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bstract

xperimental and thermodynamic studies of the hydrothermal oxidation behavior of Ti3Si0.9Al0.1C2 powders were performed at 500–700 ◦C under
hydrostatic pressure of 50 MPa. Titanium, silicon and aluminum were selectively extracted from Ti Si Al C during hydrothermal oxidation,
3 0.9 0.1 2

esulting in the formation of oxides and disordered carbon. A comparative investigation with Ti3SiC2 disclosed the evident influence of Al dopant
n the hydrothermal oxidation process, i.e. delaying the phase transformation from anatase to rutile, promoting the formation of carbon, the
rystallization of silica and decomposition of Ti3Si0.9Al0.1C2. The corresponding mechanism was discussed.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Because advanced ceramics have demonstrated impressive
hemical resistance at high temperatures, it is often inferred that
hey should be invulnerable to corrosion at relatively low temper-
tures. But this is not really true under hydrothermal conditions.1

ttack of aggressive aqueous media can deteriorate ceramics
ven at 150 ◦C.1 Under supercritical conditions, water is a cor-
osion medium and dangerous to advanced ceramics, because
t can dissolve formed oxides during hydrothermal oxidation.
ince advanced ceramics have been attracting great attention

n energy related systems, where high-temperature and high-
ressure water is usually involved, the hydrothermal oxidation
ehavior of silicon carbide,2–7 silicon nitride8–10 and alumina11

as been investigated.
Ti3SiC2 has turned out to be an excellent structural/functional

eramic due to its combination of numerous salient properties
f both metals and ceramics. This ceramics is expected to be a

rospective material applied in energy related systems because
t is machinability,12,13 damage tolerance14,15 and reliability.16

hus, the hydrothermal oxidation behavior of Ti3SiC2 is of great

∗ Corresponding author. Tel.: +49 7071 2976802; fax: +49 7071 293060.
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oncern. The interaction of H2O with Ti3SiC2 powders has been
nvestigated at 500–700 ◦C under the pressure of 50 MPa.17 The
rimary results shows that Ti and Si are selectively oxidative
xtracted from Ti3SiC2, resulting in the formation of TiO2, SiO2
nd amorphous carbon.

Doping Al in Ti3SiC2 can form Ti3SixAl1−xC2 solid
olutions.18 Even small amounts of Al dopant can signifi-
antly improve the oxidation resistance of Ti3SiC2.18,19 For
nstance, Ti3Si0.9Al0.1C2 displays excellent oxidation resistance
ue to the formation of a continuous �-Al2O3 layer during
xidation.18,19 Since the oxidation behavior of Ti3SiC2 is greatly
nfluenced by adding Al dopant, it is very necessary to under-
tand the effect of Al dopant on the hydrothermal behavior,
hich has not been investigated up to now.
In this work, the hydrothermal oxidation behavior of

i3Si0.9Al0.1C2 powders in distilled water was investigated. A
omparative study with Ti3SiC2 is also carried out at the similar
onditions.

. Experimental
The equilibrium reaction products were calculated using the
actSage 5.4 Gibbs free energy minimization program.20 The
atabase did not contain data for the Ti3Si0.9Al0.1C2 phase. The
alculations were performed for a closed system with a constant
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Fig. 1. (a) Equilibrium partial pressures of the gaseous products and (b) equi-
l
a

3

h
s
T
a
a
t
r
a
a
p

098 H.B. Zhang et al. / Journal of the Europ

otal pressure of 50 MPa. The gas phases were assumed to be
deal, and the solid phases were treated as a mechanical mixture
ith unit activities. All possible gases were considered including
ydrocarbons, hydroxyl species and volatile metal oxides. Only
he major species are given in the final results.

The Ti3Si0.9Al0.1C2 powders were obtained by rasping the
s-prepared bulk Ti3Si0.9Al0.1C2 specimen on a diamond file,
nd then grinding it in an agate muller. The bulk Ti3Si0.9Al0.1C2
as fabricated by the solid–liquid reaction synthesis and simul-

aneous in situ hot-pressing process,21 which has been described
lsewhere.18 Briefly, this material was prepared according to the
ollowing procedure: mixed powders of Ti, Si, Al and graphite
ith near stoichiometric proportion were milled for 20 h in a
olyurethane mill. After ball milling and drying, the powders
ere cold-pressed into a disc with 50 mm diameter in a graphite
ie. The preparation was conducted under an Ar atmosphere
n a furnace using graphite as a heating element. The synthe-
is temperature was 1550 ◦C and the hot-pressing pressure was
8 MPa.

