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Nano-laminate TisAIC; is a layered ternary carbide consisting of periodic planar stacking
of edge-sharing TisC octahedra and close-packed Al atoms along the c-axis. TisAIC; has a
unique combination of interesting properties that make it a promising candidate material
in diverse applications. In this paper, the stability of nano-laminate TizAIC, upon heating
in argon with low oxygen content has been investigated. It was indicated that nano-laminate
TizAIC, was stable below at least 1460 °C. On the other hand, selective oxidation of Al in
Ti3AIC, took place on top of the specimen, which resulted in the transformation of TisAIC,
into substoichiometric TiCy and Al,Os. Aligned submicropores were observed on the oxidized
particles. Those pores were regarded as the rapid channels through which alumium atoms
could easily migrate outward from the substrate to form protective Al,O3; scales on bulk
TizAIC, at high temperatures. Because of the synergic and whole migration of Al atoms,
there was no Al-depletion area beneath the protective scales.

1. Introduction

TisAIC, is a layered machinable ternary carbide
identified by Pietzka and Schuster in 1994.1 It crystal-
lizes as a hexagonal structure with a space group of
P63s/mmc with lattice parameters of a = 0.30753 nm and
¢ = 1.8578 nm. Its structure can be described as periodic
planar stacking of sheets of edge-sharing TigC octahedra
and close-packed Al atoms along the c-axis. The atoms
are located in the following Wyckoff positions: 4 Ti
atoms at 4f (z = 0.1280); 2 Ti atoms at 2a; 2 Al atoms
at 2b; and 4 C atoms at 4f (z = 0.5640).1

Because of the layered structural feature and each
sheet of edge-sharing TigC octahedra and close-packed
Al atoms in nano scale, TizAIC; is also included in the
thermodynamically stable nano-laminates.2 Both theo-
retical calculation® and experimental works*® have
demonstrated that TisAlIC, has a striking combination
of characters of both ceramics and metals. Like ceram-
ics, it has low density (4.2 g/lcm?), low thermal expansion
coefficient, high modulus and high strength, and good
high-temperature oxidation resistance.® Like metals, it
is a good electrical and thermal conductor, readily
machinable, tolerant to damage, and resistant to ther-
mal shock. The unique combination of these interesting
properties enables TizAIC; to be a promising candidate
material for use in diverse fields, especially in high-
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temperature applications. However, fundamental knowl-
edge about the thermal stability of nano-laminate
TizAIC; is very limited. The stability of this technologi-
cally important material was simply mentioned by
Pietzka et al.! According to them, estimation of the
decomposition temperature of TizAlIC, was based on
experiments in a tungsten furnace at 1360, 1430, and
1530 °C.

Meanwhile, it has been demonstrated that protective
scales consisting of continuous inner Al,O3 layers were
formed on bulk TizAIC, and Ti,AIC at high tempera-
tures in air despite the low Al content in the two layered
ternary carbides.®’ In the high-temperature oxidation
of alumina-forming intermetallics and alloys such as
NiAl, 8711 FeAl,11 FeCrAl213 TiAl,14716 and TiAlz,Y”
which have been extensively studied, Al-depletion layers
were always present in the sub-scale area. However, it
was surprising to note that no Al-depletion layers were
observed in the sub-scale area after either bulk TizAIC,
or TiLAIC was exposed to air at higher temperatures of
1000—1300 °C for 20 h.67
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Table 1. Impurities and Their Contents in Argon
Oz N2 Hzo HZ Can
12 ppm 5 ppm 8 ppm 1 ppm 2 ppm

This work has two aims: first, to investigate the
stability of TisAIC, upon heating; second, to create a
circumstance with low oxygen partial pressure like that
beneath the protective scales formed on either TisAIC,
or Ti,AIC in an attempt to understand the selective
oxidation of Al, as well as the absence of an Al-depletion
area beneath the scales consisting of continuous inner
Al,O3 layers on bulk TizAIC, through heating TizAIC,
powders in argon with low oxygen content.

