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Abstract

The thermochemical stability of the MAX phase Ti,AlIC under vacuum, inert Ar, pure O, and N, and a reactive air
atmosphere was explored based on thermochemical equilibrium calculations. A dataset on the enthalpy of formation,
standard molar entropy and the temperature variation of the heat capacities of Ti,AlC and TiC, 5 was derived from
thermochemical properties given in the literature and implemented in the software package HSC Chemistry. In inert
atmosphere Ti,AlC decomposes peritectically into solid TiC 5 and a liquid Al-rich phase at approximately 1673 °C
whereas in vacuum (1 mPa) dissociation into solid TiC, 5 and an Al gas phase is observed at a significantly lower
temperature of 984 °C. When Ti,AIC is exposed to air as well as pure O,, solid Al,O53 and TiO, will form with the
carbon being oxidized to gaseous CO and CO,. At very low air content, however, the calculations show TiCg 5 and AIN
as the prevailing reaction products with small fractions of Al,O5. In a pure nitrogen atmosphere Ti,AlC is nitrided to

AIN, TiN and residual carbon.
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I. Introduction

Ternary M, .{AX,, phases (abbreviated as MAX phas-
es) of hexagonal crystal symmetry are distinguished by a
unique alteration of metal-bonded A-layers (A = A group
element) and XM¢-octahedra layers (M = early transition
metal and X = C, N) differing in stacking sequence, e.g.
n=1,2,to0 6 1. Due to their nano-laminate structure, MAX
phase materials may exhibit superior fracture toughness
and thermal shock resistance as well as high thermal and
electrical conductivity 2. Ti,AlC was reported to offer ex-
cellent mechanical properties and machinability combined
with a superior oxidation stability 3. The oxidation stabil-
ity of Ti,AlC was attributed to the formation of a protec-
tive Al,Oj scale on the material surface #. Thisis surprising
since Ti-Al intermetallic phases, such as Ti;Al and TiAl,
do notform a protective oxide scale during high-tempera-
ture oxidation 3. Although less Al is present in the MAX
phase Ti,AlC, the high mobility of Al along the (0001)
basal plane gives rise to a thin Al-depleted layer near the
oxide scale/substrate interface and facilitates selective ox-
idation of Al®.Its high-temperature stability, however, is
still a matter of controversial discussion. While in vacuum
Ti,AlC was reported to decompose at temperatures rang-
ing from 700 °C7 to 1400 °C 8, melting was reported to oc-
cur at atmospheric pressure in inert gas at a temperature
from 900 °C 7 t0 1625 °C 9. On the other hand, MAX phas-
es M,ACwithM =Ti, V,and A = Al, Si, Crrecently gained
interest on account of their ability to heal surface cracks
based on an oxidation reaction (with O, or N,) at temper-
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atures exceeding 1000 °C 10, Filling of the open crack space
with solid products of the oxidation reaction, however, is
strongly dependent on the local oxygen (or nitrogen) ac-
tivity in the surface crack, which may differ from the envi-
ronmental partial pressure in air near the surface from that
atgreatdistance from the surface 11. Since the environment
is thought to strongly affect the stability of Ti,AlC at el-
evated temperatures, it is of great interest to analyze the
thermochemical limitations for applying this MAX phase
ceramic in different atmospheres and at elevated tempera-
tures.

It is the aim of the present work to describe the thermo-
chemical stability of Ti,AlC under various environmen-
tal atmospheric conditions by means of thermochemical
equilibria calculations. The results of the stability calcu-
lations were validated with literature data, and phase sta-
bility diagrams were constructed for a variety of scenarios
relevant for applications at elevated temperatures. Since
thermochemical data for Ti,AlC (and TiCg 5) were not yet
implemented in the thermochemical software, coefficients
of the temperature-dependent polynomial of heat capaci-
ty were derived from literature data.

