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Abstract. The susceptibility of fouMAX phases (BLAIC, CrAIC, TisAlC,, and TiSiC) to
high-temperature thermal dissociation in vacuum leen investigated usirig-situ neutron
diffraction. In high vacuum, these phases decongpasmve 1400°C through the sublimation
of M andA elements, forming a surface coating of MC. Theaagpt activation energies for
the decomposition of sinteredsBiC,, TisAIC,, and TAIC were determined to be 169.6, -
71.9, and 85.7 kJ md) respectively. The spontaneous release gAlTi and TiC from de-
intercalation during decomposition of;AIC, resulted in a negative activation energy.

1. Introduction

A group of layered ternary ceramics with the gehéemula M,.,AX, (n = 1-3, M is an early
transition metalA is a groupA element, ani is either carbon and/or nitrogen) were found to be
excellent candidate materials for high temperasaymgications, due to the unique combination of both
metallic and ceramic properties [1-8JAX phases are layered hexagonal (space greyimmc) Z =

2. In brief, the MX octahedra are edge sharing and are identicdteo\aCl-type structure of the
corresponding binary carbides. ThesgXhMbctahedra are interleaved by close-packed plahése A
element [7-10]. Ternary carbides such asAlG,, TisSIC, TiAIC, and CpAIC are common
representatives of th&#1AX phases. The electrical and mechanical propertiad, the oxidation
characteristics of these four compounds has bedhsialied [9, 11-21], however, very little is
published on their susceptibility to high-temperatphase dissociation in vacuum.

In this paper, the thermal stability and the cqroegling phase dissociation of these ternary
carbides in vacuum was investigated using high-eratprein-situ neutron diffraction. The apparent
activation energies of phase decomposition wereutated. The characteristics of thermal stability i
MAX 211 (TpAIC and CpAIC) and 312 phases @GRIC, and TsSiC,) are compared and discussed.

2. Experimental
The collection of high-temperatuie-situ neutron diffraction data were collected using Wainthe
high-intensity neutron powder diffractometer) a& tOPAL source in Australia. Data were collected
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using neutrons with incident wavelengthiof ~1.660 A from 15 to 135°@at a step size of 0.125°,
with the use of the oscillating tertiary collimat®tietica 1.7.7 was used for phase identificatind a
Rietveld refinement. The optimized parameters durefinement were background coefficients, zero-
shift error, peak shape parameters, cell paramedsd anisotropic thermal factors. The residual
values of the refinement, statistical reliabilitgcfor of Bragg (B), R-weighted pattern (R), R-
expected (B,), and the goodness-of-fig{), were evaluated. In Rieticg’ is defined as the square of
the ratio of Ry to Ry,

Solid bars of THAIC, Cr,AIC, TisAIC,, and TiSiC, were used in this study. The temperature of
sample environment was controlled by a closed dyiial niobium vacuum furnace (£@.0°® torr).
The sample was held by vanadium wire and heatetD@®°C at a heating rate of “@min and
thereafter at ®/min to 1556C. The dwell times at between 1000 and f&58re shown in Table 1.
Diffraction patterns were collected every minutanirstarting to the end of the experiment.

Table 1.Heating schedule during the in-situ neutron daffien study.

Temperature®C) Dwell time (min) TemperaturéQq) Dwell time (min)
1000 30 1400 200
1100 30 1450 200
1200 30 1500 200
1300 30 1550 200

The decomposition rates at different temperatureie walculated and the corresponding apparent
activation energies were determined in order tceustdnd further the mechanism of high-temperature
phase dissociation in vacuum.

