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Fig. 1. (color online) (a)Crystal structures of TizAlC2
and TizSnCg; (b) crystal structures of 2 x 2 x 1 su-
percell for the Tiz(SnzAli_4)Ca (z = 0.25, 0.5, 0.75)

solid solutions.
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Table 1.

The lattice parameters, internal free coordinate and enthalpy formation energy for

Tiz(SnzAli_4)C2 (z =0, 0.25, 0.5, 0.75, 1) solid solutions.

T a/ A c/ A c/a Zmi Zc AH /eV-atom™1! Ref.
0 3.080 18.642 6.053 0.127 0.569 —0.847 This work
3.0753 18.578 0.1280 0.5640 Exp. [13]
3.093 18.687 6.042 Calc. [19]
0.25 3.095 18.666 6.031 0.126 0.569 —0.868 This work
0.5 3.115 18.681 5.997 0.125 0.568 —0.880 This work
3.1053 18.589 0.1274 Exp. [2U]
0.75 3.131 18.684 5.967 0.124 0.568 —0.883 This work
3.1227 18.613 0.1297 Exp. [20]
1 3.151 18.698 5.934 0.124 0.568 —0.880 This work
3.1366 18.650 0.1204 0.5701 Exp. [16]
3.1173 18.436 0.1266 Calc. [19]
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Table 2. Calculated elastic constants Cj; and shear anisotropic factors (Aan) for Tiz(SngzAly_;)Csa solid solutions.

T C11/GPa C33/GPa C44/GPa C12/GPa C13/GPa Aan Ref.
0 359.5 295.0 132.4 76.3 68.0 1.021 This work
361 299 124 75 70 Calc. [22]
353 296 119 75 69 Calc. [23]
0.25 353.1 302.7 139.3 75.0 74.0 1.097 This work
0.5 350.7 307.5 143.2 79.1 76.3 1.132 This work
0.75 344.6 304.4 138.8 86.6 81.0 1.140 This work
1 332.6 287.4 121.3 86.7 73.7 1.027 This work
346 313 123 92 84 Calc. 1]

WA ORI UIRL R, hAh, R4E B/G BIME e 6% H) A,

Wi b4k 4 R PR R MEtE A R, Hh B/G = 1.75
J& DX 43 3iE FE AL R A R I SR P
F3A AR H), Tiz(SngAl_,)Co(z = 0, 0.25, 0.5,
0.75, 1) [E % & ) B/GAE 43 W 8 1.18, 1.19, 1.20,
1.26, 1.30, X & # Tis(Sn, Al _,)Co th EWIEI N
Fa A, T AR ) D E Jie 1 R 4 3 eI DA e
it Cauchy J& 71 PN (Cry — Cuy) Kt — S WAE, X
Cauchy & 7] Co — Cyy WIE A IEAE B A4 KL B
TEJEAE ), N SAAE 0 BA A RE A i 1 1. AR 2 1)
A1 Tiz(Sng Al ) Cy ¥4 Cauchy 71 Cra — Cuy
T AR S5 AE, Xk — 20 R B VA A Ak R 35

AR JEL R, BBk ) % 1 [R] 4 A0 % ) S 1 A L
FERI SR B S G E EE AR, N T AT
8 Tis(Sn, Al _y ) Co A R SV IR, FRATTTHE
T Tiz(SngAl_,)Co R R 1 & [ LR T Aan, Ap,
Ag M AV SFFRTdh &R, H

4C44

Aan: y 3
Ci 4 Cs3 —2Ch13 ®)
4 _ By —Bg Gy —Ggr
B_Bv-i-BR’ G_Gv-i-GR’
Gv By
AY =52 4+ =L 6. 4
Grn | Ba )

#3 Tizg(SngAli_z)C2 (z =0, 0.25, 0.5, 0.75, 1) BEFARMFIERE, ZRFERNTF (A, Ag M1 AV)
Table 3. Calculated elastic moduli, anisotropy index (Ap, Ag and AV) for Tiz (SnzAl;_,)Ca (z = 0, 0.25,

0.5, 0.75, 1) solid solutions.

z By/GPa Bgr/GPa B/GPa Gy /GPa Ggr/GPa G/GPa B/G Ap

Ag AY Ref.

0 159.8 158.3 159.1 134.7 134.2

165

160

159

134.4 1.18 0.0047 0.0019 0.0281 This work

124 Exp. [26]
131 Calc. [22]
128 1.24 Calc. [23]

0.25 161.8 161.0 161.4 135.7 135.2 135.4 1.19 0.0025 0.0018 0.0235 This work

0.5  163.4 162.8 163.1 136.0 135.5 135.7 1.20 0.0018 0.0018 0.0221 This work
0.75  165.4 164.7  165.0 131.2 130.7 131.0 1.26 0.0021 0.0019 0.0234 This work
1 157.9 156.8 157.3 121.0 120.8 120.9 1.30 0.0035 0.0008 0.0153 This work
169 168 124 124 Calc. [19]

178 Calc. [27]
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P FEIRLIE (Op) R R ME R I — A BB,
T BUI R RE PR, F05 PR R
PEIR 55 72 IR B K. AFRIRLIERTS, AR
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~

il

Hor, v Aoy 73 3 R BB T, e A1) BLE
DA EEE

|G [3B + 4G
Uy = E7 v = 3p 3 (7)

Horb, G B 435l 2 BY DA S AR AR &

F 45 H T Tiz(SngAl;_.)Co(z = 0, 0.25,
0.5, 0.75, 1) [ ¥ A4k & (1) 75 3 (v, vg Fog) BA
KB TR B (Op) Wit B, B RAT LA H,
Tis(Sny Al _y ) Co [ V5 44 B AT 4 w5 48 F iR 2,
W] Tis (Sng Aly — ) Co [ V5 1 v 57t 28 Ji 7 22 T8 11
AN PEEL SR, Tis(Sn, Al )Co [ ¥ 74 O Z5 44 255
FaoE, X5 Z AT T ks 20 A L7 28 %5 B2 (DOS)
(48— 5.

