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The Ti3AlC2-, (Ti,Nb)3AlC2- and Ti2AlC-based materials turned out to be more resistant than Crofer JDA
steel in oxidizing atmosphere as 1000 h long tests at 600 ◦C have shown. But the amounts of oxygen absorbed by
the materials during testing were different. The Ti2AlC-based material demonstrated the lowest oxygen uptake,
(Ti,Nb)3AlC2-based absorbed a somewhat higher amount and the highest amount was absorbed by Ti3AlC2-based
material. Scanning electron microscopy and the Auger study witnessed that amounts of oxygen in the MAX
phases before the exposure in air were as well different: the approximate stoichiometries of the matrix phases of
materials were Ti3.1−3.2AlC2−2.2, Ti1.9−4Nb0.06−0.1AlC1.6−2.2O0.1−1.2 and Ti2.3−3.6AlC1−1.9O0.2−0.6, respectively.
The higher amount of oxygen present in the MAX phase structures may be the reason for higher resistance
to oxidation during long-term heating in air at elevated temperature. The studied materials demonstrated high
stabilities in hydrogen atmosphere as well. The bending strength of the Ti3AlC2- and (Ti,Nb)3AlC2-based materials
after keeping at 600 ◦C in air and hydrogen increased by 10–15%, but the highest absolute value of bending strength
before and after being kept in air and hydrogen demonstrated the Ti2AlC-based material (about 590 MPa).
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1. Introduction

The MAX-phases or nanolaminated ternary complex
carbides and nitrides can be characterized by the gen-
eral formula Mn+1AXn, where n = 1, 2, or 3; M —
early transition metals (in our case Ti and Nb); A — ele-
ments of A-group (in our case Al), and X is C or N [1, 2].
They have perovskite-like crystal structures and the most
abundant stoichiometries are M2AX (211), M3AX2 (312)
and M4AX3 (413), which in fact differ by the amount of
carbide or nitride layers in the unit cells separated by
layers of A-group metal elements. Materials have high
bending and compression strength, fracture toughness at
room and high temperatures (the destruction occurred
mainly along the basal planes via kinks formation [3–6]),
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excellent damping characteristics, high thermal shock re-
sistance, chemical stability, good machinability. Besides,
these materials are characterized by high electro- and
thermal conductivities, low coefficients of friction and
thermal expansion, resistance to radioactivity and oxida-
tion. They also have self-healing properties [7–13]. Thus
MAX-phase based materials are promising for applica-
tion in different industries: power electrical, hydrogen,
nuclear industries; aviation; space; mechanical and chem-
ical engineering, etc. Recently Ti3AlC2-based materials
have been proposed as interconnecting materials for hy-
drogen fuel cells, damping material for machining process
and polishing powders for jewellery stones [12–14].

MAX-phases can form isostructural solid solutions by
substituting in any sublattice that may cause the mate-
rial properties improvement [15, 16]. For example, re-
duction of thermal expansion coefficient anisotropy due
to solid solution formation leads to the decrease of crack-
ing during thermocycling, etc.
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Recently (Refs. [17–20]) the incorporation of oxygen
in the Ti2AlC structure has been observed. The authors
of [17] experimentally showed that oxygen can substi-
tute carbon while the MAX phase structure was retained
and they suggested the oxygen as a potential X element
in parallel with carbon and nitrogen. Subsequent cal-
culations [18] indicated that oxygen prefers the carbon
site in the presence of oxygen at high temperature and
that up to at least 50% of carbon may be replaced by
oxygen [19]. Mockutė [20] has shown an oxygen content
of 13 at.% in Ti2Al(C,O), with resultant composition of
Ti2Al(C0.48O0.52). This corresponded to half of the car-
bon atoms substituted by oxygen, which turned out to
be in the good agreement with a theoretically suggested
oxygen solubility limit.

It is very difficult to synthesize single phased MAX-
phases-based materials. The intergrowth at nanolevel
of Ti2AlC and Ti3AlC2, Ti2AlC and TiC, Ti3AlC2 and
Al3Ti, etc. phases can be observed even in the so-called
X-ray single-phase materials [21]. The presence of oxy-
gen and aluminum which can be added to the initial pre-
cursor powdered mixture may lead to the formation of
dispersed Al2O3 inclusions in the MAX-phases matrix
even if synthesis is performed in vacuum (due to high
aluminium affinity to oxygen). Aluminum can evaporate
during the manufacturing process, because MAX-phases
melt incongruently. The narrow region existence of differ-
ent MAX-phases [22] leads to the situation when during
manufacturing processes (sintering or densification under
pressure-temperature conditions) the equilibrium can be
easily shifted from main MAX-phase toward the forma-
tion of MAX-phase of different structure type or toward
other secondary phases, for example, TiC, intermetallics,
etc.

