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investigates effects of pressure on crystal structure, mechanical properties, electronic structure, and thermodynamic
behavior of the novel MAX phase Zr;InC, using first-principles calculations based on density functional theory (DFT).
Comparative analysis with Zr;AlC, reveals how substituting Al with In at the A-site influences structural and physical
properties, as well as responses under high-pressure conditions. Calculated lattice parameters for both Zr;InC, and
Zr;AIC, show good agreement with previous experimental reports. Results indicate pronounced anisotropic
compression, with significantly higher compressibility along the c-axis than the ag-axis. Elastic constants and phonon
dispersion curves confirm mechanical and dynamic stability of Zr;InC, up to 50 GPa. Poisson’s ratio analysis suggests
brittle behavior at ambient pressure with ductility first appearing at 40 GPa. Discrepancy between the Poisson’s ratio
and the Cauchy pressure at 50 GPa suggests that Zr;InC, may be near the critical region of a brittle-to-ductile
transition under high pressure. Compared with Zr;AlC,, Zr;InC, exhibits greater sensitivity in mechanical properties
under high pressure. Electronic structure calculations reveal its metallic nature. Thermodynamic analysis shows a
relatively low thermal expansion coefficient at ambient pressure, while increased pressure leads to a significant rise in
Debye temperature and minimum thermal conductivity. These findings highlight tunability of Zr;InC,’s

thermodynamic properties under pressure, offering theoretical support for potential high-temperature applications.

K ey words: high pressure; first principles; MAX phase; crystal structure; electronic structure
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Table2 Elastic constants and elastic moduli of Zr3InC, and Zr;AlIC, under 0-50 GPa pressure
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Fig. 7 3D surface plots of the bulk modulus (a-c), Young’s modulus (d-f), and shear modulus (g-1) of
Zr3InC, at 0, 30 and 50 GPa pressure
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Fig. 8 Phonon dispersion curves of Zr;InC, at (a) 0, (b) 30 and (c) 50 GPa
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Fig. 9 Energy band structures of Zr;InC, at (a) 0, (b) 30 and (c¢) 50 GPa
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F 3 0-50GPaEAIT ZralnC, M Zr AIC, H p. HEEIEE(v). NEEE(v). FHFEE>VR) . OpF Knin
Table3 p, transverse velocity (v), longitudinal velocity (v|), aver age sound velocity (v,), Op,
and K, of Zrs3lnC, and Zr3AlIC, under 0-50 GPa pressure
Pressure/ / v/ v/ Vin/ Koin/
MAX GPa (kgém%) (m-ts’l) (m'ls’l) (ms™) O/K (W-m™K™)
0 3375.40 6301.53 3820.01 4221.57 491.4 0.89
5 3486.67 6461.24 3844.83 4256.71 501.2 0.92
10 3588.36 6715.97 4001.02 4429.14 526.5 0.97
15 3683.39 6846.77 4051.64 4488.03 538.2 1.01
20 3769.65 6967.78 4065.94 4509.69 545.0 1.03
Zr;InC, 25 3853.06 7143.07 4165.50 4620.38 562.5 1.07
30 3931.13 7256.43 4200.63 4662.40 571.4 1.09
35 4005.88 7360.26 4246.22 4714.42 581.2 1.12
40 4078.30 7385.32 4190.43 4659.11 577.8 1.12
45 4148.03 7585.61 4334.05 4815.97 600.5 1.17
50 4215.80 7656.01 4356.83 4842.92 607.0 1.18
0 3375.40 7176.31 4397.61 4854.54 573.2 1.05
5 3486.67 7333.83 4464.07 4931.28 588.6 1.09
10 3588.36 7543.72 4569.82 5050.55 608.6 1.14
15 3683.39 7684.20 4616.35 5106.18 620.7 1.17
20 3769.65 7822.28 4657.67 5156.31 631.7 1.20
Z1;A1C, 25 3853.06 7914.84 4652.82 5157.13 636.4 1.22
30 3931.13 8037.75 4727.22 5239.38 650.9 1.25
35 4005.88 8080.91 4698.41 5212.88 651.7 1.26
40 4078.30 8123.75 4703.44 5220.42 656.5 1.28
45 4148.03 8097.81 4625.81 5140.25 650.1 1.28
50 4215.80 8109.87 4578.04 5092.24 647.5 1.28
@ 54 12} (®) i‘ 30 (a) 300 (b)
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Fig. 11 Variations of (a) Debye temperature and (b) minimum
thermal conductivity of Zr;InC, with pressure
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Fig. S1 3D surface plots of the bulk modulus (a-c), Young’s modulus (d-f),
and shear modulus (g-i) of Zr;AlC, at 0, 30 and 50 GPa pressure
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Fig. S2  Phonon dispersion curves of Zr;AlC; at (a) 0, (b) 30 and (c) 50 GPa
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Fig. S3  Energy band structures of Zr;AlC, at (a) 0, (b) 30 and (¢) 50 GPa
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Fig. S4 Density of states of Zr;AlC, at (a) 0, (b) 30 and (c) 50 GPa
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Fig. S5 Variations of (a) Debye temperature and (b) minimum thermal conductivity
of Zr;A1C, with pressure



