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Sub-stoichiometry-facilitated oxidation kinetics in a δ-TixC-
doped Ti-based alloy
Shaolou Wei 1,2, Lujun Huang1, Yuntong Zhu2, Zhe Shi2, Xinting Li1 and Lin Geng1

Titanium carbide has been widely considered as a stabilizer to alleviate the serious chemical activity of Ti-based alloys at elevated
temperatures. However, a reverse effect may also take place: we show the sub-stoichiometry characteristic of δ-TixC can facilitate
the oxidation kinetics of a Ti-6Al-4V alloy to a significant extent. In particular, oxygen atoms tend to preferentially occupy the vacant
carbon sites within the Ti2C phase, giving rise to a higher oxidation rate. The intrinsic mechanisms were understood with a
combination of ab initio simulation and experimental validation.
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INTRODUCTION
Transition metal carbides have aroused remarkable research
interest owing to the unique combination of high melting point,
superior hardness, and excellent thermal conductivity.1–3 In terms
of crystal structure, the most intriguing characteristic is the
existence of prevalent carbon vacancies within the Fm-3m (B1-
NaCl) prototypical lattice.4,5 An abundance of experimental and
theoretical efforts have evidenced the linkage between vacancy
concentration and fluctuations in bulk properties such as hard-
ness, chemical stability, and electric conductivity.4,6–8 Recent
literature also reflects attempts to construct the phase equilibrium
framework via ab initio simulation.9,10

Amongst these group IV–V metal carbides, more attention has
been directed to titanium carbide, namely, the δ-TixC phase. On
the one hand, the large degree of freedom in carbon stoichiometry
of δ-TixC (1 < x < 2) has stimulated broad theoretical interest in
exploring the variation in equilibrium geometry, energy band
structure, charge density distribution, and stacking fault energy
with respect to the vacancy concentration.11–14 On the other hand,
the relatively high specific strength, desirable catalytic behavior,
and favorable affinity with hydrogen have also enabled δ-TixC to
become extensively popular in both structural15–18 and functional
materials research.19–22 In particular, δ-TixC has been widely
considered as a sort of stabilizer for Ti-based alloys to mitigate
their strong oxidation propensity at elevated temperatures.23,24

Based on the kinetic features, current investigations of high-
temperature-oxidation for metallic-based materials can be cate-
gorized into two types25: the first type of study explores the
diffusion and adsorption characteristics of oxygen in the substrate
lattice; the goal of the second type is to clarify compositional and
structural evolution mechanisms for the oxidized substrate. With
regard to Ti-based alloys or composites, an extensive amount of
work has been accomplished toward the second type.24,26–28 In
particular, the positive contribution of δ-TixC has been widely
highlighted, as it can fasten the oxide scales by alleviating thermal
mismatch.24,29 In contrast, comparatively limited work found in
the literature focuses on the motion of oxygen atoms within the Ti

lattice.30,31 So far, little attention has been paid to the influence of
sub-stoichiometry on the oxidation behavior of δ-TixC-containing
Ti-based alloys and a gap still exists in our understanding of
microscopic crystal defects and how they affect macroscopic
oxidation kinetics.
In the present work, we have clarified the role of sub-

stoichiometry in the oxidation kinetics of a δ-TixC-doped Ti-based
alloy via a combination of ab initio simulation and experimental
verification. In contrast to the common interpretation of “δ-TixC as
a stabilizer”, our results reveal that the sub-stoichiometry nature of
δ-TixC can facilitate the oxidation kinetics to a significant extent. In
addition to their theoretical values to contribute to a more
comprehensive understanding of oxidation mechanisms, these
findings are of equal significance to guide high-temperature
metallic or ceramic-based materials design.

RESULTS AND DISCUSSION
To theoretically understand the interactive effect of carbon vacancy
and oxygen atoms at elevated temperatures, TiC (Fm-3m), Ti2C
(Fd3m), and α-Ti (P63/mmc) supercells each with 32 Ti atoms were
constructed as illustrated in Fig. 1a. The energy variation after an
oxygen atom occupies the interstices in TiC (tetrahedral site), Ti2C
(octahedral vacant carbon site), and α-Ti (octahedral site) is shown in
Fig. 1c. At 873 K, the carbon-deficient Ti2C exhibits the most
remarkable energy decrease of 9.62 eV (2.27 %), which is almost
eight times higher than that of the stoichiometric TiC (1.14 eV, 0.19
%). Such a significant discrepancy in energy variation results from
the replacement of C–O bonds in TiC with even stronger Ti–O bonds
in Ti2C, as revealed in the differential charge density plot (Fig. 1b).
Comparing the energy decrease of Ti2C (9.62 eV, 2.27%) with α-Ti
(8.65 eV, 1.76%), it is noteworthy that oxygen occupancy at the
vacant carbon site is more energetically favorable, indicating a
stronger oxidation tendency. In contrast to the prevalent under-
standing, these simulation results imply the following two new
concepts: (1) instead of mitigating the oxidation rate, the carbon-
deficient Ti2C is expected to facilitate the oxidation kinetics when
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doped into an α-Ti-based alloy; and (2) owing to the energetically
favored oxygen occupancy at the ordered carbon vacancies, Ti2C is
supposed to exhibit a higher propensity for oxidization than its
stoichiometric counterpart.
To examine the concepts proposed above, the most widely