The Ti3Si0.9Al0.1C2 powders and distilled water were placed
nto gold capsules with 3 mm diameter and 30 mm length.
ypically, a capsule contained 50 mg Ti3Si0.9Al0.1C2 powders
nd 75 mg distilled water (H2O:Ti3Si0.9Al0.1C2 molar ratio of
6:1). After sealing by welding, these capsules were placed in
ube-type pressure vessels made of René 41 superalloy. The
xperiments were carried out at 500–700 ◦C under a hydrostatic
ressure of 50 MPa.

After oxidation, the powders were analyzed by XRD
Bruker, England, Co K� radiation) and Raman spectroscopy
LabRam micro-Raman spectrometer, Dilor, France, excitation
t 514.5 nm using Ar-ion laser).

. Results

.1. Reaction thermodynamics

Fig. 1(a) and (b), respectively, illustrates the equilibrium
artial pressures of the gaseous products and the equilibrium
mounts of solid species with different H2O:Ti3Si0.9Al0.1C2
olar ratio at 700 ◦C and 50 MPa. The primary gaseous phases

re hydrogen and methane, even for small amounts of water.
he amounts of CO and CO2 are quite low if there is not
nough water, but they increase significantly with increasing
ater amount (Fig. 1(a)). For the solid products, insufficient

mount of water results in the formation of titanium sub-oxides,
nd they transform to TiO2 (rutile) as exceeding the minimum
alue of 7 mol H2O per 1 mol the carbide (Fig. 1(b)). SiO2
quartz) is a persistent product and can remain stable almost
n the whole water range. Aluminum is predicted to be oxidized
s Al2SiO5 (sillimanite).

Fig. 2 shows the temperature-dependent partial pressures of
he volatile compounds for a H2O:Ti3Si0.9Al0.1C2 molar ratio of
6:1 under the pressure of 50 MPa. The mainly volatile phases

re estimated as H2O, H2, CH4, CO2 and CO at the equilib-
ium state. Hydrogen and methane are the dominating gaseous
roducts at 400–1000 ◦C, even though methane decreases with
emperatures to yield more hydrogen and carbon oxides.

a
o
c

ibrium amounts of solid species with different H2O:Ti3Si0.9Al0.1C2 molar ratio
t 700 ◦C under the pressure of 50 MPa.

.2. Powder X-ray diffraction

X-ray diffraction patterns of Ti3Si0.9Al0.1C2 powders after
ydrothermal oxidation are displayed in Fig. 3. The corre-
ponding results of Ti3SiC2 powders are shown in Fig. 4. For
i3Si0.9Al0.1C2, the product is identified as anatase at 500 ◦C
nd both anatase and rutile at 600–700 ◦C. Meanwhile, the
mount of rutile increases with treatment time and tempera-
ures, which is due to the phase transformation from anatase to
utile. No diffraction peaks of any Si-bearing phases are detected
t 500–600 ◦C, but cristobalite occurs after treatment at 700 ◦C
nd its peaks are more evident with treatment time. A sillimanite
eak is present at 700 ◦C after treatment for 90 h.
The detail explanation about the XRD of Ti3SiC2 powders
fter hydrothermal treatment can be found in Ref. 17. Here we
nly compare Ti3SiC2 with the new data (Fig. 4). The following
hanges are obvious after adding Al dopant:
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ig. 2. Temperature-dependent partial pressures of the volatile compounds for
H2O:Ti3Si0.9Al0.1C2 molar ratio of 16:1 under the pressure of 50 MPa.

1) Delaying the phase transformation from anatase to rutile
(Fig. 3(f) and (g) vs. Fig. 4(f) and (g)).

2) Accelerating the crystallization of SiO2 to form cristobalite

(Fig. 3(f) vs. Fig. 4(f)).

3) Promoting the decomposition of the carbide (Fig. 3(b) vs.
Fig. 4(b)). Ti3SiC2 could sustain a treatment at 500 ◦C for
24 h, where Ti3Si0.9Al0.1C2 disappeared already after 20 h.

ig. 3. XRD patterns of Ti3Si0.9Al0.1C2 powders after hydrothermal oxidation
t 500–700 ◦C under the pressure of 50 MPa.
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ig. 4. XRD patterns of Ti3SiC2 powders after hydrothermal oxidation at
00–700 ◦C under the pressure of 50 MPa.

.3. Raman spectroscopy

Raman spectroscopy is very useful to identify car-
on allotropes22,23 and is used to interpret structural
haracteristics.24 The evolution of carbon, therefore, is analyzed
sing Raman spectroscopy (Fig. 5). After hydrothermal oxida-
ion, the Raman spectra clearly show strong bands of the graphite
and (G) and the disordered/nanocrystalline carbon band (D),1–5

hich give evidence of carbon formation. The amounts of as-
ormed carbon, however, remarkably decrease with treating time
Fig. 5(e) and (f)) due to the reaction with water. The observed
p-shift of the D band indicates that the bond-angle disorder of
arbon is decreased with temperatures and treatment time.1 Lit-
le carbon is produced after hydrothermal treatment of Ti3SiC2
t 500 ◦C for 24 h (Fig. 6); however, amounts of carbon present
or Ti3Si0.9Al0.1C2 at the similar conditions. This result suggests
he promotion effect of aluminum dopant for producing carbon.

