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Oxide growth of Al,O3 and TiO, as well as O dissolution during the oxidation of an a-Ti alloy at 973 K were
simulated using the finite volume method coupled with the calculation of phase diagrams (CALPHAD) method.
The results indicated that the addition of 11.02 at.% Al to a Ti-O system resulted in the formation of an 18-nm-
thick Al;O3 layer, which decelerated TiO, growth and O dissolution in the substrate. An increase in the O
concentration at the oxide-metal interface was also inhibited by AlyO3 formation. A thin Al-depletion zone was
formed at the oxide-metal interface. Furthermore, AlyO3 formation was restricted by the low concentration and
diffusivity of Al in the substrate.

1. Introduction

Ti alloys have traditionally been used as components in jet engines
due to their high strength-to-density ratio and corrosion resistance.
Their performance in high-temperature components, such as those in
high-pressure compressors, is critical because the temperature capa-
bility of these components influences the final jet engine performance.
Therefore, Ti alloys have been developed with improved high-
temperature properties. Recently, novel near-oa alloys containing
approximately 6 wt% Al have been designed for applications at
923-973 K [1,2].

Oxidation resistance is an important property for high-temperature
applications. During the oxidation of Ti and its alloys in air, oxide
scales grow on the metal surface and O dissolves from the surface into
the metal substrate. This O dissolution occurs due to the high solubility
limit of O in a-Ti [3], which increases the hardness of the metal surface
in the O dissolution zone [4]. Such surface property changes due to
oxide growth and O dissolution in Ti alloys increase the susceptibility of
the alloys to crack nucleation and propagation under creep, cyclic
loading, and/or cyclic temperature changes [5-7]. For example, the O
dissolution zone leads to embrittlement and rapid crack nucleation
during cyclic loading, resulting in a shorter fatigue lifetime [6,7].
Therefore, understanding the underlying mechanism of oxidation in Ti
alloys is important for enhancing their mechanical properties in
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high-temperature environments.

For the oxidation of pure Ti, Stringer [8] reported that the overall
parabolic rate constant can be described as the sum of the parabolic rate
constants for the growth of the oxide scale and O dissolution layers. This
relationship has been subsequently demonstrated in pure Ti between
approximately 873 and 973 K [9,10]. Similarly, the parabolic rate
constant has been previously studied for O dissolution in a- and o—f-Ti
alloys [4,11-15]. The O dissolution depth has been demonstrated to be
affected by the alloy composition [14,16]. However, the activation en-
ergies for O dissolution in a- and o—f-Ti alloys were similar between 833
and 923 K [13]. Therefore, the role of different elements in O dissolution
during the oxidation of Ti alloys, which is also affected by the proportion
of constitutional phases in the substrate, remains unclear.

The oxidation behavior of Ti alloys depends on the alloy composition
[17]. Al is a critical element whose addition enhances solid-solution
strengthening and promotes the formation of protective Al;O3 at the
metal surface during high-temperature oxidation. Oxide scale formation
in Al-added a- and o-f-Ti alloys has been extensively studied for
Ti-6A1-4V (Ti-64) [14,15,18], Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) [11-14,
19], IMI-834 [20], and other Ti alloys [4,21,22]. During the oxidation of
Al-containing alloys, inner titania (TiO2) and outer a-alumina (Al,O3)
form and grow on the metal surface. When the oxide scales grow to a
certain extent, cracks are generated between them and the substrate.
These cracks grow further and detach the oxide scales from the
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substrate, resulting in the formation of new TiO, and Al,03 oxides on the
metal substrate [18]. This repeating process causes the formation of
alternating TiO, and Al,Os layers on the alloy substrate, with the
number of alternating layers increasing with increasing temperature and
exposure time.

Compared with TiO5, AlyO3 exhibits a lower solid-state diffusion rate
for cations and O through the oxide [23,24]. During oxidation, Al;O3
formed on the surface acts as a diffusion barrier, slowing down oxide
growth and O penetration into the substrate through the oxide scales.
The resulting decrease in O dissolution in a metal was previously
demonstrated by microhardness measurements in the metal zone [16].
Meanwhile, a first-principles study demonstrated that an increase in the
Al content increases the O binding energy at Ti (0001) surfaces and that
Al substitution in a metal facilitates O migration into the subsurface
[25]. However, although the roles of Al in oxide growth and O disso-
lution during the oxidation of Al-added Ti alloys have been reported,
their relationship and underlying mechanisms have not been adequately
clarified, partly because the high rate of O dissolution in the substrate
during oxidation complicates their behavior. In addition, Al,O3 formed
in oxide scales is extremely thin; consequently, few studies have re-
ported the growth behavior and thickness of Al,O3 due to the difficulty
in distinguishing the boundaries between TiO, and Al,Os3. To the best of
the authors’ knowledge, no systematic simulations or quantitative dis-
cussions of the growth behavior of TiO2 and Al;03 have been conducted
thus far.