II. Thermochemical Calculations

A standard thermochemical software package (HSC
Chemistry 8.1.4, Outotec Oyj, Pori, Finland) was applied
to derive equilibrium phase composition by calculating
the minimum of total Gibbs energy for a system of four
components (Ti, Al, C + gas phase) by means of the GIBBS
solver. The software allows for efficient thermodynamic



224 Journal of Ceramic Science and Technology — M. Stumpf et al.

equilibrium calculations of complex multicomponent sys-
tems and gives access to an extensive database for thermo-
dynamic data especially for ceramics. The phase stability
of Ti,AlC in vacuum, inert (Ar) as well as reactive atmo-
spheres (O,, N,) was calculated for the reactions 1 a,b and
2 a,b at different temperatures up to a maximum temper-
ature of 2000 °C. The amount of gas phase was varied by
changing the compositional variable x. Because the calcu-
lations were used to determine equilibria at ambient and
low pressure, the gas phase was treated as an ideal mixture.
Decomposition:

Ti,AIC(s) = 2 TiCq 5(s) + Al(Lg) (1a)
Ti,AlC(s) — TiC(s) + Ti(L,g) + Al(l,g) (1b)
Oxidation:

Ti, AIC(s) +x O,(g) —
2TiO;(s) + 0.5 Al Os(s) + CO,(g)

(2a)

with = 0...4 (x = 3.75 stoichiometric reaction)
Ti,AlIC(s) + x Ny(g) — 2 TiN(s) + AIN(s) + C(s) (2b)
with x = 0...2 (x = 1.5 stoichiometric reaction)

While the thermochemical data of the major condensed
and gaseous species involved in the reaction scenarios
presented above (Al(Lg), Ti(lLg), C(s), TiC(s), TiO(s),
TiO(s), Al,O5(s), AL, TiOs(s), TiN(s), AIN(s), Ox(g),
N(g), CO(g), CO,(g)) could be taken from the existing
data source included in the HSC software package, the
thermochemical data for Ti,AlC(s) and TiCg 5(s) had to
be acquired from other sources and then implemented.

The heat of formation AH {0 and the standard molar en-
tropy S,,0 for solid hexagonal Ti,AlC were taken from
ab-initio calculations 12. The Kelley-polynomial equation
was applied to express the temperature dependence of
measured heat capacity values ¢, over a wide temperature
range.

p
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cp(T)=A+BT 103+ CT2.105+DT2-10¢  (3)

The coefficients A,B,C and D were determined from ex-
perimentally measured c,, values by combining two differ-
ent sources covering the low temperature regime from 0
to 260 K 13 and the high temperature regime from 300 to
1600 K 14, Fig. 1.
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Fig.1: Heat capacity c, data determined experimentally for the
MAX phase Ti,AIC 13, 14 and TiCy 5 15. The coefficients A, B, C,
and D for Eq. (2) were derived from regression analysis of the
experimentally measured ¢, data in the temperature interval 124 K
to 1600 K for Ti,AlC (solid line) and in the temperature interval
298 K to 1400 K for TiCg 5 (dash-dot line).

Thermochemical data for TiCy 5 were separated into a
cubic phase from 298.15 up to 1000 K and a disordered
phase from 1000 to 1400 K 15. The values of AH{% and §,°
were derived from ab-initio calculations 16. Experimental
cp-data measured on TiCg 54 were taken to derive the co-
efficients of Eq. (3). Table 1 summarizes the thermochemi-
cal datafor Ti,AlC and TiCg 5 used in the thermochemical
calculations.

Table 1: Thermochemical data for Ti, AlC and TiCg 5 implemented in the thermochemical calculation package.