The present paper is focused on the different oxidation
resistance and stabilities in hydrogen atmosphere of the
materials based on different MAX phases and which, as it
turned out during the study, initially contained different
amount of the admixture oxygen in their structures.

2. Experimental

The Ti2AlC-, Ti3AlC2- and (Ti1−xNbx)3AlC2-based
materials shaped as tablets 30–100 mm in diameter and
10–40 mm in thickness were prepared. For the prepa-
ration of 211 and 312 structural types MAX-phases of
(Ti,Nb)–Al–C systems the mixtures of TiC, TiH2, Al,
and Nb powders were taken in Ti2AlC0.8, Ti3Al1.25C2,
Ti2.94Nb0.06Al1.25C2 stoichiometries, mixed and milled in
high-energy planetary activator for 3 min using steel balls
and then pelletized. The excess of aluminum as compared
to 312 or 211 stoichiometry was necessary to compensate
its evaporation during the synthesis. Hydrogen liberated
from TiH2 and evaporated during the synthesis process
as well. Materials were synthesized at 1350–1400 ◦C for
0.5–3 h in vacuum furnace using 1.6 × 10−3 Pa vacuum
or 0.1 MPa argon atmosphere and then densified by hot
pressing at 30 MPa for 1 h at the same temperatures.

Besides, the 95% pure T2AlC-based material (other —
5 wt% of TiC) was synthesized from TiC, TiH2, Al mix-
ture under 30 MPa, 1400 ◦C, for 10 min.

The materials compositions and structures were stud-
ied by the X-ray analysis with the Rietveld refinement
and by JAMP-9500F (field emission Auger microprobe
combined with scanning electron microscopy (SEM)).
The JAMP-9500F is equipped by the argon ion etching
gun that gives a possibility to remove an oxidized surface
layer before the study directly in the vacuum chamber
and to analyze quantitatively the composition of nanoin-
clusions. The depth of the analyzed by the Auger quan-
titative analysis layer is just two lattice parameters and
the radius of analyzed area is about 10 nm. X-ray diffrac-
tion (XRD) data were obtained on the polished face of
the sample, diffractograms were taken in monochromatic
CuKα radiation and a single crystal of graphite mounted
on a diffracted beam was used as a monochromator. The
porosity and the true density of samples were measured
using Archimedes’ law.

For estimation of materials mechanical stability in hy-
drogen the bending tests using 2.5 × 5 × 40 mm3 sam-
ples under static loading according to three-point load-
ing scheme were performed. The high purity hydrogen
(99.99 vol.%) under 0.15 MPa pressure was used. The
bending strength σbend was estimated as stress corre-
sponding to the end of the diagram linear part. The
strength in hydrogen was estimated at 600 ◦C after hold-
ing for 3 and 40 h in comparison with its value in air at
20 ◦C and 600 ◦C.

The long-term oxidation resistances of materials in air
at 600 ◦C were estimated by four-stages test on samples
5× 5× 8 mm3 in size which were previously weighed. At
each stage samples were heated in electrical resistance
furnace with a free access of air to the heating zone. Af-
ter holding for 250 h the sample was cooled to room tem-
perature, re-weighed and re-measured, then each sample
was placed back into the furnace for the next test stage.
The total test duration was 1000 h. The oxidation resis-
tance of the investigated material was evaluated by mass
increment per unit of the sample surface area ∆mi/Si at
each test stage (i is the number of test stage, mi is the
weight and Si is the sample surface area for the i-th stage
of the test; ∆mi = mi−mi−1. The test results of MAX-
phases and Crofer steel are presented as well for compar-
ison. Today, one of the most common used material for
interconnects in solid oxide fuel cells (SOFC) is chromite
ferrite steels of the Crofer type containing 0.03% C, 20–
24% Cr, 0.3–0.8% Mn, 0.1–0.6% Si, up to 0.2% Ti, up to
0.2% La, up to 0.1% Al. These materials have high elec-
trical and thermal conductivity, a satisfactory heat resis-
tance and a coefficient of thermal expansion close to the
electrolyte [23]. Their main disadvantage is the tendency
to form volatile compounds CrO3 and CrO2(OH)2, which
predetermine “cathode pollution”, and therefore, reduce
the productivity of the SOFC. To prevent this and re-
duce the rate of oxidation, these alloys additionally alloy
with manganese that forms over Cr2O3 oxide film spinel
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type (MnCr)2O4, and also apply to the surface of the in-
terconnect, which is in contact with the cathode and is
in the oxidizing medium, conductive coatings. Another
disadvantage of these materials, from the point of view of
aerospace and automobile construction, is the high den-
sity, which causes a significant mass of the SOFC.