investigated Ti-6Al-4V/TixC system was employed to experimen-
tally investigate the oxidation kinetic features. Fig. 2 presents the
phase constitutions and crystallographic analyses of the TixC-
doped Ti-6Al-4V alloy. The X-ray powder diffraction (XRD) patterns

in Fig. 2a verify the existence of both TiC and Ti2C phases. The
characteristic diffraction peaks of Ti2C appear at ~19° and 34°,
agreeing well with the simulation results (supporting information)
and similar work reported by Liu et al.32 Selected area electron
diffraction patterns clearly reveal the intrinsic distinctions in lattice
structures: Fig. 2b1 displays typical perfect B1-type patterns
corresponding to the [100] zone axis, which coincides with the
results reported in the literature.17 While in Fig. 2c1, <1/2, 1/2, 1/
2> type superlattice spots can be clearly observed, and this

Fig. 1 Ab initio simulation of oxygen atom occupancy in TiC, Ti2C, and α-Ti at 873 K: a configurations of oxygen atom occupancy, from top to
bottom: tetrahedral site in TiC, octahedral vacant carbon site in Ti2C, and octahedral site in α-Ti; b differential charge density plots; c energy
variation after oxygen atom occupancy

Fig. 2 Structural characterization of the δ-TixC-doped Ti-6Al-4V alloy: a XRD patterns; b1 and c1 SAED patterns for TiC and Ti2C; b2 and c2
corresponding TEM bright field images
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directly supports the existence of ordered micro-domains induced
by the carbon vacancies. Compared with the previous work
reported by Bursik et al.,33 it can be concluded that the
corresponding Ti/C ratio is 2, which is consistent with the XRD
results. It should also be noted that no other types of superlattice
spots are detected in the present investigation. As confirmed by
the transmission electron microscope (TEM) bright-field analyses
(Fig. 2b2 and c2), both TiC and Ti2C bond well with the adjacent Ti
matrix. No traits of interfacial reactions are observed.
Figure 3 demonstrates the oxidation kinetics of the TixC-doped

Ti-6Al-4V alloy and the monolithic one at 873 K. Consistent with the
ab initio predictions, the Ti-6Al-4V/TixC alloy exhibits a remarkably
high mass-gain kinetics compared with its monolithic counterpart
at the initial stage (Fig. 3a). The corresponding mass-gain rate of
the TixC-doped Ti-6Al-4V alloy exceeds 0.6mg cm−2 h−1, which is
almost two times faster than that of the monolithic one (Fig. 3b).
Interestingly, a kinetic critical point at ~4.8 h is also observed in Fig.
3a. According to the ab initio simulation results, this phenomenon
is mostly attributed to the consumption of the Ti2C phase
(schematically depicted in Fig. 3c). In other words, owing to the
energetically favored oxygen occupancy, the Ti2C phase is
preferentially oxidized at the very initial stage, expediting the

mass-gain kinetics before the critical point (stage I in Fig. 3c).
However, after the majority Ti2C phase was oxidized, the following
threefold mechanisms account for the decreased mass-gain rate
(stages II and III in Fig. 3c). First, the rest of the Ti-6Al-4V/TixC
system is comparatively similar to Ti-6Al-4V/TiC where the
stoichiometric TiC phase alleviates the high chemical activity of
the Ti-based matrix. Second, the oxidized Ti2C phase brings about
the formation of thermodynamically stable TiO2, acting as a
localized passivation layer to suppress further oxidation. Third, the
Ti2C phase also has a role as heterogeneous nuclei for the oxides
that gives rise to much denser and finer oxide scales, as seen in the
inserted atomic force microscope (AFM) micrographs in Fig. 3a.
To further validate the proposed mechanisms, scanning

electron microscope (SEM)/energy dispersive spectrometer (EDS)
analyses were conducted in the TixC-doped Ti-6Al-4V alloy
specimen oxidized for 5 h. Four 1 μm2 regimes (marked in Fig.
4a, b) were subjected to compositional analyses so as to eliminate
the possible off-sets of EDS measurement. As summarized in Fig.
4c, the oxygen content in stoichiometric TiC is lower than that of
its neighboring Ti matrix. On the contrary, Ti2C exhibits a
remarkably high oxygen content compared with the adjacent Ti
matrix. It is recognized that these findings again confirm the ab