3. Results and Discussion

3.1 Phase Transitions during Thermal Dissociation of MAX 211 and 312 Phases

The phase evolution dfIAX phases and the relative phase abundances at vdgmperatures as
revealed by in-situ neutron diffraction is showrFigure 2. Samples used in this experiment were not
single-phase with TiC as the most common impuiitye starting compositions of each sample are
shown in Figure 2. For 3%iC,, it decomposed to TiC above 1300°C (Fig. 2a). Agiveloss of ~ 4%
was observed for decomposedSiC, which may be attributed to the release of gas@oasnd Si by
sublimation during the decomposition process. Theselts agree with those reported by Low and co-
workers [22-23]. For BAIC,, its decomposition into TiC and ;NIC as intermediate phase was
observed at 1400°C (Fig. 2b). However, at higher temperatuvdsen compared to TiC, a smaller
growth rate for TAAIC may indicate that BAIC experienced further decomposition into TiC the
sublimation of Al and Ti, similar to decompositiof TizSiC,. In contrast to BFAIC, no intermediate
phase was observed for the decomposition ¢8iTh. This difference can be attributed to the fact tha
TisSIC; is the only stable ternary phase in Ti-Si-C systeor TLAIC (Fig. 2c), the formation of TiC
results mainly from the decomposition ofAlIC, as the impurity phase. ;AIC would only
decompose above 1450°C by sublimation of Ti andRidure 2(d) shows the excellent stability of
Cr,AIC up to 1450°C where no observable phase dissociavas detected. However, it started to
react with the vanadium wire and became unstabtveali450 °C. Like BAIC, it would only
decompose above 1450°C via the sublimation of @rAdnin general, the decomposition process of
both 211 and 312 phases can be described by ttworeaf: M,.;AX, - nMX+ A+ M.
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F|gure 2. Phase abundance as a function of temperature dodgbomposition of (a)
T|38|C2 (b) TiLAIC,, (c) TLAIC, and (d) CAIC in vacuum.

3.2 Apparent Activation Energies during | sothermal Decomposition

During the isothermal decomposition of 211 and 3Jil2ases at different temperatures,

the

decomposition rates were calculated by analyziegréhationship between the phase abundances and

soaking time. These rates were used to determmediresponding apparent activation energy of

decomposition using the Arrhenius equation [R4}, Aexp(E/RT), where k is the reaction rate, E

IS activation energy, R is gas constant, T is altedemperature and A is a constant.
The calculated apparent activation energies fofdbeMAX phases and the proposed reactions are

summarized and listed in Table 1.

Table 1.Comparison of the decompositiondAX 211 and 312 phases.

MAX phase | Apparent activation energy Proposed rewectio

Ti:SiC, 169.6 kJ mot Ti,SC, — ZTIC +Tiy, + S, (1)

Ti:AIC,  [71.9 kI mof Ti,AIC,, — Ti,AIC +TiC (23)
Ti,AIC - TiCy +Ti g, + Al (2b

Ti,AIC 85.7 kJ mof Ti,AIC - TiC +Ti g + Al €

CrAIC Stable in vacuum up to 1450 °QCr2AI C(S) N Crgcz(s) +Cf(g) + 2A|(g) 4

A negative activation energy obtained fogAlIC, can be attributed to the presence of weak Ti-Al
bonds [25] which will favour spontaneous decompasithrough the de-intercalation of TiC from the
crystal structure (see Eq. 2a). Subsequent decanaposf released TAIC at higher temperature (see
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Equation 2b) would involve a small but positiveization energy. It follows that the high activation
energy obtained for T$iC, can be attributed to much stronger bonding betWwéemd Si, leading to
better resistance against thermal dissociatiarsublimation of Ti and Si from the crystal strugtur
The lower but positive activation energy observeddecomposition of FAIC (see Eg. 3) is related
to weaker Ti-Al bonds and thus its susceptibildystiblimation in vacuum at elevated temperature.

4. Conclusions

The high-temperature thermal stabilityMAX 211 and 312 phases in vacuum has been studiegl usin
in-situ neutron diffraction. Both 211 and 312 plsagsere susceptible to decomposition above 1400°C
through sublimation of M and A elements, resultinga surface coating of TiC being formed. The
apparent activation energies for the decompositibsintered TiSiC,, Ti;AlIC, and THAIC were
determined to be 169.6, -71.9 and 85.7 kJinatspectively. The negative activated energy for
TizAIC, can be attributed to the release ofAIC and TiC from the crystal structure via spontaue
de-intercalation.
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