3. Results and discussions

Figure 1 demonstrates the X-ray patterns of the ma-
terials under study and their phase compositions esti-
mated using the Rietveld refinement. The materials are
not single-phased, but there are representatives of highly
dense Ti3AlC2-, (Ti,Nb)3AlC2- and Ti2AlC-based MAX
materials (numbered in this paper as 1–4, respectively).
Materials Nos. 3 and 4 have different amount of Ti2AlC
phase.

Fig. 1. The X-ray patterns and phase compositions
(estimated using the Rietveld refinement) of the No. 1
Ti3AlC2-, No. 2 (Ti,Nb)3AlC2-, and Nos. 3 and 4
Ti2AlC-based MAX materials.

The materials structures are shown in Fig. 2 and the
approximate phase compositions in Table I. They were
studied using SEM and energy dispersive X-ray analy-
sis (EDX) and, besides, the compositions of the Ti2AlC-
based materials (Nos. 3, 4) were investigated by the

Fig. 2. Structure of the MAX-phases-based materials
in COMPO (BEI — backscattering electrons) mode and
the results of quantitative study by microprobe X-ray
analysis. Samples 1–3 were synthesized in vacuum for
3 h at 1350 ◦C and then densified at 30 MPa, 1350 ◦C for
1 h. Sample 4 was synthesized under 30 MPa, 1350 ◦C
for 10 min. The results of the quantitative study by
microprobe X-ray analysis are given in Table I.

Fig. 3. The results of bending strength tests of the
MAX phases-based materials Nos. 1–3 and Crofer JDA
steel at room temperature and after heating for 3 h and
40 h at 600 ◦C in air and hydrogen (a) and long-term
(up to 1000 h) annealing in air at 600 ◦C ((b)–(e)). In
Fig. 2b curve I characterizes the behavior of Ti3AlC2-
based material as it was manufactured (synthesized in
vacuum and densified by hot pressing), while curve II
characterizes the material behavior after additional an-
nealing in air at 1200 ◦C for 2 h.
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TABLE I
Phase compositions according to microprobe analysis of
the structures in Fig. 2a–d. Numbers 1–4 in the ta-
ble corresponds to parts a–d, respectively. AA — main
matrix phase, BB — black inclusions, CC — light gray
phase in the matrix or separate inclusions, DD — the
brightest phase or inclusions.

No. AA BB
1 Ti3.2AlC2.1−2.2 Al2O3.5−3.6
2 Ti1.9−4Nb.06−.1AlC1.6−2.2O.1−1.2 Al2O3.7−4.2Ti.05−.3C0−.4
3 Ti2.2−2.4AlC1−1.1O.1−.3 AlO3.8−2.3Ti1.4−1.7C.3−.5
4 Ti2Al.9C.9O.16 Ti2Al1.4−1.96C.37−.47O5.1−7.4

No. CC DD
1 – –
2 TiC.8−.9Al.1−.7Nb.02−.03O.6−.7 Ti3−3.4Nb.1AlC2.2−2.3
3 Ti3.2−4.2AlC1.7−2O.4−.9 Ti2Al.7C1.1O1.5
4 Ti2Al.39−.83C.75−1.26 Ti2Al1.1C.5Fe.3

Auger spectroscopy. The surfaces of the all studied sam-
ples were achieved by Ar ions in the chamber of mi-
croscope in order to remove the oxidized surface lay-
ers before performing the microprobe or Auger analysis.
All materials demonstrate rather complicated structures
and compositions. In the case of T3AlC2-based material
(No. 1) its matrix phase was practically oxygen-free and
the admixture oxygen formed separate inclusions (ap-
peared black in the image) with near Al2O3 stoichiome-
try. In the case of Nb addition (No. 2) some oxygen was
present in the material matrix and black inclusions con-
tained small amount of Ti and C in addition to Al and O.
The structures of Ti2AlC-based materials (Nos. 3 and 4)
turned out to be more complicated. In the material No. 3
(contained according to the X-ray phase analysis smaller
(73 wt%) amount of Ti2AlC phase) rather high quan-
tity of oxygen was found practically in all phases and
the appeared black phase contained much higher amount
of Ti and C in addition to Al and O then that of the
material No. 2. The presence of high amount of oxygen
has been confirmed by the Auger study. The amount of
oxygen in the matrix phase of material No. 3 was higher
than that in the matrix of material No. 2. The highest
amount (95 wt%) of the phase with Ti2AlC structure was
revealed in the material No. 4. The results of microprobe
and the Auger study showed the presence of oxygen in its
matrix phase as well. Black areas (or inclusions) in ma-
terial No. 4 contained very high amount of oxygen while
the concentration of carbon was lower and the concen-
tration of aluminum was somewhat higher than those in
the material matrix.