2. Experimental Section

In this work, monolithic TizAIC, powders with a BET
specific surface area of 2.7 m?/g were used. The BET specific
surface area measurement was conducted in an ASAP 2010
volumetric analyzer, and the specific surface area was deter-
mined by calculating the volume of absorbed nitrogen at 77
K. The TizAIC, powders were fabricated by a novel solid—liquid
reaction synthesis procedure using commercially available
elemental powders of Ti, Al, and graphite as raw materials.
Detailed description on the fabrication process has been
published elsewhere.'®

In a typical experiment, approximately 80 mg of TizAIC,
powder was initially loaded into an Al,O3 crucible with a
capacity of 170 uL and then introduced into the sample
chamber of a Setsys 16/18 thermoanalyzer (SETARAM, France).
Prior to each simultaneous thermogravimetry/differential
scanning calorimetry (TG/DSC) or TG alone test, the sample
chamber was degassed for 10 min using a primary pump, and
subsequently filled with argon. Leakhunting was carried out
to make sure that the sample chamber was leak-free. The
impurities in argon used in this study include O, N, H,;0,
H,, and C,Hn. The impurity contents claimed by the manu-
facturer are listed in Table 1. To further remove the residual
atmosphere in the sample chamber, another two degassing—
filling procedures were repeated. The above procedures and
simultaneous TG/DSC or TG alone tests were automatically
carried out by a personal computer and SETARAM collection
interface for data logging, and SETARAM processing interface
for data analysis. No attempt was made to measure the precise
content of oxygen in the sample chamber; however, its content
was close to that in the argon because the sample chamber
was leak-free and swept by degassing—cleaning three times.
As argon flew out of the sample chamber through a nonreturn
valve in the last run of filling argon, the TizAIC, powders were
heated at a rate of 10 °C/min up to 1460 °C and then cooled at
the same rate to ambient temperature. The flow rate of argon
was 0.75 L/hour.

To remove the false weight changes during heating and
cooling (weight increases upon heating and weight decreases
under cooling), blank experiments were carried out by heating
Al,O3 powders with the same weight as the TizAIC, powders
and the curves were defined as corresponding baselines for
simultaneous TG/DSC or TG alone tests. Thermal analysis
results reported in this work were calibrated by subtracting
the corresponding baselines.

Phase identification was conducted in a D/max 2500PC
X-ray diffractometer (Rigaku, Japan) operated at 50 kV and
200 mA using Cu Ko radiation. The pattern was collected at
a scanning rate of 0.4°(20)/min in a step of 0.02°. Morphologies
of each distinct part of the heated specimens were observed
in a JSM-6301F field emission scanning electron microscope
with resolution of 1.5 nm (JEOL, Japan). Elemental composi-
tion analysis was performed using the energy dispersive
spectroscopy (EDS) system (Oxford instruments, U.K.) equipped
in the SEM. In-situ high-temperature X-ray diffraction ex-

(18) Wang, X. H.; Zhou, Y. C. J. Mater. Chem. 2002, 12, 455.

Chem. Mater., Vol. 15, No. 19, 2003 3717

*
*
en —~
2 g
= Qll
= o8
8 =
=
& %
g
7] =8
£ ==} s
= gol |a g e 8
= () = I o} S -
= *E < 2 = LT kO
* = s o S ¥ TE
= * ‘—Fu * *f's < }
3 ) l &% ) 3
1 n 1 " 1 i 1 i 1
20 30 40 50 60
20 (deg.)

Figure 1. XRD pattern of TisAIC, powders after heating to
1460 °C in Ar showing the predominant TisAIC, and the
coexistence of TiCx and Al,Os. Diffraction peaks indicated by
asterisks correspond to TizAIC..

aminations were performed in a D8 Discover diffractometer
(Bruker axs, Germany). The tube voltage and tube current
were operated at 40 KV and 40 mA, respectively.

