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Abstract

The hot corrosion behavior of Na,SO4-coated Ti, AIC was investigated by means of thermogravimetric analysis, X-ray diffraction, and scanning
electron microscopy/energy dispersive spectroscopy. This carbide displays good hot corrosion resistance below the melting point of Na,SO, while
the corrosion attacks become virulent when the salt is molten. A protectively continuous Al,O; layer forms and imparts good corrosion resistance,
and consequently, the corrosion kinetics is generally parabolic at 850 °C. However, porous oxide scales fail to protect the Ti, AIC substrate at 900
and 1000 °C. The segregation of sulfur at the corrosion scale/substrate interface accelerates the corrosion of Ti, AlC. Furthermore, a convenient
and efficient pre-oxidation method is proposed to improve the high-temperature hot corrosion resistance of Ti; AIC. An Al,O3 scale formed during
pre-oxidation treatment can remarkably restrain the infiltration of the molten salt into the substrate and prevent the substrate from severe corrosion

attacks.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered-ternary Tip AIC ceramic has attracted increasing
interest in recent years due to its unique combination of the
merits of both metals and ceramics,l’13 such as, easy machin-
ability, low density, good electrical and thermal conductivity,
excellent thermal-shock and high-temperature-oxidation resis-
tance. These salient properties make Ti; AIC a highly promising
candidate for high-temperature structural applications or as a
coating material.

Jeitschko et al. deciphered the crystal information of Ti, AIC
in 1963.1 1t crystallizes in P63/mmc symmetry and the crystal
structure can be fundamentally described as strong Ti—C—Ti
covalent-bonding chains being interleaved by closed-packed
Al atomic planes. The electronic structure and bonding nature
were reported.? TipAIC is the most stable ternary-phase in the
Ti—Al—C system.? Thereafter, a series of experimental and the-
oretical works have been reported on TipAIC, including syn-
thesis and mechanical properties of bulk material,*~’ oxidation
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behavior, theoretical predictiorls,9 thin film deposition,10 lattice
dynamics,' 12 and microstructural characterization.'?

Poor oxidation resistance of TiAl and Tiz Al intermetallics at
elevated temperatures has been the bottleneck to their industrial
applications.'*! It is interesting and surprising that, with rela-
tively low aluminum content, a protectively continuous Al,O3
scale forms on the two ternary titanium—aluminum carbides in
the Ti—Al-C system, i.e. Ti3AlC, and TipAlC substrate dur-
ing high temperature oxidation in air.3'® The Al,O3 scale is
adherent to the substrate and resistant to thermal cycling, which
retards the further oxidation of these two carbides. Good high-
temperature oxidation resistance and low density give TioAIC
the potential to be used in high-temperature oxidizing environ-
ments such as engine parts. In practical applications, ceramics
may encounter various corrosive atmospheres. The hot corro-
sion attack of the salt-deposited samples would become serious
and accelerate the degradation of materials under appropriate
conditions.!” It is therefore important to understand the effects
of the deposited salt on the hot corrosion behavior of Ti; AIC at
high temperatures. Wang and Zhou'® reported that the hot cor-
rosion resistance of Ti3AlC, was not satisfied at temperatures
higher than 800 °C. However, information on the hot corrosion
behavior of TipAlC is sparse.
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In this work, we investigated the hot corrosion behavior of
the NaySO4-coated Tip AIC in 850-1000 °C in air. The hot cor-
rosion mechanism is discussed and an efficient pre-oxidation
treatment is proposed to improve the high-temperature hot cor-
rosion resistance of Tio AlC.

2. Experimental
2.1. Specimen preparation

Bulk polycrystalline Ti;AlC ceramic was fabricated by
a solid-liquid reaction and simultaneous in situ hot press-
ing method. Detailed descriptions on the synthesis of TipAlC
ceramic can be found elsewhere.* Specimens with dimensions
of 10mm in diameter and 2.5mm in thickness were cut by
electrical-discharge method. The as-cut specimens were ground
down to 1500 grit SiC paper, polished to a 1 um finish, and
degreased in acetone. The pre-oxidation treatment was con-
ducted in air at 1000°C for 2h. Both the pre-oxidized and
untreated specimens were placed on a hot plate working at
200 °C; a salt film was then coated on the sample surface by
brushing a saturated NaySOy4 solution. The amount of the salt
was controlled to be 4.0 0.2 mg/cm?.

