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The Zr-based MAX phases have attracted considerable attention for their outstanding irradiation behav-
ior and high neutron transparency relevant to nuclear power generation technologies. In spite of
increased understanding of physical behavior crystalline MAX phases, the high-temperature oxidation
behavior and reaction mechanism of disordered MAX phases both from theory and experiments are

not well understood due to increased system complexity. Here, we present a detailed comparative assess-
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ment of high-temperature thermodynamic-stability and oxidation behavior (reaction-products and
chemical activity) of ordered Ti,AIC and disordered (Tig 5Zro 5)>AlC. We believe that the new insights will
enhance our understanding of oxidation process in disordered MAX phases.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The MAX phases have received considerable attention due to
their unusual properties in harsh surroundings such as exposure
to highly reactive chemical environment, high-temperatures, or
extreme radiation [1-3]. For example, cladding on zirconium-
based MAX phases are proposed for improved accidental tolerance
in future nuclear systems [4,5]. The general formula for MAX
phases is M;.1AX,, where the M, A, and X are early transition met-
als, A group elements, X is carbon/nitrogen, and n =1, 2 or 3 [6,7].
While detailed work has been done to understand the oxidation
behavior of ordered MAX phase alloys [8], the effect of disorder
on oxidation mechanism is still a less explored territory both from
theory and experiments due to increased complexity of reaction
mechanism. Recently, it has been found that compositional disor-
der can be tuned to achieve desirable properties such as thermo-
electricity [9], magnetoresistance [10], and charge-transport [11].
This suggests that chemical disorder can have an impact on the
oxidation behavior of MAX phases.

In this letter, we used a machine learning-based high-
throughput scheme to investigate the effect of chemical disorder
on oxidation behavior of (Tigs5Zrgs),AlC. The Zr-based MAX phase
was chosen due to their application as future structural materials
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[12,13]. The reaction products formed during oxidation process
of (TigsZros)>AlC was analyzed and compared with TiAlC to
understand the effect of disorder. Detailed understanding of oxida-
tion mechanism is important for successful design of MAX phases
for high temperature application.

2. Methods

Grand Canonical Linear Programming (GCLP): The OQMD [14]
was used as starting point in our high-throughput scheme (details
of the framework are presented elsewhere) [15] for Gibbs forma-
tion energy (AGsrm) and chemical activity prediction across the
temperature range. The GCLP minimizes the free energy of the
mixture at a given Ti/Zr/Al/C/O to identify the thermodynamically
equilibrium phases [16,17]:

AG =3 fohase-AGhase

phase

where, AGppase is the free-energy of competing phases, and fjpase is
the phase-fraction.

Density-functional theory (DFT): A 200 atom disorder super-
cell of (TgsiZrgs)2AIC was generated using ATAT (see Fig. S1)
[18]. Full relaxations and charge self-consistency of disorder MAX
phase was done using DFT as implemented in Vienna Ab-initio Sim-
ulation Package [19,20]on 3 x 3 x 3and 5 x 5 x 5 Monkhorst-Pack
[21] k-mesh, respectively. The PBE exchange-correlation [22] with
533 eV planewave cut-off energy was used in all calculations.
Forces and total energies were converged to —10~> eV/A and

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.mlblux.2021.100062&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mlblux.2021.100062
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:psingh84@ameslab.gov
mailto:prashant40179@gmail.com
https://doi.org/10.1016/j.mlblux.2021.100062
http://www.sciencedirect.com/science/journal/25901508
http://www.elsevier.com/locate/mlblux

P. Singh, D. Sauceda and R. Arroyave

107> eV/cell, respectively. The AFLOW algorithm of convex hull cal-
culation was also utilized [23].

