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The oxidation behavior of the Ti,AIN coatings is comparatively investigated at 750 °C in air and in pure steam
conditions, respectively. The linear kinetics composed of two stages is observed for each case, suggesting a
chemical reaction determining process, and the second stage behaves a slightly higher oxidation rate. In air, the
oxidation behavior exhibits an inhomogeneous oxidation due to the presence of macro-particles and impurity
phases in the coating, while a transition from inhomogeneous oxidation to homogeneous oxidation occurs in
pure steam. Compared to that in air, the oxidation process in pure steam is accelerated, leading to higher mass

gains. XRD and EDX analyses indicate that Al easily diffuses to the surface and thus forms a-Al,03 layer under
the two atmospheres, which result from the high Al activity within MAX phase. Additionally, the scaling me-
chanism of Ti,AIN coatings is discussed in terms of the microstructure evolution.

1. Introduction

Ti,AIN belongs to one of the novel ternary nanolaminated com-
pounds with the general formula M, ; 1AX,,, abbreviated as MAX phase,
where M is an early transition metal, A is a group 13-16 element, and X
is carbon and/or nitrogen. It has been gained wide attention due to its
interesting properties combining those of ceramics and metals, such as
good electrical and thermal conductivity, high-temperature capability,
easy machinability, excellent thermal shock resistance, as well as su-
perior oxidation and corrosion resistances etc. [1,2]. These superior
properties make Ti,AIN of particular interest as protective coatings for
middle/high-temperature applications [3-5].

Many efforts [3,6,7] have been performed on Ti,AIN or other Al-
based MAX phase materials, including bulk and coating forms, and
revealed that in most Al-based MAX phase bulk materials the excellent
oxidation-resistant property can be attributed to the continuous and
dense Al,O3 layer forming on the specimen surface. Besides, the Al,O3
layer also possessed good compatibility with the MAX phase, resulting
from the small differences of their thermal expansion coefficient, which
could protect the underlying MAX phase against further oxidation

attack at high temperature [8,9]. Generally, the oxidation kinetics of
MAX phase followed parabolic law [10-12]. Li et al. [13] studied the
oxidation resistance of Cr,AlC coatings prepared using magnetron
sputtering, and found that the oxidation rate of the Cr,AlC coating was
rather lower than that of Ni-based superalloy M38G at 900-1100 °C in
air. Wang et al. [14] showed that the Cr,AlC-coated specimens ex-
hibited much better oxidation resistance in contrast to the bare alloy for
isothermal oxidation processes at 700 °C and 800 °C in air. However, it
was reported that the MAX phase coatings suffered more serious oxi-
dation than that of the bulk materials because of their limited coating
thickness and Al content, columnar structure, and the existence of other
impurity phases, etc. [13-15].

On the other hand, most of previous studies about the oxidation
behavior of MAX phase focused on air condition. In many energy re-
lated systems such as coal-fired and nuclear power plant, pure steam is
a typical environmental condition. Especially, in order to improve the
thermal efficiency, the steam parameters including temperature and
pressure increase significantly year by year, which cause the corre-
sponding steam oxidation becoming a more concerning problem.
Therefore, exploring the steam oxidation mechanism is of crucial
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importance for both scientific understanding and engineering applica-
tion [16,17]. Zhou et al. [18] studied the role of steam on the oxidation
of TisAlC, and Ti>AlC bulk materials at 500-1200 °C in controlled hu-
midity atmospheres, and observed that the breakaway oxidation took
place at 500-600 °C as the steam induced cracks in the oxide scales and
failed to form a protective Al,O3 scale; at elevated temperatures, the
steam slightly accelerated the oxidation of Ti,AlC due to the enhanced
ion transportation pathway by increasing the oxygen vacancy. Simu-
lated Loss of Coolant Accident (LOCA) tests in nuclear system per-
formed at 1005 °C presented that Ti,AlC coatings provided efficient
protection for the underlying Zry-4 [19]. Feng et al. [5] reported that
there was no distinct layered oxide scale observed on the Ti,AlC coat-
ings after 200 h oxidation in pure steam. However, compared to air
oxidation, the oxidation mechanism of MAX phase coatings in pure
steam is still not fully clarified yet. Up to now, as we known, the oxi-
dation behavior and oxidation mechanism of Ti,AIN coating in pure
steam have never been reported before. Hence, a comprehensive un-
derstanding of pure steam effects on the oxidation processes of Ti>AIN
coatings is important for its wide applications in harsh nuclear systems
particularly.

In the previous work [20], we have fabricated the dense, columnar
structure-free, and high-stability Ti>AIN coatings on Ti—6A1—4V (TC4)
alloys by using a combined cathodic arc/sputter deposition approach,
followed by a vacuum heat treatment. In this paper, the systematic
oxidation behaviors of the obtained Ti,AIN coatings in air and pure
steam were investigated comparatively, and the corresponding oxida-
tion mechanism was discussed in terms of the structural evolution
during the oxidation process. To sufficiently meet the requirement of
harsh working temperature and accelerate the oxidation process, a re-
latively high oxidation temperature of 750 °C was selected in this study.
The aim of this study was to shed light on the role of steam on the
oxidation behavior of Ti,AIN MAX phase coatings.