The oxidation resistance at 973 K is crucial for evaluating the
applicability of new high-temperature Ti alloys. At this temperature,
oxidation follows a parabolic rate law in binary Ti—Al alloys, Ti-64, and
Ti-6242 [11,15,26]. However, this parabolic kinetic transitioned to a
linear rate law after long time exposures such as 150 h for Ti-64 [15] and
200 h for Ti-6242 [11] to 973 K, which can accelerate surface property
degradation. Therefore, it is important to elucidate the effect of Al
addition on oxide growth behavior and elemental concentration evolu-
tion in the substrate during the diffusive oxidation reaction at this
temperature. In this study, the growth of Al,O3 and TiO; and the tem-
poral changes in the O dissolution depth during oxidation in a Ti-Al-O
system were evaluated at 973 K for 50 h using numerical simulations
coupled with the calculation of phase diagrams (CALPHAD) method. In
addition, the temporal changes in the elemental concentration profiles
of the substrate during oxidation were demonstrated at 973 K. The
overall weight gain and temporal changes in the total oxide thickness
were measured experimentally, and the results were incorporated into
the iterative calculations in the simulation. The effect of Al;O3 formation
on TiOy growth and O dissolution in the metal substrate during the
oxidation of the Ti-Al-O system was examined by comparing the
oxidation behavior of the system with that of Ti-O.

2. Experimental section

Ingots (1.1 kg) of pure Ti and Ti-6.5Al were produced using the cold
crucible levitation melting method. Both ingots were double-melted to
enhance their compositional uniformity. The atomic percentage (at.%)
compositions of these materials were Ti—0.170 and Ti-11.02A1-0.130,
measured using inert gas fusion-infrared absorption for O and wet
chemical analysis for Al. Plates measuring 15 mm in thickness, 20 mm in
width, and 40 mm in length were machined from the ingots and heat-
treated in Ar-filled quartz capsules at 1073 K for 4 h, followed by air
cooling. Cylindrical specimens (10 mm in diameter and 4 mm in height)
were machined from the inside of the heat-treated plates for use in the
oxidation tests. The surfaces of the specimens were polished using 1200-
grit SiC paper and subjected to ultrasonic cleaning in acetone.

Isothermal oxidation tests were conducted under ambient atmo-
spheric conditions. Samples of pure Ti and Ti-6.5Al in alumina crucibles
were oxidized together in a furnace at 973 K for 10, 20, 45, 70, 90, and
140 h before removal and air cooling. The mass change of each sample
was determined using a microbalance with an accuracy of 0.0001 g. The
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constituent oxide phases were identified by X-ray diffraction (XRD)
analysis using a SmartLab diffractometer (Rigaku) with Cu Ko radiation
(A = 1.5418 f\) generated at 45 kV and 200 mA. The overall oxide
thickness of the oxidized specimens was measured using a JEOL JSM
7001F field emission gun scanning electron microscope (FEG-SEM) after
metallographic polishing using conventional techniques. Chemical
single-line analysis was performed using an energy-dispersive X-ray
spectrometer attached to the FEG-SEM equipment.

3. Modeling

The oxidation of Ti-0.170 and Ti-11.02A1-0.130 at 973 K in air was
modeled. The oxide scales formed on the substrates were assumed to
grow inward at the oxide-metal interface [27]. In addition, rutile-TiOq
and/or a-Al,03 were assumed to form on the substrate in the current
Ti-Al-O system. The concentration equations for the substrate were
solved using the boundary conditions of the elemental concentrations at
the oxide-metal interface (Fig. 1), which were iteratively determined by
comparing the overall weight gain obtained from the measured and
simulated results. The formation of TiO5 and Al;,03 oxide scales was
determined by examining the O partial pressure at which the substrate
and oxide coexisted. The O partial pressure was calculated using the
CALPHAD method based on the elemental concentrations at the sub-
strate oxide-metal interface. Additional details of the modeling and
calculation procedure are presented in the following subsections.

3.1. Governing equations

The atomic percentage distributions of Al and O in the substrate were
obtained by solving one-dimensional diffusion equations using the
Eulerian expression, as follows:

9 _90 <D >+V,

o ox

where i represents Al and O; C; (at.%) denotes the concentration of
element i; x (m) is the coordinate in the spatial direction normal to the
oxide-metal interface; Vi (m/s) is the migration velocity of the oxi-
de-metal interface; and D; (m?/s) is the diffusion coefficient of element i
in Ti, determined as follows [9,28]:
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Fig. 1. Schematic of the temporal changes in the elemental concentration
profile of an a-Ti alloy substrate accompanied with oxide growth.
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where R is the gas constant (8.314 J/K/mol), and T (K) is the temper-
ature. Al diffuses substitutionally while O diffuses interstitially in a
hexagonal close-packed substrate structure. The nondiagonal compo-
nents of the diffusion equations were not considered because few
diffusion coefficients were available and the contributions of the non-
diagonal components to diffusion were relatively small. The effect of
oxide-metal interface migration on diffusion was considered, as
expressed by the last term in Eq. (1). The interface migration velocity
was obtained by differentiating the approximate equation for the tem-
poral changes in oxide thickness, as described in Section 4. The initial
and boundary conditions are described in Section 3.4. The number of
grids was set to 30,000 [10]. The implicit finite volume method was
employed to discretize the time-dependent equations, which were
solved using the tridiagonal matrix algorithm. The diffusion term in Eq.
(1) was discretized using a second-order central difference scheme, and
the time step was 0.1 s.