3. Results & discussion

The Gibbs formation energy (AGsm) is a thermodynamically
defined quantity that indicates the intrinsic stability of MAX
phases—-relative to constituent elements--as a function of tem-
perature. The trend in AGgm Of (Tigs5Zro5),AIC and their compet-
ing phases are shown in Figs. S2 & S3. The phase and phase-
fractions for (TigsZros),AlC formed during oxidation reaction are
shown in Fig. 1. The heat map shows competing phases for varying
oxygen content from 300 K to 2000 K. All thermodynamically
stable binary/ternary phases were included, which were calculated
using convex-hull algorithm of OQMD [14] and AFLOW [23]. The
(Tig5Zrg5),AlC shows to two chemical activity zones, (i) low to
moderate oxygen, and (ii) high oxygen, i.e., for low to moderate
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of oxidation, (Tig5Zros)2AlC decomposes into ZrC, TizAlC,, Al,O03
and ZrO,. The Ti3AlC, phase that disappeared due to high Al oxida-
tion at low oxygen content in Ti,AlC, however, remains stable in
disordered (TigsZrgs),AlC as Zr suppresses the Al activity (see
Fig. S4).

The thermodynamically stable reaction products for Ti,AIC + O,
and (Tig5Zrgs5),AlC + O, are shown in Table 1a-b at 1500 K. The
effect of varying molar-oxygen was explored as it emulates the
experimental condition of exposing alloy to static air. The selective
oxidation of Ti or Al in Ti,AIC + O, can be written as:

Tip AlC + 2y.0, — 2Tip_»,AlC + 2y.TiO, (1)
and
4T12A1C + 3y02 — 4Ti2Al1,xc + 2yA1203 (2)

The TiO, oxidizes to CO, on longer explore time to static air due
to C diffusion, and reaction chain becomes:

oxygen, Al,03 phase was f.ound .at all terpperatures, but at high Ti,AIC + 0, — Al,05 + TiO, + CO, (3)
oxygen Al,03; decomposes into TiAl,Os spinel phase. At the onset
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Fig. 1. (a-i) Phases and phases-fractions during oxidation of (Tig 5Zr¢5)>AIC from 300 K to 2000 K for varying molar percent oxygen (0-11 mol). The white spot shows missing

phase.
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Table 1

Thermodynamically favorable phases and phase-fractions of (a) Ti,AlC, and (b) (Tigs-
Zro5),AlC for varying oxygen content (0-11 mol) at 1500 K. In this work, we only
considered the energies of elemental Al in fcc disorder phase. Liquid phase was out of

scope due to lack of Al energies.

Stages Mole- Reaction products and Phases-Fractions
Oxygen  Phase Phase-fraction
(a) TiLAIC + O,

1 Al,03 + Ti,AIC + Ti3AIC, + TiO (0.17,0.17, 0.33,
0.33)

1.75 Aly05 + Ti5AlIC, + TiC + TiO (0.2,0.17, 0.23,0.4)

2.75 Al,05 + Tip03 + TiC + TiO (0.22,0.11, 0.44,
0.22)

4 Al,03 + C + TiC + Ti,03 (0.21, 0.29, 0.14,
0.36)

4.75 Al,O3 + C + Ti305 + Ti03 (0.22, 0.44, 0.22,
0.11)

6.3 Al,05 + C + CO, + TiO, (0.14,0.17, 0.11,
0.57)

7 (0.14, 0.07, 0.21,
0.57)

7.75 Al,05 + CO, + O + TiO, (0.13, 0.27, 0.07,
0.53)

9 (0.10, 0.20, 0.30,
0.40)

11 (0.07, 0.14, 0.50,
0.29)

(b) (Tip5Zro.5)2AIC + O,

1 Al + ZrC + Zr0, + ZrAl, + Ti;AIC;  (0.20, 0.20, 0.30,
0.10, 0.20)

135 Al + ZrC + ZrO, + ALO; + Ti;AIC,  (0.33, 0.17, 0.33,
0.002, 0.167)

2 (0.12,0.18, 0.38,
0.13,0.19)

2.5 ZrC + TiC + Zr0, + Al,05 + TisAIC,  (0.16, 0.08, 0.40,
0.20, 0.16)

34 (0.01, 038, 0.40,
0.20, 0.01)

4 C +TiC + ZrO, + Al,O5 + TiAL,Os  (0.10, 0.30, 0.40,
0.10, 0.09)

475 C + TiC + Ti,03 + Zr0, + TiALOs  (0.26, 0.13, 0.03,
0.39, 0.19)

56 C + €O, + TiO, + Zr0, + TiAlL,0s  (0.31,0.02, 0.17,
0.33,0.17)

7 (0.08, 0.25, 0.17,
0.33,0.17)