2. Experimental details

The Ti,AIN coatings were deposited on the mirror-polished
Ti—6Al—4V (TC4) alloy substrate by the combined cathodic arc/sputter
technology, followed by heat post-treatment in this study. The nominal
composition of this alloy in weight per cent is: Al, 6.04; V, 4.03; Fe, 0.3;
0O, 0.1; N, 0.05; H, 0.015 and the balance Ti. The circular titanium
target (@128 mm X 15 mm, purity of 99.9%) and the rectangular alu-
minum target (400 mm X 100 mm X 7 mm, purity of 99.9%) were used
as arc cathode source and sputtering source, respectively. A schematic
diagram of the combined deposition system was illustrated in Fig. 1.
Gas mixtures of Ar and N, with the pressure of 2.0 Pa were used as
reactive gas sources, where the flowing ratio of N, to Ar was set to 1/
10. To ensure all the substrate faces were coated, the substrates were
fixed at the front of Al target with a distance of 5 cm to the target in a
hanging position. Prior to deposition, the TiN diffusion barrier about

Fig. 1. Schematic diagrams of the coating deposition system.
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Fig. 2. Schematic diagrams of the oxidation system.

600 nm was prepared to prevent inter-diffusion of elements between
the coating and substrates in later thermal treatment process. During
deposition, Ti target power and Al target power were controlled at 18 W
and 3.1 kW, respectively, with the deposition temperature of 200 °C.
Then, annealing treatment of the as-deposited Ti—Al—N coating was
conducted at 800 °C in vacuum for 1.5 h. Before annealing, the vacuum
degree was set to 1.0 x 10~ ?Pa. The detailed preparation process,
surface and cross-sectional backscatter morphologies as well as the XRD
results could be found in our previous published paper [20]. The sizes
of the coated samples and the blank substrates were all fixed at
20 x 10 X 3mm. Quantitative analysis revealed that the annealed
coatings are composed of three phases: dominant Ti,AIN phase (81.7 wt
%), TiN (16.2 wt%) and TiAl, (2.1 wt%) [20].

Intermittent isothermal oxidation tests were conducted in static air
and flowing steam atmosphere at 750 °C in alumina crucibles placed in
a tube furnace (see Fig. 2). Flowing steam was made by pumping
deionized water into the preheating steam generator at a fixed rate of
1 ml/min. When the furnace temperature increased to 750 °C, the fur-
nace was pumped to 10Pa and then the preheated steam was in-
troduced immediately. After oxidation, the flowing steam was cut off
and the oxidation specimens were taken out of the furnace, and cooled
down to room temperature at various intervals for mass change mea-
surement. The total mass of the oxidized specimen along with the
crucible was recorded. The sensitivity of the balance used for the mass
measurement was 10~ > g. For comparison, oxidation exposures of the
coatings in static air were performed in the same tube furnace and the
same mass measuring method was used.

Phase identifications of the Ti,AIN coatings after oxidation tests
were determined by XRD (D8-Advance Brucker, Cu Ka) and Raman
(Renishaw inVia, 532 nm). The overview morphologies and chemical
composition of the scales were assessed by using SEM (FEI Quanta FEG
250, 15kV) and EDX (Oxford, 15kV). To avoid the effects of mechan-
ical polishing on the results, cross-section samples were prepared by
means of a Broad Ion Beam (BIB) instrument (Leica EMTIC 3X). The
milling voltage was 6 kV and milling time was about 3 h, respectively.

3. Results
3.1. Oxidation kinetics

Fig. 3 shows the measured oxidation kinetic curves of the TC4
substrates without and with the Ti,AIN coatings. A linear growth rule
for the bare TC4 substrates is observed for both air and steam oxida-
tions. However, noted that the Ti,AIN coatings also exhibit a linear
growth rule during oxidation in the both atmospheres, suggesting that
the mass gains of the coated specimens are controlled by the oxidizing
reaction rather than the diffusion. The linear rate constants are modeled
by the following equation:

_ Aw/A

k, ;
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Fig. 3. Oxidation kinetics of the Ti>AIN coatings and TC4 substrates in air and
pure steam.

Table 1
Summary of rate constants.