2.2. Specimen characterizations

The hot corrosion tests were carried outin a Setsys 16/18 ther-
moanalyzer (Setaram, France). The continuous weight-changes
during the experimental process were recorded using thermo-
gravimetric analysis (TGA) with an accuracy of +4 x 1077 g.
Specimens for TGA tests were suspended with a Pt wire and
heated to the test temperatures at a rate of 40 °C/min. Duplicate
runs were carried out to check the reproduction of tests. After
the TGA test, the corroded samples were rinsed with hot water
to remove the soluble salts. Thereafter, the phase components
were identified by a step-scanning X-ray diffractometer with Cu
Ka radiation (Rigaku D/max-2400, Japan). Both the surface and
cross-sectional morphologies of the samples were observed by a
S-360 scanning electron microscope (SEM) (Cambridge Instru-
ments Ltd., UK) equipped with energy dispersive spectroscopy
(EDS). Prior to SEM observations, a thin gold layer was sput-
tered on the hot corroded specimens to ensure good electrical
conductivity.

3. Results and discussions
3.1. Corrosion kinetics

Duplicate runs show that the corrosion kinetics is repro-
ducible with deviations within 5%. The weight-changes/area
versus time of NapSQOy4-coated Tip AIC in air at 850-1000°C
is presented in Fig. 1. At temperatures above the melting point
of NaySO4 (884 °C), where Nay SOy is present in molten form,
the hot corrosion kinetics shows a typical tri-stage character-
istic as shown in the inset (a) of Fig. 1. On the other hand, the
weight-changes are relatively low and generally obey a parabolic
rate law at 850 °C, which can be seen in the inset (b) of Fig. 1.
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Fig. 1. Weight-changes pre unit area vs. time of Na;SO4-coated Tir AIC cor-
roded in air at 850-1000 °C for 20 h. Enlarged view in the inset (a) displays
typical tri-stage corrosion characteristics. ‘I/A’, ‘II/B’, and ‘III/C’ indicate
the first, second, and third corrosion stages, respectively. Inset (b) shows the
parabolic weight-change feature of Ti; AIC corroded at 850 °C. ‘HC’ denotes
‘hot corrosion’.

Similar tri-stage characteristic was observed in the hot corro-
sion of TizAlC; at 900°C.!8 At the first stage, the so-called
gestation/or incubation period, the weight-changes increase at
relatively slow rates, i.e. 1.2 and 8.0mgcm=2h~! at 900 and
1000 °C, respectively. At the second stage, the so-called high-
speed corrosion stage, weight-changes increase remarkably. For
example, the weight-change rates are 8.4 and 27 mgcem 2 h™~!
at 900 and 1000 °C, respectively. After this high-speed corro-
sion stage, thick oxide scales formed on the TipAlC substrate
and the corrosion reached a relatively steady stage, wherein the
hot corrosion rates are low (less than 0.50 mgcm™2>h~!). The
second stage is characterized by a high-speed weight-change
rate. The high-speed corrosion consumes a lot of salt and the
salt decreases rapidly. Consequently, the weight-change rates
are much lower at the third stage.

We compare the corrosion kinetics of two ternary carbides,
Ti» AIC and Ti3AlC,, to understand the influence of chemi-
cal composition on the corrosion resistance. The hot corro-
sion kinetics of TizAIC, displays a tri-stage characteristic at
900 °C,'® which is similar to those of TiAIC. However, the lin-
ear weight-change rates of Ti3 AlC; are much higher than those
of Tip AlC. In addition, the corrosion kinetics of Ti3AlC5 is lin-
ear at 800 °C while the kinetics is parabolic for TipAIC up to
850 °C. In a word, Ti» AlC displays higher corrosion-resistance
against NapSOy salt than TizAlC,. The corrosion kinetics of
Tip AIC will be further discussed in the following sections.