Figure 3 shows the results of bending strength tests
and long-term for 1000 h oxygenation of the materials
Nos. 1–3 by heating in air at 600 ◦C. In the case of Cro-
fer JDA steel for comparison we took the values of the
beginning of yielding because the steel has much higher
plasticity than any of the MAX phases [13]. All the
materials under study (Fig. 3a) demonstrated high sta-
bility in air and hydrogen atmosphere at elevated tem-
perature (600 ◦C, i.e. at possible working temperature
of hydrogen fuel cell). It has been observed even some
increase of bending strength after the treatment in air
for 3 h at 600 ◦C for No. 2 (Ti,Nb)3AlC2-based material
(Fig. 3a). We assign the observed effect to self-healing

process. The bending strength of both No. 1 Ti3AlC2-
and No. 2 (Ti,Nb)3AlC2-based materials after being kept
in hydrogen for 40 h increased by 10–15%. The highest
absolute values of bending strength in air and in hydro-
gen showed by material No. 3.

The long-term heating in oxidizing atmosphere
(Figs. 3b–e) demonstrated that the MAX phases-based
materials are more stable than Crofer steel: after 1000 h
of heating the decomposition of steel has been observed,
while MAX phases-based materials were stable. The sta-
bility of the MAX phases increased with the increase of
the oxygen content in their structures, please, see Ta-
ble in Fig. 2 and Table I. The preliminary heating in
air at 1200 ◦C for 2 h of No. 1 Ti3AlC2-based material
essentially improved its stability in air or in oxidizing at-
mosphere at 600 ◦C (please compare curves I and II in
Fig. 3b). The most stable among the studied Nos. 1–
3 turned out to be No. 3 Ti2AlC-based MAX material,
which contained the highest amount of oxygen. The the-
oretical density of Ti2AlC is 4.11 g/cm3 and the density
of No. 3 with 73 wt% of Ti2AlC was 4.04 g/cm3 which is
about twice lower than that of Crofer JDA steel.

The study of No. 1 Ti3AlC2-, and No. 2 (Ti,Nb)3AlC2-
based materials after long-term heating in air by SEM
demonstrated that the thickness of an oxide film on the
surface of No. 1 was about 100 µm while that of No. 2 was
less than 10 µm and that Nb was present in all phases
and in the surface oxidized layer as well.

4. Conclusions

The 211 and 312 MAX-phases-based materials
of Ti,Nb–Al–C system are stable in hydrogen and
oxidizing environments at elevated temperatures
(600 ◦C) and are even more stable than Crofer (Cr-
containing) steels. Besides, MAX-phases are about
twice lighter. The most resistant in oxidizing at-
mosphere at 600 ◦C for 1000 h among the studied
materials turned out to be the material containing
73 wt% of Ti2AlC phase (according to the X-ray anal-
ysis). This material consisted of oxygen-containing
phases Ti2.2−2.4AlC1−1.1O0.1−0.3 (matrix) and
Ti3.2−4.2AlC1.7−2O0.4−0.9, AlO3.8−2.3Ti1.4−1.7C0.3−0.5,
Ti2Al0.7C1.1O1.5 according to the SEM study. The
Auger study confirmed the presence of oxygen in
Ti2AlC–based materials.

The added Nb (in small amount to the initial mixture)
after synthesis was found practically in all phases present
in the material after synthesis and in the oxidized surface
layer (formed during long-term oxidation) as well. The
addition of Nb increases the 312-MAX phase-based ma-
terial stability in oxide environment and leads to the for-
mation of about 10 times thinner Nb-containing oxidized
layer on the material surface as compared to that with-
out the addition, possibly, due to the fact that in the ma-
terials with Nb addition some oxygen was present. The
higher concentration of oxygen was observed in the mate-
rial, the higher was its stability in oxidizing environment.
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All the studied MAX phases-based materials were stable
in hydrogen and for Ti3AlC2-, and (Ti,Nb)3AlC2-based
even the increase of bending strength after treatment at
600 ◦C in hydrogen has been observed. The characteris-
tics of the developed materials make them promising for
application, for example, as interconnect materials for
hydrogen fuel cells.
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