3.2. Thermodynamic calculation of oxide formation

This study assumes that the following oxidation reactions for pure Ti
and Ti-6.5Al occur at 973 K:

Ti+ 0, = TiO;, 4
4 2
FAI+0: = 3ALO;. (5)

The O partial pressures at which the substrate and oxide coexist at
the oxide-metal interface can be described as follows:

ario, AG%-O
Prio, =——exp| ——= 6
102 ar; p( RT ? ( )
2/3
P a0, e AGR@O; o
AL O3 — 4/3 T
Ay

The standard free energies of formation of the oxides, AGY,, and
AGY,;, o, were obtained from thermochemical data [29]. Assuming that
mutual dissolution of the oxides did not occur, the activities of TiO5 and
Aly03 (ario, and aay,0,) were 1. The activities of Ti and Al in the substrate
were obtained from their chemical potentials at the oxide-metal inter-
face using the following relation:

a; =exp <ﬂlR;Tﬂ?> , 8
where i represents Ti and Al; u; and pp are expressed as follows:
=i = Y2, ©
i=ALO !
Gl
=Kzt 50 10
G, a;iip, "(,GCEP, u;, and 4§, were calculated using the thermodynamic

parameters of the ternary Ti-Al-O system [30]. The procedure to
determine the oxides formed on the substrate is described in Section 3.4.

3.3. Weight gain due to oxide growth and O dissolution

Inner TiO; and outer Al,O3 layers were formed on the surface during
the oxidation of Al-added Ti alloys. However, the boundary between
TiO, and Al,O3 was difficult to determine. In a previous study, Valdés-
Saucedo et al. [31] demonstrated the formation of a layer consisting of a
mixture of rutile TiO, and nonprotective AlyO3 clusters at the initial
stage of oxidation of Ti-4Al-2.5V at 1123, 1173, and 1273 K, despite the
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dependence of the surface morphology and oxide structure on the
oxidation temperature. In addition, Nijdam et al. [32] demonstrated that
the formation of a layered structure of oxides during oxidation suc-
cessfully described the oxidation behavior of a Ni-Al-Cr alloy. Similarly,
in the present study, the formation of a continuous layer of each oxide
(TiO5 and Al,03) was assumed due to the one-dimensional nature of the
simulation, which can be regarded to represent the small diffusion
barrier effect of the thin Al;Og layer. The total oxide thickness at time t +
At can be described as the sum of the two oxide thicknesses:

1)

The elemental consumption due to the growth of each oxide is
equivalent to the change in the concentration of each element in the

Xox =Xup0, + Xrio, -

substrate:
L L
ma 0 AL
XA1203 = /CZI dx — / C/TI dx, 12)
Vano,
0 P
L L
mr; 0 AL
—X7i0, = /Cg dx — Cr™dx, (13)
Vrio,
0 X

where L represents the distance from the initial surface of the substrate,
my; and my; denote the number of moles of Al and Ti per mole of oxide,
and Vg0, and Vrio, denote the molar volumes of the oxides (25.6 and
18.8 cm®/mol for Al,03 and TiO,, respectively). The molar concentra-
tions of Al and Ti at time t + At, Cjy' ™', and Cji"*** were obtained using
CLHBtptiat /MEFAt and ClFAtptrAt /METAE, respectively, by assuming that
the local density, ptr2t, did not affect the concentration in Eq. (1). M*+HAt

m
denotes the molar mass, calculated as follows:

M = Z A.CHA

i=ALO,Ti

14

where A; denotes the atomic weight of element i. p2! is calculated as
follows:

1

1-+AL =
pm

Z A,-C&AI/MHAI

i=ALO,Ti Pi

(15)

where p; denotes the density of element i.

The weight gain per unit area at time t + At due to oxide growth was
calculated by multiplying the oxide thickness, oxide density, and O
weight fraction in each oxide:

Wanos =Xanos ® Pano, ® Wf(,]mzo;v a6
Wrio, = Xti0, ® Prio, ® WfO.Ti()z’ an

where p4,0, and prp, represent the densities of TiOp and AlyOs,

respectively, and W)‘?JMZO3 and W)?Tioz represent the O fractions of each

mole of oxide (0.40 and 0.47, respectively). During the growth of oxide
scales and O dissolution, the elemental concentrations at the oxi-
de-metal interface change based on Egs. (12) and (13).