TC4 T2AIN coatings
k, (g/cm>s) R? I i}
k, (g/cm*s)  R? k, (g/cm*s)  R?
0, 211x107° 099 25x10°° 0.99 7.78x107°  0.99
H,0 444x107° 098 361x107° 099 1.06x107°  0.99

where k, is the linear rate constant (g/cm?®/s), Aw/A is the mass gain
per unit area (g/cmz) and t is the oxidation time (s). All the calculated
rate constants are listed in Table 1, where the R? approaching 1 sug-
gests good fitting quality. The oxidation kinetics divided into two stages
(marked by ‘I’ and ‘II’, respectively, in Fig. 3) is clearly distinguished,
and the transition points are identified at ~70h in air and ~90h in
steam, respectively. The oxidation rates in the second stage, which are
7.78 x 10~ ®g/ecm*h in air and 1.06 X 10> g/cm?*h in pure steam,
separately, are higher than that of the first stage, indicating the oc-
currence of a more serious oxidation process. Meanwhile, the oxidation
kinetics in pure steam is higher than that in air during the two stages,
underlying that steam slightly accelerates the oxidation process of
Ti,AlIN coatings. However, compared to the bare substrates (6.98 g/cm>
after 90 h in air and 6.13 g/cm? after 40 h in pure steam), the coated
specimens exhibit much lower weight gains, which are 4.25 g/cm? in
air and 6.13 g/cm? in pure steam, respectively, after 200 h. This implies
that the oxidation resistance of bare TC4 substrates can be significantly
enhanced by introducing the Ti,AIN coatings.

3.2. Oxidation results in air

3.2.1. Characterization of the oxidation products

Fig. 4 shows the XRD patterns of Ti>AIN coatings after oxidation in
air for 20, 60, 160 and 200 h separately. The intensity of diffraction
peaks corresponding to Ti,AIN and TiN phases decreases with in-
creasing oxidation time, suggesting that the Ti,AIN and TiN phases are
gradually oxidized during oxidation. In the case of 20 h oxidation, only
X-ray peaks of rutile-TiO, are detected, and no other peaks of oxides,
such as anatase-TiO, or a-Al,Os, appear in the XRD patterns, because
these products are amorphous or weak crystalline state. With further
increasing oxidation time to 160h, the diffraction peaks of a-Al,O3
exist. In addition, the diffraction peak of Ti,AlN is clearly distinguished
after 200 h, implying that the Ti,AIN coatings provide further protec-
tion for the TC4 alloys. To understand the oxide scale feature, Raman
spectrum analysis is performed at various oxidation times. As shown in
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Fig. 4. XRD patterns for the oxide scales formed on the Ti,AIN coatings in air
after 20h, 60 h, 160 h and 200 h.
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Fig. 5. Raman patterns for the oxide scales formed on the Ti,AIN coatings in air
at 750 °C after 80 h, 160 h and 200 h.

Fig. 5, the strongest band at 145 cm ™" is assigned to the characteristic
peak of anatase-TiO,, and the Raman shifts at 447 and 610 cm ! are
related to those of rutile-TiO,. Hence, the above Raman analysis reveals
that the TiO, oxide products are a mixture of anatase and rutile phase,

but mainly rutile phase.

3.2.2. Microstructural evolution of the Ti>AIN coatings during oxidation
To understand the microstructural evolution of the Ti,AIN coatings
during oxidation, both the plan views and cross-section morphologies of
samples after different oxidation times are studied using SEM. Fig. 6
gives typical surface morphologies after oxidation time ranged from
20h to 200 h. After 20h oxidation (Fig. 6a), small oxide grains are
formed at the large macro-particles, where are enriched in Ti. Com-
bined with the XRD results, it confirms that these oxide products are
mainly TiO, (rutile). In addition, Ti oxides are known to grow rapidly
and cannot provide adequate protection above 600-700 °C. However,
the oxide growth is nearly invisible in the areas free of macro-particles
under the limited resolution of the SEM. After 80 h oxidation, the fine
oxide grains (arrowed in Fig. 6¢) appear, and then grow up and gather
together with increasing the oxidation time. Nevertheless, the oxides do
not completely cover over the coating, suggesting that it can further
provide protection for the substrates. Above all, we can conclude that
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Fig. 6. Surface morphologies for the oxide scales formed on the Ti,AIN coatings in air at 750 °C after (a) 20h, (b) 60h, (c) 80h, (d) 160h, (e) 200 h and (f) the

enlarged view of the square in (e).

the obvious inflection in the mass gain is mainly related to the forma-
tion of fine oxide grains in the areas free of macro-particles. An en-
larged view of the oxide product in Fig. 6e is shown in Fig. 6f, in which
the oxides exhibit a dense structure.

In order to determine the composition of the oxides and diffusion
behavior of elements, EDS test is conducted. According to our previous
studies [20], the Ti/Al atomic ratio was close to 3:1 for the coating and
Ti was especially enriched in macro-particles. After 20 h oxidation, the
Ti/Al atomic ratio decreases to 1.91 in the areas free of macro-particles
(marked as spots 2) and 1.56 in the oxide areas (marked as spots 1),
respectively, suggesting the diffusion of Al to the surface during oxi-
dation. After 200 h, the Ti/Al atomic ratio decreases to 1.26 in oxide
gathering areas, instead it increases to 2.17 in other areas, revealing
that more Al diffuse to the surface along the oxides to form Al,Os.
Although EDS is not the most reliable tool for quantification of O and N,
we can still see the tendencies of elements variation. EDS analyses re-
veal the presence of more than 64 at.% and 47 at.% O content on the
oxide gathering areas and coating surface. After 200h oxidation,
compared to 20 h, a 7 at.% increase in amount of oxygen is observed
while the nitrogen content decreases by 5 at.%, demonstrating that the
coating is gradually oxidized. EDS mapping analysis of the Ti, Al and O
elements (Fig. 7 d-f) from the entire surface confirms that Al and O are
enriched in the oxides. Furthermore, this phenomenon is more promi-
nent after 200 h, as shown in Fig. 8d—f. The layer feature of oxides is
form after 20 h oxidation, which can be ascribed to the presence of
defects and cracks at the oxides, providing more channels for rapid
diffusion of Al and O. The high activity of Al in the Ti;AIN MAX phase
will promote this process.