3. Results and Discussion

In calibrated DSC curves of TisAlIC, powders upon
heating and under cooling, no obvious DSC peaks were
observed, indicating that phase transformation associ-
ated with thermal effect did not occur. As the sample
within the corundum crucible after heating was pulled
out of the sample chamber, a white cotton-like matter
was observed on top of the heated specimen. The white
cotton-like matter was carefully separated with twee-
zers for SEM observation. In addition, after the remain-
ing specimen was withdrawn from the Al,O3 crucible,
it was clearly observed that the specimen after heating
exhibits a macroscale layered structure: beneath the
white cotton-like matter the color of the powders
changed to black, while at the bottom they still kept
the original light gray of TizAIC,. In another run with
the identical condition, the whole specimen including
the white cotton-like matter was withdrawn from the
crucible and then ground slightly in an agate mortar
for phase identification. According to the powder X-ray
diffraction pattern shown in Figure 1, the specimen
after heating in argon consists of predominant TizAIC,,
indicating that it can keep its original crystal structure
at temperatures up to 1460 °C. To verify the stability
of TizAIC,, as well as to examine if a reversible phase
transformation occurred at high temperature, in-situ
high-temperature XRD analyses of TizAIC, powders
were also successively carried out under vacuum at 600,
800, 1000, 1200, 1300, 1360, and 1400 °C. The results
showed that the diffraction peaks corresponding to Tis-
AIC, shifted to a small degree with the increase of
temperature and no extra diffraction peaks were de-
tected, which confirms that TizAIC; is stable at least
below 1400 °C and there is no reversible phase trans-
formation upon heating to that temperature. In addition
to the predominant TizAIC;, phase, other two phases of
TiCx and Al,O3 were identified in the sample after
heating to 1460 °C in Ar (Figure 1) suggesting that
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Figure 2. Calibrated thermogravimetry (TG) and differential
thermogravimetry (DTG) curves of TisAlC, powders upon
heating and under subsequent cooling. TG refers to the percent
of weight change (Am) to the original weight (mo) of the
sample. DTG refers to the rate of change in the percent with
time. The heating and cooling rates are 10 K/min.
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Figure 3. (a) Secondary electron image of the white cotton-
like matter on top of the heated TizAIC, powders. (b) EDS
spectrum taken from the white cotton-like matter, showing
that the cotton-like matter is Al,Os.

selective oxidation of aluminum in TizAIC,, which
caused the transformation of TizAIC, into TiCx and
Al,O3, occurred upon heating in Ar with low oxygen
content.

It has been demonstrated that the structures and
properties between another layered ternary carbide Tis-
SiC, and binary carbide TiC were strongly related and
that the crystal structure of ternary Ti3zSiC, could be
considered as a layer of Si atoms intercalated into (111)
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(b)
Figure 4. (a) and (b) SEM micrographs of the black particles
beneath the white cotton-like matter showing that aligned
submicropores indicated by arrows are distributed in the
oxidized particles. In (a), antler-like Al,O; grow from the
oxidized particles is marked.
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Figure 5. EDS spectrum taken from the region of oxidized
particles in which aligned submicropores are distributed like
those shown in Figure 4.

twin boundary of TiC.1920 Because TisAIC; is isotopic
with TisSiC,,! as a result, the crystal structure of
ternary Ti3AIC; can also be considered as a layer of Al
atoms intercalated into (111) twin boundary of TiC.
According to the powder XRD result (Figure 1), the TiCy
unit remained while Al was oxidized into Al,O3 after
the heating of nano-laminate TizAlIC; in argon with low
oxygen content. The selective reactivity of Si in Ti3SiCy
isotopic with TizAIC, has been reported in the litera-
ture.?»?2 For the carburization of Ti3SiC,, selective
removal of Si occurred.?! The preferential reaction of
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Figure 6. Idealized transformation process from TizAIC; into titanium oxycarbide TiCy 670, 0wing to the selective oxidation of
Al into Al;Os. (a) Projection of atoms on (11 20) plane of TizAIC,; (b) loss of Al in TizAIC; gives TizC, twins; and (c) uptake of
oxygen in TisC, twins and their reconstruction results in titanium oxycarbide TiCo70Oy.