The weight gain at time t + At due to O dissolution was obtained
from the following relation:

L L

. Wf’BA‘dx — /p?” . W?,de7
0

+AL

[

1+Ar
Xox

Wo (18)

where W}BM is the local weight fraction of O at time t + At, as calculated
from AoCL™At /ML,
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3.4. Initial/boundary conditions and calculation procedure

The calculation field L, representing the distance from the initial
surface of the substrate, was set to 80 pm. This distance was sufficiently
large to calculate the elemental concentration distribution and compare
the oxide thicknesses and O dissolution depths. The initial elemental
concentrations (t = 0) were homogeneous, indicating that they were
equivalent to their bulk concentrations. Specifically, Co = 0.17 at.% for
pure Ti, and C4 = 11.02 at.% and Cp = 0.13 at.% for Ti-6.5Al, as
described in Section 2. After the initiation of oxidation (t > 0), the
boundary condition for the inner concentrations at x = L was set as
follows:

(3C,-
ox|,_,

=0. (19)

The calculation procedure was as follows: (i) At time t+ At, the
approximate weight gain, Eq. (20), was calculated. The migration ve-
locity of the oxide-metal interface was determined by differentiating the
approximate Eq. (21)-(23) for the oxide thickness; (ii) Eq. (1) was then
iteratively solved using the implicit finite volume method until the re-
siduals were below 0.001; (iii) after the calculation of Eq. (1) converged,
the weight gains due to oxide growth and O dissolution were calculated
using Eq. (16) - (18); (iv) the difference between the values obtained by
the approximate Eq. (20) and the sum of Eq. (16)-(18) was calculated;
and (v) when the difference was > 0.01%, C; at the oxide-metal interface
was changed according to the oxides formed on the substrate, as
described below, and the calculation reverted to step (ii). When the
difference was <0.01%, the calculation reverted to step (i) after C; at
time t + At was set as the value at time t. When the convergent Cy at the
oxide-metal interface was higher than 32.9 at.% after iteration, Cp was
fixed to that value, whereas Cy; at the oxide-metal interface was set to
0.01 at.% when Cy; was <0.01 at.%. Notably, for the first iteration at
time t+ At, C; was initially changed at step (v) due to the difference
between the measured weight gain at t + At and the simulated weight
gain obtained using C; at t.

During oxidation in the Ti-Al-O system, the following formation and
growth of TiO5 and/or Al,O3 on the metal surface were considered: (i)
Aly03 only, (ii) Al;03 and TiOg, and (iii) TiO2 only. In this study, the
oxides formed on the substrate were determined by comparing the O
partial pressures expressed by Egs. (6) and (7) for TiOz and AlyOs,
respectively. The chemical potentials in Egs. (9) and (10) were calcu-
lated from the elemental concentrations at the oxide-metal interface. In
a previous study, Nijdam et al. [33] simulated the formation of Al;Os,
Cry03, and NiO during the oxidation of a Ni-Al-Cr alloy at 1373 K in one
dimension by assuming local equilibrium at the oxide-metal interface.
The calculated temporal evolution of the elemental concentrations at the

log (PO,) (atm)

T T
Co=10 at.%!

ALO,

43 . ! . I " I " I

4
C, (at.%)
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oxide-metal interface was in good agreement with the experimental
results.

The standard free energy of formation of AlyO3 is lower than that of
TiO5 at 973 K; therefore, the iterative calculation of C; at the oxi-
de-metal interface was started by assuming that only Al,O3 formed (i.e.,
case (i)). If C; in case (i) did not eliminate the difference between the
weight-gain values obtained using the approximate Eq. (20) and the sum
of Eq. (16)—(18), then C; was determined from the composition field for
case (ii). Fig. 2(a) presents the O partial pressures for TiO, and Al,O3 at
10 at.% O in the Ti-Al-O system at 973 K, which were obtained from
Egs. (6) and (7). TiO was stable at Al concentrations below approxi-
mately 2 at.%, whereas Al;O3 was more stable when the Al concentra-
tion exceeded 2 at.%. An intersection was observed when both TiO5 and
Al;,03 were in equilibrium with the substrate (point A in Fig. 2(a)). With
the variation in the O content of Ti-11.02A1-0.130 at 973 K, an equi-
librium line for the Ti-Al-O alloy for TiOy and Al,O3 was observed
(Fig. 2(b)). Notably, the Al concentration required to form Al,O3 grad-
ually decreased to approximately zero at 32.9 at.% O. This indicates that
Al,03 forms even at low Al concentrations until an O content of 32.9 at.
% is reached, which is close to the solubility limit of O in a-Ti. It was
assumed that only TiO, was formed when C; at the oxide-metal interface
was equivalent to C; in the TiO, field in Fig. 2(b) (case (iii)).