Fig. 3 Oxidation kinetics of the Ti-6Al-4V/TixC and the monolithic Ti-6Al-4V alloys at 873 K: a mass-gain value (error bars denote standard
deviation of five tested specimens); b mass-gain rate; c schematics for kinetic mechanisms
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initio predictions that the Ti2C phase is more favorable to be
oxidized. It should also be noted that the Ti/C ratios of the tested
regimes in Fig. 4a, b almost preserve the ideal values of 1 and 2,
which evidences the reliability of the results.
In summary, the present work has addressed and examined a

new insight into the role of the sub-stoichiometry in the oxidation
kinetics of a δ-TixC-doped Ti-based alloy. The major findings are
summarized as follows:
(1) The ab initio simulation results indicate that owing to the

sub-stoichiometric characteristic, the carbon-deficient Ti2C exhi-
bits a stronger oxidation propensity than TiC or α-Ti. This is
attributed to the fact that oxygen occupancy is most energetically
favored at the vacant carbon sites within Ti2C.
(2) The proposed concept is successfully validated in a classical

Ti-6Al-4V/TixC alloy. It is observed that at 873 K, the δ-TixC-doped
Ti-6Al-4V alloy exhibits a much faster oxidation rate at the initial
stage than its monolithic counterpart. The SEM/EDS analyses
reveal that the oxygen content in Ti2C is significantly higher than
that in TiC or α-Ti, which further confirms the simulation results.
(3) A kinetic critical point is also observed during the oxidation

process. It is found that the consumption of Ti2C phase, the
formation of localized passivation layer, and the refinement of
oxide scale lead to the decreased oxidation rate of Ti-6Al-4V/TixC
alloy at extending oxidation time.
(4) In terms of high-temperature application of TixC containing

metallic or ceramic-based materials, the present findings suggest
that pre-oxidation could be a potential approach to alleviate the
negative effect of sub-stoichiometry-facilitated oxidation.

METHODS
Ab initio simulation
TiC (Fm-3m), Ti2C (Fd3m), and α-Ti (P63/mmc) supercells each with 32 Ti
atoms were constructed as illustrated in Fig. 1a, and were subsequently

subjected to structural relaxation. Density functional theory simulations
were performed by the Vienna Ab Initio Simulation Package,34 and the
generalized-gradient approximation in the Perdew-Burke-Ernzerhof form35

was used for all calculations. For the three structures, it was found that a
supercell consisting of 32 Ti atoms with a Monkhorst−Pack36 k-point mesh
of 9 × 9 × 9, an energy cutoff of 800 eV, and a maximum atomic force
tolerance of 0.02 eV/Å are sufficient to reach converged acceptable
precision. When performing ab initio molecular dynamics (MD) simulation
at finite elevated temperatures, the same k-point mesh and an energy
criterion of 1 × 10−5 eV were adopted to ensure high computational
accuracy. All the MD simulations were conducted within an NVT ensemble
at 873 K using a Nose-Hoover thermostat.37 The simulations were
performed with a time step of 1 fs until the total energy fluctuation was
kept within 0.02 eV for at least 2 ps. The differential charge density (Δρ) of
TiC, Ti2C, and α-Ti each with one O atom incorporated was computed by
Δρ= ρwith O− (ρwithout O+ρisolated O), where ρwith O, ρwithout O, and ρisolated O

denote the charge density of the lattice with and without O atom, and an
isolated O atom.

Alloy fabrication and characterization
TixC particles with diameters of ~5 μm and a volume fraction of ~3.4%
were doped into a high-purity Ti-6Al-4V alloy matrix (supporting
information) via an in situ synthesis technique, of which the mechanisms
have been demonstrated elsewhere.38 To obtain a thermodynamically
stable initial state, the bulk Ti-6Al-4V/TixC specimens were subjected to
high-vacuum (<10−4 Pa) furnace cool after being fabricated at 1473 K.
Phase constitutions of the as-sintered alloys were analyzed using a
Panalytical Empyrean XRD (scanning step 0.02o, four separate specimens
were measured). An FEI Talos 200 TEM was employed to accomplish the
crystallographic characterizations. Specimens for isothermal oxidation
investigations were prepared following in the traditional metallographic
routine. Oxidation kinetics was quantified by the conventional thermal
gravity method at 873 K. At various oxidation states, the mass-gain values
were monitored by a Mettler Toledo XPE205 analytical balance with
precision secured to 0.01mg. At least five specimens were weighted for
each data point in order to avoid experimental occasionality and to ensure
reproducibility. Surface morphologies of the oxidized samples were

Fig. 4 SEM/EDS analyses of the Ti-6Al-4V/TixC alloy after 5 h oxidation at 873 K: a and b SEM micrographs for TiC and Ti2C; c a summary of
principal element content in the tested regime
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investigated under a Zeiss SUPRA 55 SAPPHIR SEM equipped with an INCA
300 EDS and a Dimension Fastscan AFM.
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