3.2. Determination of crystalline phases in the hot
corroded samples

XRD analysis reveals that the as-synthesized specimen is
single-phase Ti» AlC (Fig. 2a). Corrosion products were deter-
mined by XRD after the TGA test and the results are displayed
in Fig. 2b—d. For the sample corroded at 850 °C, the dominant
phase is TipAlC, suggesting that the corrosion scale is thin.
However, the reflections of Tip AlIC could hardly be detected
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Fig. 2. XRD patterns of four Tip AlIC specimens. (a) Untreated; (b)—(d) are samples after hot corrosion for 20 h at 850, 900, and 1000 °C, respectively.

by XRD on the samples hot corroded at 900 and 1000 °C, which
indicates that the corrosion scales are too thick for the sub-
strate to be detected. At 850-1000 °C, Na-containing species,
such as Nag »3TiO», NarTigO19 (NapyO-9TiO5), and Na,TigO13
(NapO-6TiO;) were detected; and the intensities increase with
temperatures. Mobin and Malik'® studied the interaction of TiO»
and Na;SO4 at 823-923 °C and revealed that the interaction
would lead to sodium—titanium oxides formation. Itis reasonable
that the presence of Na—Ti oxides can be attributed to the reac-
tion between Nay,SO4 and TiO;. Few sodium aluminum oxides
were detected because the corrosion of Al, O3 at this temperature
range is small.20

3.3. Surface microstructure of the hot corroded samples

Surface morphologies of Na;SOg4-coated Tip AIC hot cor-
roded in air at 850—-1000 °C for 20 h display different characteris-
tics. As can be seen in Fig. 3a, the surface of the sample corroded
at 850°C is relatively smooth, suggesting that the interaction
between surface oxides and the salt is slight. Some corrosion
products remained on the sample surface and they were deter-
mined to contain mainly Ti, O, and Na by EDS compositional
analysis. Surface morphologies of specimens hot corroded at
900 and 1000 °C show sharp difference. Typical surface mor-
phology of the sample hot corroded at 900 °C is shown in Fig. 3b.
Obviously, Ti> AlC suffers severe attacks by the molten salt. It
is noted that most of corrosion products at 900 °C are needle-
shape. EDS analysis reveals that the products contain mainly Ti,
Al, Na, and O elements. Combining the XRD results (Fig. 2c),
the acicular products are mixtures of AloO3 and sodium tita-

nium oxides. Fig. 3c is the surface morphology of the sample
corroded at 1000 °C; enlarged view of the globular appearance
is shown in the inset. The surface of the specimen hot corroded
at 1000 °C is uneven and non-uniform. Globular products are
popular besides the acicular products similar to those at 900 °C.
Compositional analysis by EDS indicated that the globular prod-
ucts mainly consist of Ti and O plus a minor amount of Na
and Al

Micropores are present on the surfaces of the samples hot cor-
roded at 900 and 1000 °C (Fig. 3b—c), which can be attributed to
the expulsion of gas species during hot corrosion. Berthold and
Nickel?! systematically investigated the hot corrosion behavior
of silica and silica-formers and reported that silicon nitride and
carbide could act as effective reduction agents. Thermodynamic
calculations show that Na; SOy is not stable under reducing con-
ditions and leads to the formation of Na,$S according to:>!

Na,SO4 < NasS + 20, (1)

The formation of Na;S may also favor the following

reaction:!

3Na;SO4 4+ NapS = 4Na,O + 450, 2)

Similarly, Ti»AIC can act as a reduction agent. As a con-
sequence, the expulsion of gas species left micropores on the
surface.

3.4. Cross-sectional analysis of the corrosion scales

Cross-sectional analysis can provide fundamental informa-
tion on the corrosion process and is important to understand
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Fig. 3. Surface morphologies of Tip AIC corroded at: (a) 850 °C; (b) 900 °C; and (c) 1000 °C for 20 h. ‘P’ indicates ‘pore’.

the nature of attack on the Tip AlC substrate. Hence, the cross-
sectional microstructures of the samples after hot corrosion were
also investigated.