Si in TizSiC, with cryolite has also been reported by
Barsoum and co-workers.??2 In the present work, as
mentioned above, the transformation of TisAIC, into
TiCyx and Al,O3 only took place at the top of the specimen
as a result of selective oxidation of aluminum. Therefore,
it is reasonable to conclude that the transformation of
TizAIC; into TiCy and Al,O3 was induced by the selective
oxidation of aluminum in TizAIC,. The selective oxida-
tion of Al under low oxygen partial pressure is at-
tributed to not only its higher affinity with oxygen than
the other elements of Ti and C but also the higher
activity of aluminum in nano-laminate TizAIC,.

According to the thermodynamics data,?>~25 the Gibbs
free energy for the reaction of Al and oxygen to form
Al,O3 is more negative than the other reactions of Ti
and C with oxygen, which suggests that aluminum has
higher affinity with oxygen than the other elements of
Ti and C. Because TiC survived the oxidation and it is
very thermodynamically stable, the oxidation of TiC as
a unit with oxygen was also considered. The Gibbs free
energies for the oxidation reactions of TiC with oxygen
into TiO and/or TiO,, CO and/or CO; are also calculated
from the thermodynamics data.?®=25 It is indicated that
the Gibbs free energies for those reactions are less
negative than the reactions of elements Ti and Al with
oxygen to form TiOg, TiO, or Al,O3, which suggests that
TiC as a unit has much less affinity with oxygen than
element Al. Moreover, weak bonding between TigC
octahedra layers and neighboring sheets of Al atoms?
in TizAIC; enables Al to have a high chemical activity,
which is thermodynamically favorable for the selective
oxidation of Al in nano-laminate TizAIC,.

In the present study, selective oxidation of Al in nano-
laminate TizAIC, occurred upon heating in argon with
low oxygen partial pressure. As oxygen partial pressures
were high enough like that in air for the oxidation of
elements Ti, Al, and C, exposure of TizAIC, powders to
air at high temperatures would simultaneously yield the
oxides of the elements, which has been confirmed by the
previous work.26 As only TiC were exposed to an Ar/O,
atmosphere with low oxygen content (about 270 ppm)
at high temperature (1073 K), it was oxidized into TiO;
and CO; with retention of amorphous carbon.?”
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To measure more precisely the weight changes during
heating and cooling of TizAIC, powders in argon, the
TG alone option with higher resolution was used. The
TG curves of TizAIC; powders upon heating and under
cooling exhibit different characteristics as shown in
Figure 2. Upon heating, the weight continuously in-
creased with temperature with exception in the tem-
perature range of 122—215 °C. The decrease in weight
in that temperature range corresponded to desorption
of water vapor adsorbed on the TizAIC, powders.
However, for the TG curve under subsequent cooling,
the increase in weight abruptly stopped at about
600 °C. According to the X-ray diffraction result (Figure
1), only one oxide, Al,O3, was present in the sample after
heating, so it is reasonable to conclude that the growth
kinetics for Al,O3; was too slow to be detected within
the resolution of the apparatus as the temperature
decreased below that temperature. Whereas upon heat-
ing, the weight gain with temperature below 600 °C
suggests that uptake of oxygen by TizAIC; occurred. The
“fresh” surface of TisAIC, powders can absorb oxygen
upon heating even at low temperature below 600 °C
while it is saturated with oxygen under subsequent
cooling after exposure to argon with low oxygen content.
The uptake of oxygen by TizAIC, below 600 °C resulted
in a greater weight gain (1.86%) upon heating than that
(1.57%) under cooling.