9 0 + CO, + TiO, + Zr0, + TiALOs  (0.33,0.22, 0.11,
0.22,0.12)

11 (0.54, 0.15, 0.08,
0.15, 0.08)
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For Ti,AIC + O, oxidation, the O diffusion into Ti,AlC and Ti dif-
fusion to the surface during the oxidation process works as the
rate-limiting condition. Whereas reaction products during the
selective oxidation of Al or Ti/Zr in (Tig5Zrg5)>AIC + O, can be writ-
ten as:

(Tio_szrg_s)zAlc + 2y02 — 2(Ti0_52r0_5)2_2XAlC + Zy(TlOZ + ZI'Oz)
4

and
4(Tig5Zrg5),AlC + 3y.0; — 4TirAly_C + 2y.Al,05 + ZrAl, (5)

Here, ZrO, and TiO, oxidize to CO, on longer explore to static air
because of C diffusion, and reaction chain can be written as:

(Ti0_52r0_5)2A1C + 0, — TiO; +Zr0, + CO, + TlAles (6)

i.e., C from and Zr-C/Ti-C can diffuse through mixed Ti/Zr layers
and oxidize. The diffusion of Ti/Zr to the surface and O into the
(Tig.5Zrg5),AlC and corresponding reaction products work as the
rate-limiting factor.

The elemental chemical activity during oxidation in Ti,AlC + O,
are compared with disorder (TigsZrg5)>AIC + O, in Fig. 2 at 1500 K.
In Fig. 2a, we show Ti/Al/C/O chemical potentials calculated at
unknown molar fractions of reaction products by mixing of their
AGgorm. We found that chemical activity of Al in Fig. 2a increases
with increasing oxygen molar-fractions, which is directly related
with the formation of protective oxide layer as found at all temper-
atures in Fig. S4 and Table 1a. Based on chemical activities of Ti/Al/
C/O, we identified two zones in Fig. 2a for Ti,AIC - (a) slow (I-III),
and (b) sharp (IV-V) change in chemical potential. The sharp
change in region IV-V occurs due to oxidation of C into gaseous
CO,.

The chemical activity of constituent elements of
(Tig.5Zrg5),AlC + O, was compared with Ti,AIC + O, at 1500 K in
Fig. 2. In Fig. 2b, Zr doping significantly changes the Al chemical
activity in Ti2AIC that slows down the rate of protective Al,05 for-
mation. As shown in Table 1b, Al,05 phase fraction increases from
1 to 4 mol oxygen then decreases and finally disappears, which is
related to spinel TiAl,05 that consumes all Al and leads to quick
change in chemical activity Fig. 2b. We can see similar trends in
disordered and ordered phases in Fig. 2, where Zr suppressed the
Al activity. For moderate oxygen exposure in region I-V in
Fig. 2b, very slow or no changes are observed for (TigsZrg5)>,AIC

(a) TLAIC+O (b) (Tio.5Zro.5)2A1C+O
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Fig. 2. Change in elemental chemical activity of elements during oxidation of (a) Ti,AlC, and (b) (Tigs5Zr5)>AIC at 1500 K as a function of molar oxygen.



P. Singh, D. Sauceda and R. Arroyave

as all the reaction products are still in solid phase. However, fur-
ther increase in oxygen exposure, a jump in chemical activity of
each element was observed that marks the beginning of the forma-
tion of gaseous phases such as C and CO, that marks the beginning
of region V in Fig. 2b.

4. Conclusions

We presented a detailed investigation of the oxidation mecha-
nism for (TipsZros)>AlC MAX phase using high-throughput
machine learning framework. We show that the M—site (at Ti) dis-
ordering of Ti,AIC by Zr has strong bearing on oxidation, which
shows that Zr-doping significantly changes the chemical activity
of Ti,AlC by slowing down the chemical activity of Al at higher oxy-
gen exposure. The increased exposure of (Tig 5Zr s ),AlC to static air
(oxygen) at higher temperature protects TizAlC, up to moderate
exposure to oxygen, however, increased oxygen exposure leads
to the formation of spinel-phase (TiAl,0s) that may provide
increased strengthening to (TigsZrgs)>AlC. An ability to predict
high temperature oxidation behavior makes our study useful to
design MAX phases for future structural application.
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