Species Ti,AlC TiCy 5

Crystal system hexagonal Cubic disordered
T (K) 124.00 298.15 1000.00
T hax (K) 1600.00 1000.00 1400.00
Phase solid Solid solid
AH{ kJ/mol -258.3613 -113.2417 1.5016
S, 0 J/(mol-K) 78.10 14 224317 0.00
C,, coefficient A J/(mol-K) 79.22 28.38 45.87
C, coefficient B J/(mol K2) 39.66 27.56 13.48
C, coefficient C J/(mol-K-1) -7.14 -3.38 -44.32
C,, coefficient D J/(mol-K3) -12.10 -11.71 -3.77
Density g/cm3 4.11 4.91 4.91
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III. Results and Discussion

(1) Thermally induced decomposition

The stability of the Ti,AIC MAX phase was calculated
for an inert Ar atmosphere of ambient pressure and for
vacuum (1 mPa), Fig. 2. Ininertatmosphere Ti, AlC s like-
ly to decompose peritectically into solid TiCq 5 and a liq-
uid Al-rich phase at approximately 1673 °C, which is in
reasonable agreement with literature data reporting peri-
tectic decomposition reactions at 1600 °C 17,1625 °C 9 and
1740 °C 18, respectively. It should be mentioned that the
resulting Al(1) phase is supposedly not pure like that cal-
culated here under ideal conditions, but may dissolve car-
bon from the substoichiometric TiCg 5 depending on the
temperature. When Ti,AlC is heated in vacuum, dissoci-
ation into solid TiCy 5 and an Al gas phase is supposed to
occur at a significantly lower temperature of 984 °C. Ex-
perimentally a slightly lower temperature of 900 °C was
presented in literature for the complete decomposition of
Ti,AlC thin films 19.
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Fig.2: Equilibrium calculation for the peritectic decomposition of
Ti,AlC at ambient pressure in inert gas Ar(g) (a) and in vacuum

(1 mPa) (b).

(2) Oxidation in air

The reaction of Ti,AlC with oxygen is of great impor-
tance for long-term operation of Ti,AlC components in
air as well as for oxidation-induced healing of surface
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cracks 3> 11. The oxidation of Ti,AlC was calculated in pure
O,(g) and pure N,(g) atmosphere and for engineering-rel-
evant conditions in dry air at a constant temperature of
700 °C. The change in Gibbs free energy for the stoichio-
metric addition of pure O,(g) and N,(g) in Eq. (2a) and
(2b) at 700 °C was calculated to be -2376.39 k]/mol and
- 466.66 kJ/mol respectively, indicating a highly exother-
mic reaction in oxygenated atmospheres. The different
stages of the oxidation and nitridation behavior in pure
O,(g) and Ny(g) were determined with equilibrium cal-
culations for increasing additions of gas phase, Fig. 3.
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Fig. 3 : Equilibrium calculation for the oxidation and nitridation of
Ti,AlC at 700 °C in pure O,(g) (a) and pure N(g) (b).

The addition of a high amount of O,(g) to Ti,AlC leads
to the formation of the thermodynamically most stable
products TiO,, Al,0O3 and CO, as described by Eq. (2a).
Already at small additions of oxygen, Al,Oj3 is forming,
which has been described as the primary product respon-
sible for the long-term oxidation stability of Ti,AlC*.
While the Al is preferentially oxidized, a substoichiomet-
ric carbide TiCg 5 is formed which is oxidized at a higher
oxygen content of x = 0.75 mole to TiO and subsequently
to TIO2

For small additions of N,(g) to Ti,AlC, aluminum ni-
tride AIN and the substoichiometric titanium carbide
TiCy 5 are the reaction products. For increasing additions
of nitrogen above x = 0.5 mol N(g) TiC 5 is also nitrided
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to TiN. The final products at a stoichiometric addition
of x = 1.5 mol Ny(g) are TiN, AIN and residual carbon.
Plasma nitridation experiments with Ti,AlC at 800 °C
revealed the formation of a nitride surface layer composed
mostly of TiN with smaller fraction of AIN 20,

Instead of pure oxygen and nitrogen displayed in Eq. (2a)
and (2b), respectively, the composition of air (78.084 %
N>(g), 20.942 % O4(g), 0.934 % Ar(g), 0.040 % trace gas-
es) was also applied to calculate the phase evolution as a
function of the air content at a constant temperature of
700 °C. Two regimes of air concentration were considered:
1. a large amount of air with x > 2 mole simulating long-
term oxidation of Ti,AlC surface in excess of the oxidant
gas and ii. a small amount with x < 2 mole which is of in-
terest for confined oxidation reactions that may occur on
the surface of cracks (crack healing), Fig. 4.
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Fig. 4: Equilibrium calculation for the oxidation of Ti,AlC in dry
air at 700 °C for the case of excessive air (a) and for deficiency of

air (b).

