 0]
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CREERE Y

E£3|, #x3} LAY (Quasi-harmonic Approximation,
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A2 Vienna ab initio simulation package (VASP) T =& 7]
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Figure 1. Convergence analysis of (a) total energy and (b) lattice parameter of Ti;SiC, in M;SiC, max phases with varying k-points mesh (3x3x1 to

k-points mesh
13x13x1).
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Table 1. Formation energy, cohesive energy, lattice parameter a, and lattice parameter ¢ with c/a ratio of M;SiC, MAX phases (M=Ti, V, Cr, Zr, Nb,

Mo, Hf, Ta, and W) at 0 K

M Formation energy Cohesive energy Lattice parameter a Lattice parameter c .
composition (eV/atom) (eV/atom) A A RIS

Ti -0.788 -6.961 3.075 17.704 5.76
Vv -0.461 -6.620 2931 17.087 583
Cr 0.002 -5.504 2.884 16515 573
Zr -0.787 -7.378 3.345 18.823 5.63
Nb -0.505 -7478 3.149 18.209 578
Mo 0.026 -6.585 3.092 1751 5.66
Hf -0.825 -7.496 3.299 18.563 5.63
Ta -0479 -8.091 3.152 18.078 5.74
W 0.233 -7.426 3.117 17.348 5.57
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Figure 2. (a) Bulk modulus, (b) shear modulus, (c) Young's modulus, and (d) hardness of M3SiC, MAX phases (M=Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W)

at O K.
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Figure 3. Energy-volume curve of M;SiC, MAX phases; (a) Ti, Zr, Hf, (b) V, Nb, Ta, and (c) Cr, Mo, W. Curves are shown for temperatures from 300 K

to 1800 K in 300 K increments, with lower curves indicating higher temperatures.

Table 2. Temperature-dependent bulk modulus of M;SiC, MAX phases (M=Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W)

T(K) Ti Zr Hf Vv Nb Ta Cr Mo W

300 191.53 172.61 188.56 21646 22837 255.50 237.86 256.18 28940

600 187.12 168.27 183.37 210.83 22033 24891 22944 246.55 279.60

900 181.70 163.09 177.31 203.63 21030 241.31 21961 232.87 268.08

1200 176.03 157.45 170.65 195.02 198.61 23291 209.65 213.67 255.01

1500 17041 15142 163.36 183.90 185.14 223.60 200.01 182.65 240.04
7AE 43 BRU A T B ok AT FY SR o9 8 AT LA 98 U8 71 o
2 YA mEolch ol Q3 4% FHUALL 5% T T 4% 2UAT B $HS DL WA 43
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Figure 4. Temperature-dependent shear modulus and Young's modulus of M;SiC, MAX phases; (a) Cr, Mo, W, (b) Ti, Zr, Hf, and (c) V, Nb, Ta.
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