Typical cross-section morphologies of the scales are formed on the
coating surface after 60 h and 160 h oxidation are presented in Figs. 9
and 10, respectively. The oxide bumps, corresponding to the oxide
gathering area, are distributed over the coating. Moreover, according to
the different contrast of backscattered SEM surface image from the
outer layer to inner layer, the layered structure is obvious in these re-
gions for oxide bumps, as shown in Fig. 9a. The EDS line scanning
profiles and EDS mapping, as shown in Fig. 9b, ¢ and d, are adopted to
further investigate the layer structure of the bumps and the formation
of the thin oxide layer in the areas free of bumps. The outer layer is
enriched in Al and O, while the inner layer is enriched in Ti and O,
which are in agreement with the surface EDS results. Combined with
the XRD results, it can be concluded that in the oxide bumps a double
structure is generated, in which the outer layer is mainly composed of
a-Al,03 and the inner layer is dominated by TiO,. After 160 h oxida-
tion, the bumps grow up and the layer feature becomes more distinct, as
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shown in Fig. 10a, when the bumps with dense structure form in air
consist of three layers. EDS mapping (Fig. 10d) and chemical compo-
sition of the points (Table 3, point 3-7) reveal that both the outer and
inner layers are composed of the TiO, and Al,03; mixed oxides, but the
outer layer is mainly contributed by Al,O3, and the inner layer mainly
consists of TiO,. Meanwhile, the middle layer composed of TiO, is
identified.

EDS line-scanning profiles are shown in Fig. 9b. The peaks of Al and
O are clearly identified in the coating surface. Meanwhile, Ti content
decreases from the inside of coating to the surface, and a faint Ti peak is
observed, indicating that the thin scale composed of Al,03 and TiO, is
formed on the coating surface. Thus, the thickness of this thin oxide
layer has no significant increase after 160 h (Fig. 10b) as a result of the
dense structure of the coatings, which effectively prevents the diffusion
of 0% and other metal ions. In addition, the peak of Al concentration
decreases from the coatings to the coating/substrate interface for both
60 h and 160 h oxidation, which implies that the internal diffusion of Al
into the substrate occurs and the thickness of the diffusion layer is
about 8 ym. Meanwhile, the enrichment of Ti at the coating/substrate
interface is also observed in Fig. 10b, suggesting that the outward dif-
fusion of Ti atoms occurs after 160 h oxidation in air. The point che-
mical analysis (point 2, 3, 4 in Table 2 and point 9, 10 in Table 3)
confirms the presence of the diffused behavior. Therefore, an appro-
priate diffusion barrier should be applied at the coating/substrate in-
terface against the thermal diffusion of Al

3.3. Oxidation results in pure steam

3.3.1. Characterization of the oxidation products

XRD patterns of the coatings after oxidation in pure steam at 20, 80,
140 and 200 h are shown in Fig. 11. It is found that TiO, with the rutile
structure starts to be evolved after 20 h oxidation, but its relative in-
tensity is lower than that in air. This is because the nucleation or
growth rate of TiO, is slower in pure steam than in air at the initial
stage of oxidation. In addition to rutile phase, anatase phase is observed
to be formed at 80h. Lee and Park [21] investigated the low-tem-
perature oxidation behavior of metallic Ti films in dry and wet air at-
mospheres, respectively, and found that the anatase-phase TiO, formed
in wet atmosphere. However, a-Al,Os is initially detected in the scale
after 140 h, and the intensity of a-Al,O3 peak increases with prolonging
oxidation time. The a-Al,O3 or other alumina phases, e.g. y-Al,05 and
6-Al,03, may form earlier than 140 h, but no obvious crystalline peaks
are visible within the XRD resolution limits. The diffraction peaks of
both the Ti>AIN and TiN phases are nearly vanished after 200h,
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Fig. 7. (a) Surface morphologies for the oxide scales formed on the Ti>AIN coatings in air at 750 °C after 20 h, (b) chemical composition of the spot2 marked in (a), (c)
chemical composition of the spotl marked in (a), (d) Ti, (e) Al, and (f) O elements mapping.

indicating that the coatings suffer more severe oxidation in pure steam
compared to that in air. Fig. 12 shows the Raman spectra of the scales
after oxidation for 80 h, 140 h and 200 h in pure steam. The sharp and
strong band at 145 cm ™! is assigned to the characteristic peak of ana-
tase; and the Raman shifts at 447 and 610 cm ™~ are related to those of
rutile. Compared to anatase, rutile is a more stable polymorph at high
temperature. Therefore, the anatase gradually transforms to rutile with
increasing the oxidation time, and after 200 h, most anatase transforms
to rutile in the oxide scale.