. Discussions

.1. Products after hydrothermal treatment

Concerning the Ti3Si0.9Al0.1C2 powders, the solid prod-

cts after the hydrothermal oxidation are oxides and carbon.
ecause rutile is more stable than anatase,25,26 the first

ormed anatase transforms into rutile. This phase transforma-
ion has also been observed in the hydrothermal oxidation of
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ig. 5. Raman spectra of Ti3Si0.9Al0.1C2 powders after hydrothermal treatment
t 500–700 ◦C under the pressure of 50 MPa.

i3SiC2 powders17 and the intermediate temperature oxida-
ion of Ti3SiC2.27 The detail influences (grain size, impurities,
tc.) on this sluggish transformation have been investigated in
ther powder studies.28 Cristobalite occurs at 700 ◦C, and at
00–600 ◦C the absence of the XRD patterns of crystalline
iO2 is attributed to the formation of amorphous silica. This

s consistent with the previous investigations on the hydrother-
al behavior of Ti3SiC2.17 During the oxidation of Ti3SiC2

n air/oxygen, SiO2 appears as amorphous,29–33 tridymite,34

r cristobalite29,32,33,35,36 in different studies, which originates
rom the different microstructure, density and purity of each
ample tested. Besides sillimanite, the existence of amorphous
l2O3 cannot be excluded considering the high stability of
l2O3 and the formation of amorphous Al2O3 in the oxidation
f bulk Ti3Si0.9Al0.1C2 at 500–700 ◦C in air.37

Similar to Ti3SiC2,17 carbon is produced after the hydrother-
al treatment. The formed carbon can be described as disordered

arbon according to the combination results of Raman and XRD.
arbon is not found on the gold capsule walls after experiments,

o the carbon rather formed by oxidation extraction of titanium,

ilicon and aluminum out of the carbide than by deposition out
f the fluid. The factors of both thermodynamics and kinetics
ontribute to the formation of carbon. Of them, kinetics plays an

p
b
w

ig. 6. Raman spectra of Ti3SiC2 powders after hydrothermal treatment at
00–700 ◦C under the pressure of 50 MPa.

ssential role on this process because the existence form of C,
ndicated by the thermodynamic calculations, should be methane
nd carbon oxides, and TiC at the condition of insufficient water.

From the point of view of thermodynamics, the affinity of
etals to oxygen is much higher than that of carbon,3,38,39

esulting in the formation of TiO2, SiO2 and sillimanite and the
urvival of carbon from oxidation. Owing to the similar reason,
arbon is produced after hydrothermal treatment and oxidation
f transition metal carbides.3,38,39

From the point of view of kinetics, the formation of car-
on is related to the unique characteristics of the solid solution:
1) Ti3Si0.9Al0.1C2 possesses the similar layered structure as
i3SiC2 and Ti3AlC2

18,40 and (2) the bonds of Ti–Si and Ti–Al
re weaker than those of Ti–C.41 These weak bonds and layered
tructure of grains lead to the high activity and easy diffu-
ion of aluminum and silicon, which has been proved by the
xidation18,19 and thermal stability testing of Ti3Si0.9Al0.1C2.42

n addition, the layered structure is favourable for the diffusion
f oxygen, which facilitates the oxidation of titanium. The fast
iffusion of gas species has been observed in the “Ti SiC pest”

henomenon.43 Therefore, titanium, aluminum and silicon can
e selectively removed from the substrate through oxidation,
hich leads to the formation of carbon.
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Fig. 7. Equilibrium oxygen partial pressure under the conditions of 500–1000 ◦C
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promotes the formation of carbon. This result strongly indicates
that bulk Ti3Si0.9Al0.1C2 may possess better hydrothermal oxi-
dation resistance than that of Ti3SiC2. This prediction is testing
nd the hydrostatic pressure of 500 bar. The FactSage 5.4 program was used for
he calculations. The chosen systems were respectively 1 mol Ti3SiC2 + 16 mol

2O, 1 mol Ti3Si0.9Al0.1C2 + 16 mol H2O and 1 mol C + 8 mol H2O.

Fig. 7 displays the calculated oxygen partial pressure under
he conditions of 500–1000 ◦C and the hydrostatic pressure of
00 bar. For Ti3SiC2 and Ti3Si0.9Al0.1C2, the oxygen partial
ressures in the environments are quite similar and range from
0−28 to 10−15 bar. The values for the existence of free carbon
re calculated to be 10−25 to 10−14 bar. This explains both the
ossibility of the formation of free carbon and its vanishing after
ome time, because high C:H2O ratios favour higher oxygen
artial pressures and hence the removal as carbon oxides.