Atahigh amount of air, the oxidation reaction of Ti,AIC
finally results in the formation of Al,O3 and TiO, with
the carbon being oxidized to gaseous CO and CO,. This
overall reaction as described by Eq. (2a) was confirmed by
anumber of experimental reports which show Al,O; and
TiO, as the dominating reaction products 310, Atelevated
temperatures Al, TiO5 is likely to form following the reac-
tion of Al,O3 with TiO, as was observed at 1400 °C 21,
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At a very low air content, which may be the case at the
front of a crack far from the surface 11, the calculations
show TiCy 5 and AIN as the prevailing reaction products
with small fractions of Al,O3. Above an air content of
0.6 mole, TiCq 5 will undergo a nitridation reaction form-
ing TiN and residual C. Owing to the high solubility of
titanium nitrides in carbides, as described by Duwez 22,
TiCy 5 and TiN will likely form a carbonitride. In the cal-
culation, this system is simplified to only account for the
end members owing to the lack of thermodynamic data for
TiCp 5Ng 5. Simultaneously the amount of AIN decreas-
es until all Al is oxidized to Al,Oj3 at approximately x =
2.7 mole, at which point TiN starts to react with O,(g) to
form TiO, (for simplification suboxides TiO, withn =1,
5/3,and 3/2 were not considered in the calculation).

IV. Conclusions

Thermochemical data for Ti,AlC and TiCg 5 were de-
rived from literature data and implemented in a thermo-
chemical software package. It was successfully demon-
strated that the stability and reaction behavior of the MAX
phase Ti,AlC at different temperatures and in an air and
pure O5(g) and N,(g) atmosphere could be calculated in
agreement with the experimental reports.

The benefit of these thermodynamic calculations are de-
tailed information on thermal stability and partial vapor
pressure, which e.g. may influence the sintering behavior.
Higher temperatures and smaller particle sizes (higher sur-
face curvature) lead to a higher vapor pressure and thus in-
crease the vapor phase transport. Besides this, sintering is
also heavily influenced by surface, grain boundary and lat-
tice diffusion. which require an additional kinetic investi-
gation.

It might be of interest to extend these calculations to dif-
ferent environmental atmosphere conditions to evaluate
the potential applications of Ti,AlC phases in harsh en-
vironments including reducing atmospheres like H(g),
NHj;(g), CHy(g) and aggressive environments like H,S(g)
and Cly(g).

Acknowledgments

Financial support from the DFG project GR961/33 -2 is
gratefully acknowledged.

References

1 Barsoum, M.W,, Brodkin, D., El-Raghy, T.: Layered machin-
able ceramics for high temperature applications, Scripta Met-
all. Mater., 36, 535—541, (1997).

2 Barsoum, M.W.: The M, ,;AX,, Phases: a new class of Solids;
thermodynamically stable nanolaminates, Prog. Solid State
Chem., 28, 201 281, (2000).

3 Barsoum, M.W.: Oxidation of Ti,,;AlX, (n=1-3 and X=C,
N), J. Electrochem. Soc., 148, C544 — C550, (2001).

4 Sonestedt, M., Frodelius, J., Sundberg, M., Hultman, L., Stiller,
K.: Oxidation of Ti,AIC bulk and spray deposited coatings,
Corros. Sci., 52, 39553961, (2010).

5 Sundberg, M., Malmgqvist, G., Magnusson, A., El-Raghy, T.:
Alumina forming high temperature silicides and carbides, Ce-
ram. Int., 30, 1899 —1904, (2004).

6 Lin, Z., Zhuo, M., Zhou, Y., Li, M., Wang, J.: Microstructures
and adhesion of the oxide scale formed on titanium aluminum
carbide substrates, /. Am. Ceram. Soc., 89, 2964 —2966, (2006).