(C) Spot 1 Eler':\em :l;:;
A o 65.07
Al 15.43
Ti 19.50
Total: 100.00
Ti(at. %)
———==1.26
Al(at.%)

Intensity(arb.units)
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3.3.2. Microstructural evolution during Ti,AIN coatings oxidation

Fig. 13 shows the surface morphologies evolution of the scale in
pure steam. In line with the air oxidation, after 20h oxidation
(Fig. 13a), small oxidation grains are initially formed on the macro-
particles and the thin oxide layer appears in the areas free of macro-
particles, but it is difficult to be detected under the limited resolution of
the SEM. After 60 h, many needle-like oxides begin to emerge in the
areas free of macro-particles. The reason for this is most probably that
the oxidation kinetics curves reach to the second stage at about 60 h,
earlier 20 h than in air. Unlike air oxidation, the surface of the oxidized
coatings is covered completely by the oxides after 80h in steam,

% (b) Spot 2 Element | _at%
- T N 1.67
-
o 54.12
Al 13.50
. Ti 30.71
2 Total: 100.00
c
3
] Al Ti(at.%) _, ..
3 Al(at.%) =
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\\
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Fig. 8. (a) Surface morphologies for the oxide scales formed on the Ti,AIN coatings in air at 750 °C after 200 h, (b) chemical composition of the spot2 marked in (a),
(c) chemical composition of the spotl marked in (a), (d) Ti, (e) Al, and (f) O elements mapping.
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Fig. 9. (a) Cross-sectional morphologies for the oxide scales formed on the Ti,AIN coatings in air at 750 °C after 60 h, (b) corresponding EDS line-scanning of the
yellow line marked in (a), (c) the zoom-in plot for the EDS line-scanning in the range of 9-12 pm, and (d) Ti, N, Al, O element mapping. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

suggesting that the oxidation progress gradually transforms from the
inhomogeneous to homogeneous oxidation in pure steam. According to
the enlarged view of the oxide products in Fig. 13f, the oxides exhibit a
loose structure, which can provide more channels for rapid ingress of
steam, resulting in serious oxidation.

Fig. 14 shows the EDS analysis to further determine the composition
of the oxides and diffusion behavior of elements after 80 h oxidation.
The Ti/Al atomic ratio is 1.18, less than 1.26 obtained after 200 h air
oxidation, in the oxide area (marked as spots 1). It is deduced that more
Al atoms diffuse to the surface and form Al,O3. Moreover, EDS mapping
analysis of elements Ti, Al and O (Fig. 14d-f) from the entire coating
surface (Fig. 14a) confirms that Al and O are enriched in the oxides.
Similar to the air oxidation, the Al diffusion to the coating surface is
detected in the areas free of oxides, resulting in a lower Ti/Al atomic
ratio compared to the unoxidized samples. After 80 h oxidation, the
oxygen content is 57.73 at.% in the coating surface, more than that
after 200 h in air.

Representative cross sections of the scales formed on the coating

(a) , (b)

Table 2
Chemical composition (analyzed by EDS) of the points in Fig. 9a.

Position Chemical composition (at %)
Ti Al (0] N

1 91.24 6.78 1.98 0.00
2 89.59 9.16 1.24 0.00
3 82.32 15.93 1.74 0.00
4 79.69 15.88 1.29 3.14
5 70.62 7.81 1.16 20.41
6 72.49 13.81 1.15 12.55
7 74.29 12.26 2.73 10.72

after 80 h and 200 h oxidation in pure steam are presented in Figs. 15
and 16, respectively. As expected from the air oxidation, some oxide
bumps, corresponding to the oxide gathering areas, are observed over
the oxide scale. The EDS mapping results, shown in Fig. 15c¢ (80h),
display that the bumps are enriched in Al and O, and Al diffuses

) Fig. 10. (a) Cross-sectional morphologies

200 Coating

150

50
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coatings in air at 750°C after 160h, (b)
corresponding EDS line-scanning of the
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Table 3

Chemical compositions (analyzed by EDS) of the points in Fig. 10a.