Fig. 4a shows the backscattered electron image of the cross-
section of NapSQy4-coated Tip AIC after hot corrosion at 850 °C
for 20 h. The corrosion scale is approximately 4 pum in thick-
ness and a continuous AlpO3 scale is present; the Al,O3 scale
is further confirmed by the EDS line-scanning result shown in
Fig. 5a. It is clear that a protective Al,O3 scale formed and
thus further corrosion was controlled by the diffusion through
the Al,O3 scale. Consequently, the hot corrosion kinetics is
parabolic (Fig. 1). Cross-sectional views of the specimens hot
corroded at 900 and 1000 °C are also displayed in Fig. 4b—c.
EDS analysis indicates that the dark-gray regions in the cor-
rosion scales are rich in Al;O3 while the light-gray regions are
richin TiO;. No continuous Al,O3 scale formed in both samples
and Al,Oj3 tends to locate at the outer scale. The thickness of the
scales increases markedly with temperature (approximately 260
and 430 pm, at 900 and 1000 °C, respectively), revealing that
Ti, AIC suffered severe attacks by Nap SOy at high temperatures,
which agrees well with the high weight-change rates (Fig. 1).
Pores are also obvious in the cross-sections; some small pores
even extend to the forefront of the subsurface and accelerate the
degradation of the substrate.

Compositional line-scanning along the lines shown in
Fig. 4b—c are displayed in Fig. Sb—c. The most distinguished
feature is that sulfur-rich area is present at the scale/Ti; AlC

substrate interface for the specimens hot corroded at 900 and
1000°C. The segregation of sulfur was also observed dur-
ing the hot corrosion of TizAlC.!® The presence of sulfur-
rich bands at the substrate/scale interfaces demonstrates that
chemical reaction of Tip AIC with Na;SO4 occurred during hot
corrosion.

3.5. Corrosion mechanism of Na;SO4-coated TiAIC

A protectively continuous Al,O3 layer forms during high-
temperature oxidation in air and results in good oxidation
resistance.® Similarly, the cross-sectional analysis on the speci-
men corroded at 850 °C reveals that a protective Al,O3 scale
forms during the hot corrosion of Ti;AlC. The Al,O3 scale
retarded the hot corrosion of the substrate and the hot corro-
sion process was controlled by the diffusion through the Al,O3
scale. Consequently, the weight-change rates are low at 850 °C.
Unlike oxidation of salt-free samples in air, no continuous Al,O3
layer was observed after hot corrosion at 900 and 1000 °C. The
difference lies in the presence of a NapSOy film. Therefore, the
effect of Na;SOy4 should be discussed.

The acid-basic nature of NaySO4 can be described as: 2>

Na>SO4 = NayO + SO3 3)

where SOs is an acidic component while NayO is a basic one.
The consumption of either SOz or NayO will favor the dissoci-
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Fig. 4. SEM backscattered electron images of the cross-sections of Tip AIC after hot corrosion for 20 h at: (a) 850 °C; (b) 900 °C; and (c) 1000 °C, respectively.

ation of Na;SOy4. SO3 has the equilibrium:

SO3 = S0, + 10, )

A thin oxide scale will form during the heating to the test
temperatures. The following reaction is presumably to take place
first:

4TiHAIC + 130, = 8TiO; + 2A1,05 +4CO 5)

At 850°C, sodium sulfide is in solid state and the activ-
ity of NayO is relatively low. Therefore, the preformed thin
oxide scale can protect the substrate. As the corrosion per-
sists, the oxide scale grew thicker and further corrosion was
controlled by the diffusion through the scale. Consequently,
the corrosion behavior is similar to the oxidation in air. The
hot corrosion occurred by the interaction of TiO, and the salt.
The oxidation of Ti;AlC consumes oxygen as described by
Eq. (5) and favors the decomposition of SO3. The consump-
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Fig. 5. (a)—(c) EDS line-scanning results along the lines shown in Fig. 4a—c, respectively. It is obvious that sulfur-rich bands are present at the corrosion scale/substrate

interface at 900 and 1000 °C.
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tion of SO3 according to Eq. (4) promotes the dissociation of
NayS0O4. As a result, the activity of NayO increases; the Na; O
reacts with TiO, and leads to the formation of sodium—titanium
oxides.