Figure 3a shows the secondary electron image of the
white cotton-like matter separated from the TizAlIC,
specimen heated to 1460 °C in Ar. It can be seen that
the white cotton-like matter consists of a number of
balls around which nanoscale needles are distributed
uniformly. By using EDS equipped in the field emission
scanning electron microscope, the matter was proved
to be Al,O3 as indicated by the EDS spectrum shown in
Figure 3b.

As described above, beneath the white cotton-like
matter, the color of the powders changed to black. The
black powders were examined by SEM/EDS. Figure 4a
and b show the secondary electron images of the black
powders. It can be seen that aligned submicropores are
distributed on the particulates. Those aligned pores are
regarded as the result of selective oxidation of Al in Tis-
AIC,, which yields the transformation of TizAIC; into
TiCx and Al,O3. Because the density of TiCy is larger
than that of TizAIC,, so the transformation process from

(27) Bellucci, A.; Gozzi, D.; Nardone, M.; Sodo, A. Chem. Mater.
2003, 15, 1217.
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TisAIC, into TiCx would cause shrinkage in volume and
pores emerged on the oxidized particles. Considering
aluminum atoms in nano-laminate TisAIC, exist in a
planar manner, there is little doubt that the pores
distributed on the oxidized particles are aligned. Similar
aligned submicropores were also observed by Barsoum
and co-workers in the topotactic transformation of Tis-
SiC, into a partially and cubic Ti(Cog7Sio0s) by the
diffusion of Si into molten cryolite.?2 By using EDS, it
is demonstrated that oxygen was detected in the regions
where aligned submicropores exist in the oxidized
particles. In addition to oxygen, the other elements Ti,
C, and minor Al were also detected as shown in Figure
5, which suggests that uptake of oxygen by substoichio-
metric TiCy took place and consequently titanium oxy-
carbide formed. It is reported in the literature?® that
the substitution of C with O in TiC does not change its
rock salt structure, and the difference in cell parameters
between TiC (TiC, a = 0.43274 nm)?° and titanium
oxycarbide (TiCp 730027, a = 0.4312 nm)?’ is quite small.
As a result, they show very similar XRD patterns.

At this stage, as selective oxidation of aluminum
occurred, the idealized transformation of TizAIC, can
be written as follows:

4Ti,AIC, + (3 + 6y)0, =
12TiCy 5,0, + 2AL,0,, y < 0.33 (1)

Just owing to that the aligned pores acted as rapid
channels for Al to migrate outward and the migration
is a synergic and whole behavior, there was no Al-
depletion layer beneath the protective scales for the bulk
TizAIC, and Ti,AIC ceramics.5” The advantage in
understanding the absence of Al-depletion layer for the
bulk TizAIC, and Ti,AIC ceramics is obvious, because
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TisAIC, powders are isolated without continuous pro-
viding of Al from substrate, aligned micropores can be
observed.

The transformation process from TizAlIC, into tita-
nium oxycarbide (TiCos7Oy) owing to the selective
oxidation of Al into Al,O3 is schematically illustrated
in Figure 6. For the reason that this transformation
process was initiated from the surface, so the reaction
rate for TizAIC, powders is relatively rapid owing to the
high specific surface area, whereas in the case of bulk
TisAIC, the transformation rate is very slow.

4. Conclusions

Nano-laminate TizAIC, was stable up to at least
1460 °C. In addition, transformation of TizAIC, into
titanium oxycarbide (TiCos70y) and Al;Oz only took
place at the top of the specimen, suggesting that the
transformation was induced by the selective oxidation
of Al into thermodynamically stable Al,Os. Aligned
submicropores were observed on the oxidized particles.
Those aligned pores acted as the rapid channels through
which aluminum atoms could easily migrate outward
from the substrate, and consequently, protective scales
formed on bulk TizAIC, and Ti,AIC ceramics at high
temperatures. Because the migration is a synergic and
whole behavior, there is no Al-depletion area beneath
the protective scales. Meanwhile, it also provides an
alternative route to synthesize nanoscale a-Al,Os.
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