Position Chemical composition (at %)
Ti Al (0] N
1 64.09 13.30 2.27 20.34
2 61.62 5.61 6.48 26.29
3 44.17 1.71 54.11 0.00
4 40.49 0.65 58.86 0.00
5 41.42 0.65 57.93 0.00
6 33.01 7.64 59.35 0.00
7 19.39 24.34 56.28 0.00
8 91.59 6.99 1.42 0.00
9 85.83 12.71 1.45 0.00
10 80.98 17.54 1.48 0.00
Steam A a-ALOW rutile-TiOy
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Fig. 11. XRD patterns for the oxide scales formed on the Ti,AIN coatings in

steam after 20 h, 60h, 140 h and 200 h.
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Fig. 12. Raman patterns for the oxide scales formed on the Ti,AIN coatings in
pure steam at 750 °C after 80 h, 140 h and 200 h.

towards to the coating surface during oxidation due to its high activity.
Meanwhile, adjacent to the coating/substrate interface, an Al-rich dif-
fusion layer (~7 um) on the substrate appears. After 200 h oxidation,
the coating is nearly completely oxidized, which is in accordance with
the XRD results. Apparently, the oxide scale can be divided into two
layers which are composed of an outer Al,Os-rich layer and an inner
TiO4-rich layer, and no oxide spallation or cracks are detected during
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oxidation in pure steam. However, noted that the thick oxide layer
contains some considerable pores and the outer layer exhibits relatively
loose structure. EDS line-scanning (Fig. 16b), EDS mapping (Fig. 16c)
and chemical composition of the points (Table 4, point 5-7) reveal that
the outer layer is mainly Al,Os, the inner layer is dominated by TiO,.
After 200 h, the thickness of Al diffusion layer keeps constant because
of the limited Al content in the coating. In spite of severe oxidation in
pure steam, the coatings also effectively protect the substrate from
oxidation after 200 h oxidation at 750 °C.

4. Discussion
4.1. Oxidation mechanism at 750 °C in air

With respect to the linear kinetics during the oxidation process in
this study, it is commonly considered that the oxidation process is
controlled by the interface reaction [22]. In addition, the oxidation
kinetics can be divided into two stages and the coatings undergo more
serious oxidation in the second stage. At the initial stage of 20 h, small
oxides emerge on the site of the macro-particles from the SEM results
(Fig. 6). Since our previous study has demonstrated that the macro-
particles are enriched in Ti and poor in Al [20], to understand the
formation of these oxides, the standard Gibbs free energy equations of
the oxidation reaction of Ti and Al in the air are given:

Tis + 0,(g) = Ti0,(s) AGS = —944.75 + 0.1854T(kJ/mol) @)

%A](s) +0,(g) = §A1203(s) AG§ = ~111629 + 0.2088T (W/mol)
where AGS. is the standard Gibbs free energy of oxidation reaction per
mole of O, at the oxidation temperature T in K. AGY of a-Al,Os
(—902.69kJ/mol) at 1023K and 1atm is lower than that of TiO,
(—755.09 kJ/mol) thus it is energetically favorable for Al over Ti to be
oxidized. It is noteworthy that the free energies of TiO, and Al,03 are
calculated by the oxidation of pure metals. Because the weakly-bonded
Al possessed higher activity than Ti strongly bonded with N [23],
hence, the calculated free energies here according to Ti and Al metals
also apply to the Ti,AIN MAX phase. However, the XRD results de-
monstrate that TiO, is more pronounced at the initial oxidation stage.
In fact, at low temperatures in air, the formation kinetics of TiO, are
much faster due to its high defect density and low stoichiometry than
that of Al;03, and TiO, will grow preferentially. Thus, the EDS results
indicate that Al diffuses toward to the surface until a preferential en-
richment of Al on the surface of oxides during oxidation process. Be-
cause a-Al,O3 is more thermodynamically stable than TiO,, a-Al,O3 is
more likely to be formed than TiO,. Furthermore, the Ti—Al bonding is
calculated to be weakly boned than the Ti—N bonding in the structure
of Ti,AIN [23]. All of these are favorable for Al to migrate from the Al
atom plane in the layered structure of Ti,AIN. Such surface enrichment
of Al than that of Ti during oxidation has been similarly reported during
the oxidation of single- or polycrystalline Ti>AIN thin films [6,24], bulk
Ti,AIN samples [3] and even a series of Ti;_xAlN thin films with
various Al content [25]. However, the oxidized surface of the coating is
a mixture of the Al;O3; and TiO,, which is not enough to suppress the
attack of the oxygen compared to the dense Al,O3; layer with high
purity. As a result, the oxides form in the site of micro-particles on the
initial stage grown up with the oxidation process, leading to a linear
increase in the mass gain. It is interesting to note that a thin oxide layer
is formed in the areas free of macro-particles in the early stage of oxi-
dation, because the obtained coatings exhibit a very dense structure and
the component distribution is uniform, which can efficiently prevent
the outward diffusion of metal ions and inward diffusion of O?~. In
addition, the coating surface is quite uniform in the areas free of macro-
particles, and the oxidation process in the coatings is proved to be re-
latively slow at 750 °C.