BRAL, RS GRS MAX FIFE G AR R JE A
R R EENYIMETRZ —, LHEXN TiZEM
BHESR TN HAEBEES L. ACRHET
Debye 1 %1 f] Slack J7 #2 32 115 Tis(Sn, Al _,)Co
mn R ) RS AR
AT 3
S ®)
Horb, M2 ¥R F & (AL A kg/mol), &6
S b I RN BT B AR A (R AL m3), A
R Ty R, A2 Griineisen 2 £ (P41 N
(W-mol)/(kgm?K?3)), ni2mMh i FisH, T
LTI, X B Griineisen 24~y 7] LLEL DA T
/L\\ﬁ*ﬁﬁ: [33]:

thZA

#£4 Tiz(SngAli.)Co BEE AN EE (g/cm?®), FH vy, v Ml om(m/s), ERIRE Op(K), 1300 K ¥ ##s H
FH kpn(W/(mK)), BUNMYFE Kmin (W/ (m-K)) R R T (K)
Table 4. Calculated density (g/cm?), sound velocity vy, vy and vm (m/s), Debye temperature Op (K), lattice

thermal conductivity £pn (W/(m-K)) at 1300 K, minimum thermal conductivity xmin (W/(m-K)) and melting

point Ty (K) for Ti3(SngyAli—4)Ca solid solutions.

T p [ on Um Op Kph Kmin Tm Ref.
0 4.222 8951.4 5642.1 6209.6 791.2 10.216 1.570 1875.0 This work
8832 5526 6087 780 Calc. [22]
0.25 4.667 8559.6 5386.3 5929.1 752.7 9.725 1.488 1867.4 This work
0.5 5.100 8213.3 5158.3 5679.4 718.2 9.217 1.415 1867.4 This work
0.75 5.517 7846.3 4872.7 5371.5 676.5 7.838 1.327 1844.4 This work
1 5.917 7336.8 4520.3 4987.1 625.2 6.393 1.221 1782.9 This work
7395 4504 4975 631 Calc. [19]
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Abstract

Available experimental and theoretical studies demonstrate that TizAlCs and TisSnCz compounds exhibit excellent
mechanical properties at high temperatures, and thus are rendered a promising candidate of high-temperature struc-
tural materials. However, these compounds each have a relatively low hardness, Young’s modulus, and poor oxidation
resistance compared with other M AX phases. In order to overcome these limits, solid solutions on the M, A and/or X
sites of the M AX phase compound are considered as a promising strategy to further improve the mechanical properties.
Very recently, the solid solutions of Tiz(SnzAli—,)Cs2 have been synthesized. However, no theoretical work has focused
on the Tiz(SnzAli_;)Cs solid solutions so far. Therefore, in this work, we perform first-principles calculation to study
the microstructures, phase stabilities, electronic, mechanical and thermal properties of Ti3(SnzAli—5)Ca solid solutions.
Particularly, the effects of Sn concentration (z) on the properties are discussed for the Tis(SnyAli—;)C2 solid solutions by
varying x from 0 to 1.0 in steps of 0.25. All the present ab initio calculations are carried out based on density-functional
theory method as implemented in the Cambridge Serial Total Energy Package (CASTEP) code. The electron-ion inter-
action is described by Vanderbilt-type ultrasoft pseudo-potential with an exchange-correlation function in the generalized
gradient approximation (GGA-PW91). The equilibrium crystal structure is fully optimized by independently modifying
lattice parameters and internal atomic coordinates, and we employ the Broyden-Fletcher-Goldfarb-Shanno minimization
scheme to minimize the total energy and inter-atomic forces. For the reciprocal-space integration, a Monkhorst-Pack
grid of 16 x 16 X 4 is used to sample the Brillouin-zones for TizAlC2 and TizSnCs compound, and 8 x 8 X 2 for 2 x 2 x 1
supercell Tiz(SnzAli—2)C2 (2 = 0.25-0.75) compounds. The present calculated results of the enthalpy formation energy
and mechanical stability criteria indicate that all the Tiz(SngAli—;)C2 (x = 0-1.0) solid solutions are thermodynamic
and elastically stable. Moreover, mechanical properties (including bulk modulus B and shear modulus G), the ductile
and brittle behavior and the anisotropic factors of Tiz(SngAli—)C2 solid solutions are investigated, and the results
indicate that all these compounds are identified as brittle materials and isotropic in nature. On the other hand, the
MAX phases are good thermal materials due to their high thermal conductivities varying from 12 to 60 W/(mK) at
room temperature. As for the thermal conductivity, it has become one of the most fundamental and important physi-
cal properties of the M AX phase material, especially for applications at elevated temperatures. Therefore, the lattice
thermal conductivities, the minimum thermal conductivities and temperature dependences of the lattice thermal con-
ductivity of Tis(SnzAli—;)C2 solid solutions are studied. Furthermore, Debye temperatures and melting points of the
Tis(SnzAli—;)C2 compounds are also reported. Present results predict that each of all Tis(SnzAli—5;)C2 compounds has
a relative high Debye temperature and melting point, indicating that each of all Ti3(SnyAli—)C2 compounds possesses

a rather stiff lattice and good thermal conductivity.

Keywords: Tiz(Sn,;Al;_,)Csy solid solutions, mechanical properties, thermal properties, first-principles

calculation
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