4. Results and discussion

Fig. 3 displays backscattered-electron images of oxide scales for pure
Ti and Ti-6.5Al after 90 and 140 h of oxidation at 973 K. The results
demonstrate that oxide scales grew on the metal surfaces, with negli-
gible crack formation observed at the metal-oxide interface after 90 h.
However, after 140 h, substantial cracks were observed in the Ti—6.5Al1
substrate near the oxide scales (Fig. 3(d)). The high concentration of Al,
which serves as a solid-solution strengthening element, in Ti-6.5A1 may
have increased the brittleness of the surface due to O dissolution.
However, it is unclear whether the cracks formed during oxidation or
specimen preparation. In addition, cracks have been previously reported
to grow between the metal and internal TiOz layers during oxidation
[18]. Notably, the oxide scale thickness on pure Ti was consistently
larger than that on Ti-6.5Al for the oxidation times studied.

Subsequently, XRD analysis was performed on the surfaces of the
samples after 140 h of oxidation (Fig. 4(a)). The main constituent oxide
was identified as rutile TiO2 in both pure Ti and Ti-6.5Al. Reflections of
o-Ti were also detected in both matrix materials due to the penetration
of the X-rays through the oxide scales. A TiN peak was detected for pure
Ti. This indicates the occurrence of nitride formation and nitrogen
dissolution on the metal surfaces, which has been previously reported
during the high-temperature oxidation of Ti alloys [22,34]. A small

(b)

TiOA4ALO,
ALO,

10

20
Al (at.%)

30

Fig. 2. (a) O partial pressures at which the substrate and TiO, and/or Al,O3 coexist during the oxidation of o-Ti with 10 at.% O at 973 K, as obtained by the
CALPHAD method using thermodynamic parameters [30]. Point A is the intersection point of the two curves. (b) Diagram illustrating the relative atomic con-
centrations of thermodynamically equilibrated oxides in the Ti-Al-O system at 973 K.
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(a) Ti90 h

(¢) Ti 140 h

(b) Ti-6.5A190 h

(d) Ti-6.5A1 140 h

Journal of Materials Research and Technology 30 (2024) 4137-4146

Fig. 3. Backscattered-electron images of oxide scales after oxidation at 973 K: (a) pure Ti and (b) Ti-6.5Al after 90 h; (c) pure Ti and (d) Ti-6.5Al after 140 h.
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Fig. 4. (a) XRD patterns of pure Ti and Ti—6.5Al after oxidation at 973 K for 140 h. (b) XRD patterns of Ti—6.5Al between 20° and 35° after oxidation for 10, 20, 45,

90, and 140 h at 973 K.

a-AlyO3 peak was detected in the Ti-6.5Al pattern after 20, 45, 90, and
140 h of oxidation (Fig. 4(b)). However, the indistinct nature of this
peak makes it difficult to quantitatively determine the Al,O3 thickness.

The Al, O, and Ti concentration line profiles for the oxide layers and
Ti-6.5Al substrate after 10, 20, and 45 h of oxidation are presented in
Fig. 5(a), (b), and (c), respectively. The profiles demonstrate that the
oxides were composed of internal TiO; and external Al,Os-rich layers;
however, the boundary between each layer was not clearly defined.
Porosity was observed in TiO3 near the oxide-metal interface, as illus-
trated in Fig. 5. The inner porous layer grew as the oxidation time
increased from 10 to 45 h. Chou et al. [35] demonstrated the growth of a
two-layer TiO during the oxidation of pure Ti. The outer dense layer of
TiOg initially grew at a faster rate and slowed down, while the inner
porous scale of TiO; exhibited a constant growth rate [35]. In addition,
it has been suggested that the porous layer of TiOy allows rapid O
penetration into the oxide-metal interface [36,37]. However, the
porosity formation mechanism remains unclear and requires further
investigation. The total oxide thickness was measured by scanning
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electron microscopy after each oxidation time. The results clearly indi-
cated that the oxide scale thickness increased as the oxidation time
increased.

Fig. 6 shows XRD patterns obtained from the sample surfaces of pure
Ti and Ti-6.5Al after oxidation for 10, 20, and 45 h at 973 K, where the
low-intensity peaks are magnified. XRD patterns obtained after 140 h of
oxidation is also presented in Fig. 6 for comparing the results obtained
between the early stages and after longer exposure. In this study, the
oxide mainly comprised rutile-TiO, for pure Ti and Ti—6.5Al. This result
is consistent with numerous previous studies on the oxidation of pure Ti
and Ti alloys, although there is a possibility of the formation of different
oxides, such as TiO, TizOs, and TizOs, during Ti oxidation from the
viewpoint of thermodynamics and comparison with the sequent oxide
formation in Fe oxidation [18,38]. Some studies have demonstrated the
minor formations of Magnéli phases, such as Ti;O3 and TiO, in oxide
scales during oxidation in Ti and its alloys [18,26,39]. In addition, it has
been suggested that the order-disorder transformation, resulting in
TigO, may occur in the substrate near the metal-oxide interface because
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Fig. 5. EDS concentration profiles of Ti, Al, and O obtained for the oxides and Ti-6.5Al substrate after (a) 10, (b) 20, and (c) 45 h of oxidation at 973 K.
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Fig. 6. Magnified-minor-phase peaks in the XRD patterns of (a) pure Ti and (b) Ti-6.5Al after oxidation for 10, 20, 45, and 140 h at 973 K.

of the O solid solution [9,36]. In this study, the low-intensity peaks of
minor phases obscured the effect of Al addition on minor-phase forma-
tion and the growth behavior of minor phases with time. However, the
fraction of minor phases might be less than a few percent, which was
also suggested by a previous study [38].