The increase of basicity in molten salt also promotes the basic
dissolution of oxides especially Al,O3 according to the follow-
ing equation:

Al»O3 +NayO = 2NaAlO; 6)

After basic dissolution of Al O3 occurs, the A1IO; ™ ions will
migrate to the regions with lower basicity. In the place where
Al>O3 can stably exist, it precipitated again,!® that is why the
outer scales are rich in Al,O3.

At temperatures above the melting point of sodium sulfide,
Na,;SOy4 is in molten state and the corrosion attacks become
virulent. In this circumstance, the molten salt can easily pen-
etrate to the substrate and prevent the formation of a continu-
ously protective oxide scale. As a result, the chemical reactions
between Tip AlC and the NaySQ4 salt dominate the corrosion
process and sulfur segregates at the corrosion scales/Tip A1C sub-
strate interface. As the corrosion persists, the corrosion scales
become thicker and the expulsion of gases species left pores
on the scales. The porous and non-protective scales fail to pro-
tect the Tip AlC substrate and the corrosion kinetics is generally
linear.

The corrosion kinetics at 850 °C is parabolic and contin-
uous Al,O3 scale is present; it is plausible that diffusion of
ions determines the corrosion rate in this temperature. The
corrosion scales at 900 and 1000 °C are porous and the cor-
rosion kinetics is generally linear. Therefore, the rate-limiting
step is the chemical reactions between the molten salt and
Tir AlIC.
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Fig. 6. Weight-changes/area vs. time of pre-oxidized and untreated samples hot
corroded at 1000 °C for 20 h. Enlarged view of the pre-oxidized specimen is
plotted in the inset.

3.6. Improving the hot corrosion resistance by
pre-oxidation

Since Ti,AIC suffers serious hot corrosion at 900 and
1000°C, it is necessary to protect this technically important
ceramic. Alternatively, alloying additions and surface modifi-
cation are two widely applied ways to improve the corrosion
resistance of alloys.>> But alloying additions always deterio-
rates the mechanical properties of the substrate. Pre-oxidation
has been proved to be a highly efficient and convenient surface
modification method. For example, Lang et al.>* improved the
oxidation resistance of Fe—40Al sheet by pre-oxidation in air at
1100 °C. The pre-oxidation treatment in this work was inspired
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Fig. 7. XRD patterns of the three pre-oxidized samples (a) before; (b) and (c) after hot corrosion for 20 h at 900 and 1000 °C, respectively.
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by the fact that a continuously protective Al,O3 scale forms on
Tip AlC substrate during high-temperature oxidation in air.

Pre-oxidation treatment was conducted in air at 1000 °C for
2 h. The pre-oxidized specimens were then coated with the same
amount of salt and exposed to the same environments as the
untreated samples.

Fig. 6 shows the weight-changes/area versus time of pre-
oxidized and untreated samples hot corroded at 1000 °C.
Weight-changes of the sample corroded at 900 °C show sim-
ilar characteristics and are not shown for briefness. Enlarged
view of the kinetics curve of the pre-oxidized sample is plotted
in the inset. The final weight-changes of the pre-oxidized sam-
ples are much lower than the untreated samples, indicating that
pre-oxidation treatment remarkably inhibits the corrosion.

Itis noted that a rapid weight-loss occurred in the initial stage,
which is similar to the interaction of TiC powders with Na;SOq4
reported by Mobin and Malik.> The initial rapid weight-loss
is presumably due to the expulsion of gases species. The final
weight-change of the pre-oxidized specimen is four orders of
magnitude lower than the untreated sample. This result is con-
sistent with the work reported by Lawson et al., in which

o
f

Fig. 8. Surface morphology of the pre-oxidized sample after hot corrosion at
1000 °C for 20 h.