After 80 h oxidation, more fine oxides appear in the areas free of
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Fig. 13. Surface morphologies for the oxide scales formed on the Ti,AIN coatings in steam at 750 °C after (a) 20 h, (b) 60 h, (c) 80 h, (d) 140 h, (e) 200 h and (f) the

enlarged view of the square in (e).

macro-particles. Apparently, these oxides gradually grow up and gather
together during the oxidation process, which result in a higher oxida-
tion rate and, then the oxidation kinetics change to the second stage.
The behavior of outward diffusion of Al and inward diffusion of O in
these newly formed oxides is similar to that of above analysis. The oxide
scales exhibit multilayer structure, including Al,Os-rich outerlayer and
TiOa-rich sub-layer. The surface and cross-sectional images show that
these oxide bumps after 200 h oxidation are not enough to form a
continuous oxide layer to cover the entire surface. It is thus proposed
that the obtained Ti,AIN coatings with dense structure and some
macro-particles exhibit a heterogeneous oxidation behavior in air at
750 °C. However, no continuous, dense and pure a-Al,O; layer, as a
prerequisite for good oxidation resistance, is found on the surface of
coatings in this study. The reasons behind this phenomenon can be
described from two aspects: (1) compared with the bulk materials and
other reported coatings, Ti—Al—N coatings here also contain two other
phases apart from Ti>AIN: TiN (16.2 wt%) and TiAl, (0 < x < 9/16)

Element

—_—
(2]
~—

Spot 1 n

Ti(at.%)
Al(at.%)

Intensity(arb.units)

(2.1 wt%) [20]. Thus, the relative amount and distribution of these
impurity phases will affect the oxidation behavior of the coatings. TiN
suffers from a limited oxidation resistance and starts to oxidize already
at temperatures as low as 550 °C [26]. Sonestedt et al. [7] found that no
protective layer of aluminum oxide formed, because of the presence of
TiAl, and TiC in the Ti,AlC coatings. The Ti-rich TiAl, phases formed
mainly TiO,, while Al-rich in TiAl, phases was prerequisite for oxida-
tion resistance at high temperature [27,28]. Therefore, the stoichio-
metry for TiAl, (0 < x < 9/16) in our study is clearly detrimental for
the coatings’ oxidation properties. Besides, the presence of TiN in the
coatings has been proved to be harmful for its oxidation properties
above 650 °C [29-31], so the occurrence of these impurity phases in the
MAX phase materials should be limited by adjusting the deposition
parameters; (2) The content of Al is critical to the oxidation resistance
of the Ti; — ,ALN coatings by influencing its oxidation activation energy
and oxide layer thickness [25]. Still, when the favorable Al,O3 scale is
formed on the surface, the Ti—Al—N coatings will lose Al near the scale,

Spot 2

Element

at%

273

57.73

11.61

27.93

100.00

Ti(at.%) _
Al(at.%) =

Fig. 14. (a) Surface morphologies for the oxide scales formed on the Ti,AIN coatings in steam at 750 °C after 80 h, (b) chemical composition of the spot2 marked in
(a), (¢) chemical composition of the spotl marked in (a), (d) Ti, (e) Al, and (f) O elements mapping.
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Fig. 15. (a) Cross-sectional morphologies

for the oxide scales formed on the Ti,AIN
coatings in steam at 750 °C after 80h, (b)
corresponding EDS line-scanning of the
yellow line marked in (a), (¢c) Ti, N, Al, O
element mapping. (For interpretation of the
references to colour in this figure legend,
the reader is referred to the Web version of
this article.)
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Fig. 16. (a) Cross-sectional morphologies
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for the oxide scales formed on the Ti,AIN
coatings in steam at 750 °C after 200 h, (b)
corresponding EDS line-scanning of the
yellow line marked in (a), (c) Ti, N, Al, O
element mapping. (For interpretation of the
references to colour in this figure legend,
the reader is referred to the Web version of
this article.)

Coating
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Table 4
Chemical compositions (analyzed by EDS) of the points in Fig. 16a.

Position Chemical composition (at %)
Ti Al (0] N

1 87.76 9.89 2.35 0.00
2 82.85 14.58 2.57 0.00
3 77.51 20.01 2.26 0.21
4 76.42 4.69 2.22 16.66
5 54.97 2.89 42.15 0.00
6 52.30 4.20 43.50 0.00
7 23.15 27.24 19.61 0.00

leading to absence of the protective Al,Os. Similarly, it affects the
oxidation resistance of Ti,AIN coatings. The low Al content in Ti,AIN
coatings in our work (Ti: Al = 3.13) is detrimental to form the con-
tinuous Al,O3 layer, while it is observed in Ti>AIN coatings when Al
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content is beyond 20 at.% [6].

4.2. Oxidation mechanism at 750 °C in pure steam

In pure steam, the coatings follow the linear kinetics as similar to air
oxidation, suggesting a controlled process of chemical reaction at scale/
coatings interface. The coating oxidation in steam is also characterized
by two stages, namely an initial slow, and then rapid oxidation rate.
However, the results show that water vapor has a significant effect on
the accelerated oxidation rate, which is similar to the case in Ti,AlC and
Ti3SiC, bulk materials [18]. Moreover, the transition time (about 20 h
ahead of the air oxidation) is shorted from the first stage to the second
stage.