Different types of metastable Al;O3 phases, e.g., vy, 8, and 6, were
formed during oxidation in Al-containing alloys [26,39-42] and trans-
formed to the stable a-Al;O3 phase according to the routes of metastable
Aly,O3 transforming into o-AlyOs [41,42]. This AlyOs3 phase trans-
formation occurs earlier with increasing the oxidation temperature.
Although there is a high possibility of the formation of metastable Al,O3
phases in this study, only low-intensity peaks of a-Al,O3 were observed
(Fig. 6(b)), whereas other types of Al,O3 were not detected in the XRD
patterns. This is probably because peaks corresponding to the meta-
stable Al,O3 phases were very weak and overlapped with other strong
intensity peaks. There has been no report on the dependency of the
Al,03 phase transformation on time, temperature and Al composition in
a- and a—B-Ti alloys. Therefore, in the simulation of this study, a-AloO3
phase formation was assumed to occur during oxidation in Ti-6.5Al.

Fig. 7(a) and (b) display the measured weight gain and oxide

thickness, respectively, in pure Ti and Ti-6.5Al as functions of time. The
measured weight gain and oxide thickness were fitted to power-law
models [11,15,18] (as indicated by the solid lines in Fig. 7):

AWN\"
0 :knt7
(%)

(Xox)m = kmt7

(20)

2D

where AW/A represents the weight gain per unit surface area, X,, rep-
resents the oxide layer thickness, n and m are the reaction indices, k, and
km, are the rate constants, and t is the time. For Ti and Ti—-6.5Al, n was
determined to be 1.49 and 1.67, respectively, while k;,, was determined
to be 6.03 x 10712 and 5.61 x 10713 mg ecm™! s7}, respectively. Based
on the reaction indices, the oxidation of both pure Ti and Ti-6.5Al fol-
lowed linear—parabolic kinetics for the first 90 h of oxidation at 973 K.
Meanwhile, for the oxide thicknesses of pure Ti, m and k;, were 1.52 and
3.70 x 107> pm/s, respectively. Notably, the approximate equation for
the oxide thickness of Ti—6.5Al up to 10 h was fitted to a proportional
relationship to avoid a strong initial increase in thickness, which was not
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Fig. 7. (a) Measured and fitted weight gain of pure Ti and Ti-6.5Al after 90 h of

oxidation at 973 K. (b) Measured and fitted temporal changes in the oxide
thickness of pure Ti and Ti-6.5Al after 45 h of oxidation at 973 K.

experimentally observed in this study.
The equations obtained for the oxide thickness of Ti-6.5Al are
therefore expressed as:

Xon = kyut for t < 1y, (22)

(Xon)" =kt fort > 11, (23)
where t; = 10 h (36,000 s); kji, = Xox|t:t1 /t1; Xox| (—r, TEpresents the oxide
thickness obtained using Eq. (23) at t;; and m and kp, are 2.22 and 4.90
x 107 um/s, respectively. These approximate equations were employed
in the simulations. As illustrated in Fig. 7, the experimental data were in
relatively good agreement with the approximated lines for both weight
gain and oxide thickness for both samples. The rates of weight gain and
oxide thickness increase in Ti-6.5Al were lower than those in pure Ti;
however, the oxide thickness was similar in pure Ti and Ti-6.5Al after
10 h of oxidation, as illustrated in Fig. 7(b). This may be due to the
insufficient barrier effect of Al,O3 formation on oxide growth at short
oxidation times.

In the simulations, the elemental concentrations at the metal-oxide
interface were iteratively determined until the simulated total weight
gain corresponded to that obtained by the approximate equation indi-
cated by the solid line in Fig. 7(a). Therefore, the simulated total weight
gains were in good agreement with the measured values for pure Ti and
Ti-6.5Al, as illustrated in Fig. 8(a) and (b). The simulated weight gain
due to TiOz growth in pure Ti (59.8%) was larger than that due to O
dissolution (40.2%). In a previous study, Unnam et al. [9] reported
weight gains of 1.208 and 0.554 mg/cm?, respectively, for oxide growth
and O dissolution in pure Ti with an initial O concentration of 0.14 wt%
after 92.2 h at 977 K. By comparison, the values obtained in this study
for oxide growth and O dissolution were 0.904 and 0.619 mg/cm?,
respectively, after 92 h at 973 K. The results of the present study indicate
a smaller contribution from TiO, growth than that in the previous study.
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Fig. 8. Measured and simulated total weight gain and simulated contributions
of TiO,/Al;03 growth and O dissolution to the weight gain of (a) pure Ti and
(b) Ti-6.5Al. (c) Magnified simulated weight gain due to Al,O3 growth in
Ti-6.5Al, as depicted in (b).