September 2016

Frodelius, J., Johansson, E.M., Cérdoba, J.M., Odén, M., Ek-
lund, P, Hultman, L.: Annealing of thermally sprayed Ti,AlC
coatings, Int. . Appl. Ceram. Tec., 8, 74—84, (2011).

Pang, W.K., Low, L.M.: Diffraction study of thermal dissoci-
ation in the ternary Ti-Al-C system, J. Aust. Ceram. Soc., 45,
3033, (2009).

Pietzka, M.A., Schuster, J.C.: Phase equilibria in the quater-
nary system Ti-Al-C-N, J. Am. Ceram. Soc., 79, 2321-2330,
(1996).

Yang, H.J., Pei, Y.T., Rao, J.C., De Hosson, J.T.M., Li, S.B.,
Song, G.M.: High temperature healing of Ti,AlC: on the origin
of inhomogeneous oxide scale, Scripta Mater., 65, 135-138,
(2011).

Bei, G.P,, Pedimonte, B.]., Pezold, M., Ast, J., Fey, T., Goeken,
M., Greil, P.: Crack healing in Ti,Alj 5Sny sC-Al,O5 compos-
ites, J. Am. Ceram. Soc., 98, 1604 —1610, (2015).

Duong, T., Gibbons, S., Kinra, R., Arréyave, R.: Ab-initio ap-
proach to the electronic, structural, elastic, and finite-temper-
ature thermodynamic properties of Ti,AX (A=Al or Ga and
X=C or N), J. Appl. Phys., 110, 093504, (2011).

Drulis, M.K., Drulis, H., Gupta, S., Barsoum, M.W., El-Raghy,
T.: On the heat capacities of M,AlIC (M=Tj, V, Cr) ternary
carbides, J. Appl. Phys., 99, 093502, (2006).

Barsoum, M.W., Salama, I., El-Raghy, T., Golczewski, J.,
Seifert, H.J., Aldinger, F, Porter, W.D., Wang, H.: Ther-

Thermochemical Calculations of the Stability of Ti,AIC in Various Atmospheres

20

21

22

227

mal and electrical properties of Nb,AIC, (Ti, Nb),AIC and
Ti,AlC, Metall. Mat. Trans. A, 33, 27752779, (2002).

Lipatnikov, V.N., Gusev, A.L: Effect of ordering on the struc-
ture and specific heat of nonstoichiometric titanium carbide, J.
Exp. Theor. Phys. Lett., 69, 669—675, (1999).

Gusev, A.L: Phase equilibria, phases and compounds in the Ti-
C system, Russ. Chem. Rev., 71, 439—463, (2002).

Barsoum, M.W.. MAX phases: Properties of machinable
ternary carbides and nitrides. Wiley-VCH Verlag GmbH &
Co KGaA, Weinheim, 2013.

Witusiewicz, V.T., Hallstedt, B., Bondar, A.A., Hecht, U,
Sleptsov, S.V., Velikanova, T.Ya.: Thermodynamic description
of the Al-C-Ti system, J. Alloy. Compd., 623, 480-496, (2015).

Frodelius, J., Lu, J., Jensen, J., Paul, D., Hultman, L., Eklund,
P.: Phase stability and initial low-temperature oxidation mech-
anism of Ti,AlC thin films, J. Eur. Ceram. Soc., 33, 375-382,
(2013).

Li, S., Hu, S., Hee, A.C., Zhao, Y.: Surface modification of a
Ti,AlC soft ceramic by plasma nitriding treatment, Surf. Coat.
Techn., 281, 164 —168, (2015).

Cui, B, Jayaseelan, D.D., Lee, W.E.: Microstructural evolution
during high-temperature oxidation of Ti,AlC ceramics, Acta.
Mater., 59, 4116 - 4125, (2011).

Duwez, P, Odell, E: Phase relationships in the binary systems

of nitrides and carbides of zirconium, columbium, titanium,
and vanadium, J. Electrochem. Soc., 97, 299 -304, (1950).