they systematically investigated the hot corrosion behavior of
Al,O3 at 700 and 1000 °C under different atmospheres and
revealed that the corrosion attacks were small and brought little
weight-changes.
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Fig. 9. Cross-sectional micrographs of the pre-oxidized samples. (a) Untreated; (b) EDS line-scanning result along the lines shown in (a); (c) after hot corrosion at

900 °C for 20 h.
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We analyzed the corrosion products, surface and cross-
sectional morphologies of the samples to understand the mech-
anism on improvement of corrosion resistance. XRD patterns of
the pre-oxidized samples before and after hot corrosion tests are
shown in Fig. 7. In all cases, TipAlC is the predominant phase,
implying that the corrosion scales are thin. Another feature is that
the reflections of sodium—titanium oxides appear after corrosion
tests and the intensities increase with temperature, while those of
TiO, decreases as the temperature goes up to 1000 °C. It is clear
that the reaction between TiO; and sodium sulfide occurred and
TiO, is susceptible to molten salt. The reaction became more
intense at 1000 °C, which accounts for the decrease of TiO, and
increase of Na-Ti oxides. The amount of Al,O3 did not decrease
apparently, suggesting that Al»O3 is much more resistant to hot
corrosion against Na;SO4. The above results are supported by
previous work reported by Lawson et al.?°

Surface morphologies of the samples hot corroded at 900 and
1000 °C are similar and only the later is shown in Fig. 8. The cor-
roded surface is relatively smooth and EDS analysis revealed that
the products remained on the surface are mainly Al and O with
minor amount of Ti and Na, which agrees well with the XRD
results (Fig. 7). Cross-sectional analysis was also conducted to
understand the improvement of corrosion-resistance. Fig. 9a dis-
plays the backscattered electron images of cross-sections of the
sample pre-oxidized at 1000 °C for 2 h and the corresponding
line-scanning result along the line shown in Fig. 9a is displayed
in Fig. 9b. Combining the cross-sectional micrographs with line
scan results, it is clear that a continuous Al, O3 scale formed after
pre-oxidation treatment. Fig. 9c shows the fracture surface of the
cross-section of the pre-oxidized sample after hot corrosion at
1000 °C for 20 h. It can be seen that the Al,O3 scale conserved
after hot corrosion for 20 h and the scale is adherent to the Tip AIC
substrate.

Unlike in the untreated sample, no sulfur-rich layer is present
at the corrosion scale/substrate interface of the treated sam-
ple. The preformed Al,Os scale efficiently prevented the reac-
tion between TipAIC and the molten salt. In other words, the
presence of Al,O3 scale prevented the infiltration of NaySOg4
toward the corrosion scale/substrate interface. Furthermore, the
difference on thermal expansion coefficients of the TipAlC
substrate (9.0 x 107 K1) and that of AlLO3 (8.8 x 1070 K~!
(parallel to c-axis) and 7.9 x 107°K~! (normal to c-axis)) is
small in magnitude, which ensures low thermal stress and
contributes to the stability of the Al,O3 scale on the TipAlC
substrate.®

Based on above analysis, it is evident that Ti; AIC owes its
improvement in corrosion resistance to the Al,O3 scale formed
during the pre-oxidation treatment. The preformed Al,O3 scale
is compatible with the Tio AlC substrate and can significantly
improve the corrosion resistance of Ti; AIC.

4. Conclusions

In conclusion, we investigated the hot corrosion behavior of
NaySOg4-coated Tip AIC in air at 850-1000 °C. The hot corrosion
kinetics is parabolic and protective Al,O3 scale retards the fur-
ther corrosion of the Tip AIC substrate below the melting point of

NaySOy4. Tip AIC suffers serious hot corrosion attacks at 900 and
1000 °C because porous and non-protective scales failed to pro-
tect the Tip AIC substrate. Chemical reactions between Tip AIC
and the Na; SOy salt dominate the corrosion process and sulfur
segregated at the scale/substrate interfaces. A convenient and
efficient pre-oxidation treatment can form a continuously pro-
tective Al,Oj3 scale, and consequently improve the hot corrosion
resistance of Tip AIC by preventing the infiltration of NapySO4 to
the Tip AIC substrate.
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