For Ti-6.5Al, the total weight gain was smaller than that for pure Ti,
with smaller weight gains due to both TiOy growth and O dissolution.
The weight gain due to Al,O3 growth was smaller than that due to both
TiO4 growth and O dissolution, as illustrated in Fig. 8(b). Fig. 8(c) dis-
plays a magnification of this curve. The weight gains due to TiO,
growth, Al,O3 growth, and O dissolution in Ti-6.5A1 were 67.7%, 0.6%,
and 31.7%, respectively, after 100 h of oxidation. These results are
similar to those previously reported for Ti-64 after 100 h of oxidation at
973 K [15]. However, the weight gains due to TiO2 and Al,O3 growth
were not measured separately in the previous study. As seen from the
results, the weight-gain ratio due to O dissolution relative to the total
weight gain in Ti-6.5Al was less than that in pure Ti. This indicates that
Al addition and AlyOs formation reduced the TiOy growth and O
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dissolution rates, particularly affecting the O dissolution rate.

For oxide growth, the simulated temporal changes in the thickness of
TiO4 for pure Ti were in good agreement with the measured data, as
illustrated in Fig. 9(a). However, for Ti-6.5Al, the simulated total oxide
thickness was smaller than the approximated value (Fig. 9(b)). In
addition, the simulated and measured overall weight gains were
equivalent to those presented in Fig. 8(b). The simulated total Al,O3
thickness in Ti-6.5Al was approximately 18 nm after 45 h, as indicated
in Fig. 9(d); therefore, the simulated total thickness in Fig. 9(b) over-
lapped with that of TiOs. Notably, the current simulation did not predict
the structure of constituent oxides, e.g., a mixture of oxides or oxide
layers, because the simulated Al,O3 thickness indicated the total thick-
ness of AlyO3 per unit area normal to the metal-oxide interface. How-
ever, Al,O3 may initially form clusters near the gas—oxide interface of
the oxide scale, accompanied by the growth of TiO5 [31]. Al,O3 then
grows to form a thin layer on the rough TiO; surface, which facilitates
rough Al,Og3 surface formation [31,43]. Such external Al;03 formation
leads to the formation of thinner TiO, (Fig. 9(b)).

The formation of a diffusion barrier in the Al;O3 layer hindered O
penetration from the surface through the oxide scales. O diffusion in the
pure Ti substrate may be similar to that in Ti-6.5A1 because this diffu-
sion has been previously observed to be similar for CP-Ti, Ti-64, and
Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S) based on their activation en-
ergies and preexponential factors [14]. However, the previous study
reported a slightly different O diffusion zone depth for Ti-64 and
Ti-62428S. Fig. 9(c) presents the temporal changes in the O dissolution
depth in pure Ti and Ti-6.5Al in the present study. The O dissolution
depth in Ti-6.5A1 was approximately 31.4 pm after 45 h of oxidation,
which was 4 pm lower than that of pure Ti. This finding indicates that
the O diffusion zone in Ti-6.5Al may be thinner than that in pure Ti, as
previously reported by Chaze and Coddet [16]. After 5 and 20 h of
oxidation, the O diffusion zone depths in Ti-6.5A1 were 10.6 and 20.9
pm, respectively. These values are comparable to the measured depths
for Ti-6242S after similar times periods [11,14].

In addition, the concentrations of O and Al were simulated for each
substrate at various distances from the oxide-metal interface after
different oxidation times between 10 and 45 h (Fig. 10). In pure Ti, the O
concentration at the oxide-metal interface increased gradually with
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oxidation time, reaching approximately 30% at 45 h (Fig. 10(a)). In
Ti-6.5Al, the O concentration also increased with oxidation time, but
was limited to less than 15% after 45 h (Fig. 10(b)). These concentration
changes in the substrate are supported by the simulated temporal evo-
lution of the O and Al concentrations at the oxide-metal interface, as
illustrated in Fig. 11. This inhibition of O dissolution in Ti-6.5Al resulted
in less weight gain than that in pure Ti.