.2. Hydrothermal oxidation process of Ti3Si0.9Al0.1C2

The hydrothermal oxidation of Ti3Si0.9Al0.1C2 displays a
wo-step process. At the first stage, Ti3Si0.9Al0.1C2 reacts with

2O to produce TiO2, SiO2, Al2SiO5 and carbon. For an exact
alance with a complete transformation to the oxides the corre-
ponding reactions are

Ti3Si0.9Al0.1C2 + 7.95H2O

= 3TiO2 + 0.85SiO2 + 0.05Al2SiO5 + 2C + 7.95H2 (1)

nd

Ti3Si0.9Al0.1C2 + 7.95H2O

= 3TiO2 + 0.85SiO2 + 0.05Al2SiO5 + C + CH4 + 5.95H2

(2)

fterwards the formed carbon is consumed through reacting
ith water (Fig. 5(e) and (f)). Because CO2 is the species with
igher partial pressures than CO at temperatures below 900 ◦C
Fig. 2), the main carbon consuming reaction37 should be:
+ H2O = 1/2CO2 + 1/2CH4 (3)

nd

+ 2H2O = CO2 + 2H2 (4)

n

t
n

eramic Society 29 (2009) 2097–2103 2101

n addition, carbon also can be consumed by methane formation,
ut the reaction rate is extremely sluggish at low temperatures.44

As the equilibrium state is achieved, the dominating reaction
etween water and Ti3Si0.9Al0.1C2 is

Ti3Si0.9Al0.1C2 + 9.95H2O

= 3TiO2 + 0.85SiO2 + 0.05Al2SiO5 + CO2

+ CH4 + 7.95H2 (5)

It should be noted that parts of the CO2 are converted to CO
ith increasing water and temperature.

.3. Effect of Al dopant

The effect of Al dopant includes: delaying the phase trans-
ormation from anatase to rutile, promoting the formation of
arbon, the decomposition of Ti3Si0.9Al0.1C2 and the crystal-
ization of silica.

Ding et al.45 and Yang et al.46 studied the effect of alu-
ina dopant on the titania phase transformation. Both of them

bserved that the presence of a small amount of alumina
n titania powder could effectively delay the phase transfor-

ation from anatase to rutile. Their results agree with our
xperiments.

As mentioned above, the production of carbon is attributed to
he selective oxidative extraction of other elements, i.e. carbon
omes from the decomposition of the substrate. Obviously, the
asier the decomposition of Ti3Si0.9Al0.1C2, the easier the for-
ation of carbon. The calculations indicate that the activity of Si

nd Al in the solid solution is higher than that of Si in Ti3SiC2,41

hich have been compellingly testified by the oxidation18,19 and
hermal stability experiments.42,43 The formation of a continu-
us alumina layer on the surfaces of the Ti3Si0.9Al0.1C2 samples
uring oxidation confirms the high activity of Al,18,19 espe-
ially considering the low content of Al in the substrate. In case
f the thermal stability in nitrogen,42,43 silicon and aluminum
xhibited higher activity than that of titanium in Ti3Si0.9Al0.1C2
ecause they could combine with nitrogen to form Al(Si)N42;
n the contrary, titanium displayed higher activity than that
f silicon in Ti3SiC2 because TiN was formed as the final
roduct.43

For layered ceramics Ti3SiC2, Ti3AlC2 and Ti3Si0.9Al0.1C2,
he preferred decomposition mode is that Si/Al escapes from
he substrate and leave TiCx behind due to the high activ-
ty of Si and Al.32,47–54 Since silicon and aluminum in the
olid solution is more active, the decomposition process of
i3Si0.9Al0.1C2 is certainly accelerated, which simultaneously
ow in our laboratory.
The reason for the promoting effect of alumina on the crys-

allization of silica is complicated and is not clear now, which is
eeded to be further investigated.
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. Conclusions

The hydrothermal oxidation of Ti3Si0.9Al0.1C2 displayed a
wo-step process involving at first the formation of carbon and
xides, such as TiO2, SiO2 and sillimanite/alumina, and then the
onsumption of the as-produced carbon to form carbon oxides
nd methane. The formation of carbon was due to the selectively
xidative extraction of titanium, silicon and aluminum from
he substrate. Compared to Ti3SiC2, the hydrothermal oxidation
ehavior was obviously changed after adding aluminum dopant.
he differences included: delaying the phase transformation

rom anatase to rutile, promoting the formation of carbon, the
rystallization of silica and decomposition of Ti3Si0.9Al0.1C2.
his behavior had a close relation with the weak interactions
etween Ti–Si and Ti–Al atomic layers and the layered structure
f Ti3Si0.9Al0.1C2.
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