In the initial oxidation stage, small oxides grown on the site of the
macro-particles are observed in pure steam according to the SEM results
(Fig. 13). It is different from the air oxidation that the fine and loose
oxides with noodle-like structure form in the areas free of macro-
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Fig. 17. Schematic illustration of the Ti,AIN coatings in oxidation process in air and pure steam.

particles after 60h steam oxidation. In addition, these oxides have
covered the whole coating surface at 80 h. This agrees well with the
oxide scale topography of the Fe—16Cr alloy oxidized in H,O-Air at
1000 °C for 24 h, which is altered by the water vapor [32]. Combined
with the cross-section morphology, it can be verified that the coatings
undergo a transformation from heterogeneous to homogeneous oxida-
tion in steam. To understand the formation of these oxides, the reaction
between the metallic element (M) and water steam can be described
using the following equation:

%Ti(s) + HhO(g) = %T102(s) + Hy(g) AGS

= —230.2 + 0.04815T (kJ/mol) 4)

%AI(S) + H,0(g) = §A1203(s) + Hy(g) AGS = —316.77 + 0.06T (kJ/mol)

%)
AG% values of a-Al,03 (—255.39 kJ/mol) and TiO, (—180.94 kJ/mol)
at 1023 K and 1 atm in steam are higher than those in air, indicating a
lower formative tendency. This agrees well with the XRD results, where
the relative intensity of the oxides is lower in steam at the initial stage
of 20 h. In addition, Al is energetically favorable over Ti to be oxidized.
Thus, the chemical reaction is determined by the both thermodynamics
and kinetics. The coatings suffer more severe oxidation in steam in our
work. Furthermore, it is noteworthy that hydrogen is generated during
the reactions in steam, which may play a significant role in the oxida-
tion of materials. For example, Zhou et al. [33] claimed that the pre-
sence of hydrogen in the oxides accelerated the growth rate of oxide
scales. Wang et al. [32] also reported that the existence of hydrogen
atom resulted in the accelerated corrosions as well. The difference in
oxidation between oxygen and water vapor concerned the nature of
involved point defects and both interfacial reactions and affected dif-
fusion processes [34]. To get insight into the oxidation mechanism in
steam, the reaction is decomposed into the following:

H,0 (g) = H,0(s) (6)
H,0 (s) + V; = OH, + H; 7)
2H; + 2¢’ = H, (g) 8

It was reported that water-containing atmosphere led to the pre-
sence of numerous defects in a-Al,03 and TiO, [35]. Galerie et al. [34]
proposed that substitutional hydroxide ion OH;, was the main point
defect in steam, which could diffuse more rapidly because of its smaller
size as compared to oxide ion, resulting in faster oxidation kinetics.
Furthermore, Al outward diffusion and the release of hydrogen cause
the formation of pores though the scale, as indicated in Fig. 14, which is
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similar to the results in the literature [22,34-37]. Therefore, steam can
transport through the scales by both solid-state diffusion and via gas-
eous species in pores. Another interesting phenomenon is that, even
almost completely oxidized after 200 h, no spalling of the scale is ob-
served. In term of the enhanced scale adhesion by steam, Wang et al.
[22] proposed that inward-growing process of the oxides and the so-
lution of hydrogen in the lattice led to the improvement of scale contact
and plasticity. In addition to the above analysis, the presence of pores
generated during steam oxidation can release the accumulated stress to
some extent, and then contribute to the scale adhesion. Despite some
problems remaining unsolved, the Ti,AIN coatings exhibit significant
potential as protective coatings in steam. The discussion of oxidation
process could be better represented in Fig. 17 in detail.

5. Conclusions

Oxidation of Ti,AlN in air and in pure steam is studied at 750 °C in
terms of kinetics and scale microstructure. Based on above results,
several conclusions are deduced:

. Oxidation of Ti,AIN coatings in air and pure steam follow linear
kinetics, which is divided into two stages and the second stage be-
haves a slight higher oxidation rate. The presence of steam can ac-
celerate the oxidation process, resulting in higher mass gain.

. Ti,AIN coatings exhibit heterogeneous oxidation during 200 h oxi-
dation in air. Oxides preferentially nucleate and grow at large
macro-particles, and the grown oxides do not cover the entire sur-
face of the coating. The dense oxides structure formed in air consist
of multi-layer structure; the outer layer is mainly Al,O3 due to the
high activity of Al in Ti>AIN phase.

. Ti,AIN coatings perform a transformation from heterogeneous oxi-
dation to homogeneous oxidation in steam. Similar to air oxidation,
small oxides grow on the site of the macro-particles are observed at
the initial oxidation stage, and then fine and loose oxides with
noodle-like structure form in the areas free of macro-particles.
Eventually, a double-layer scale with a few pores emerges, con-
sisting of an outer rich-Al,03 layer and an inner rich-TiO, layer.

. To further enhance the oxidation resistance of Ti,AIN coatings in
both air and steam atmosphere, the purity of Ti,AIN MAX phase
should be improved and the numbers of the macro-particles should
be reduced in the future.
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