After the oxidation of Ti—6.5Al was initiated, the O concentration
rapidly increased from 0.13 at.%, and Al was immediately depleted at
the oxide-metal interface. The Al concentration at the oxide-metal
interface decreased from 11.02 at.% to approximately 1.4 at.% after 45
h (Fig. 11(b)). However, the Al,O3 layer grew continuously from the
beginning of the oxidation process, as observed for TiO,. It should be
noted that AlpO3 formation alone was unlikely because AloO3 formation
and O dissolution without accompanying TiO, formation did not ach-
ieve the approximated weight gain during oxidation. As illustrated in
Fig. 2, an increase in the O concentration at the oxide-metal interface
allowed Al,O3 to grow despite the small Al concentration at the oxi-
de-metal interface. Furthermore, Al continuously diffused toward the
oxide-metal interface from the bulk side during oxidation. Therefore,
Al;O3 formed even at small Al concentrations by consuming the Al
diffused from the bulk substrate. The low Al concentration before
oxidation (6.5 wt%) and low Al diffusivity in the substrate constrained
the formation of the Al,Os layer, resulting in an Al depletion depth of
0.15 pm from the oxide-metal interface after 45 h (Fig. 10(c)). This
simulated depth is considered reasonable based on previously reported
STEM measurements for a multicomponent near-o alloy [22].

In contrast, O diffusion in the substrate was faster than Al diffusion.
This led to the formation of region with high O and initial Al concen-
trations in the substrate beneath the Al-depletion zone, although O
dissolution was inhibited in Ti-6.5Al compared to that in pure Ti. For
example, the Al and O concentrations at a distance of 1 pm from the
oxide-metal interface were 11.0 and 13.0 at.%, respectively, after 45 h
of oxidation (Fig. 10(b) and (c)). This composition was previously
demonstrated to be within the composition range of the a-phase field in
the calculated Ti-rich region by superimposing the experimental data
[30]. Such an O dissolution zone near the metal-oxide interface has also
been observed in the oxidation of other Al-added o- and o—f-Ti alloys
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Fig. 9. Measured and simulated total oxide thickness and simulated thickness of TiO, and Al,O3 oxides for (a) pure Ti and (b) Ti-6.5Al. (c) Simulated temporal
changes in the O dissolution depth in pure Ti and Ti-6.5Al. (d) Magnified simulated oxide thickness of Al;O3 in Ti—6.5Al, as depicted in (b).
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(b) Ti-6.5Al after 10, 20, 30, and 45 h of oxidation. (¢) Simulated Al concen-
tration profiles in the Ti-6.5A1 substrate after 10, 20, 30, and 45 h of oxidation.

without internal oxidation [4,11,13-16]. In o—f-Ti alloys, the p phase
near the metal-oxide interface transforms to the o phase due to O
dissolution from the metal surface because O is an a-phase stabilizer.
This increase in the Al and O concentrations enhances brittleness near
the oxide-metal interface. However, a detailed analysis of the effects of
element concentration on surface mechanical properties is left for future
research.

The solubility limit of O in «-Ti is dependent on the Al content and
temperature of the Ti-Al-O system [30]. This limit decreases with
increasing Al concentration and decreasing temperature, where the oy
phase forms beyond the solubility limit. However, at 973 K, approxi-
mately 33 at.% of O can dissolve in o-Ti containing 11 at.% Al [30].
Therefore, in this study, the degree of O dissolution in the substrate was
not affected by the decrease in the solubility limit of O due to the
addition of Al, but was primarily limited by the diffusion barrier effect of
the Al;O3 layer.

The simulated and measured total oxide thicknesses exhibited a
slight deviation for Ti-6.5Al, as illustrated in Fig. 9(b). This difference
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Fig. 11. Simulated temporal changes in (a) O concentration for Ti and Ti-6.5Al
and (b) Al concentration for Ti—6.5Al at the metal-oxide interface.

may be attributed to several limitations in the present simulation. These
limitations include the use of Al and O diffusivities without nondiagonal
components and the determination of oxide formation based on the
chemical potentials at the oxide-metal interface, where the activities of
oxides were assumed to be 1.

The simulated weight gain and oxide thickness rates were supported
by the experimental results. Furthermore, it was demonstrated that
Al,O3 formation contributed negligibly to the total increase in these
parameters with increasing oxidation time. However, Al;O3 growth
decelerated TiOy growth and O dissolution. Future work will aim to
improve the models presented in this paper to gain further insight into
changes in alloy characteristics with oxidation.

5. Summary and conclusions

This study examined the effect of AloO3 growth at the metal-oxide
interface on TiO3 growth and O dissolution in an Al-added Ti substrate.
Weight gain and oxide thickness changes due to Al03/TiO2 growth and
O dissolution through the substrate during oxidation at 973 K were
evaluated in the Al-added Ti-O system using the one-dimensional finite
volume method coupled with CALPHAD. Moreover, the temporal evo-
lution of elemental concentrations in the substrate was simulated at the
metal-oxide interface. The following insights were obtained from the
simulations:

1. The addition of 11.02 at.% Al to the Ti-O system reduced the weight
gain due to TiO5 growth and O dissolution and led to Al,03 growth to
a maximum total thickness of approximately 18 nm after 45 h.

. During the initial stage of oxidation, Al,O3 was continuously formed
at the metal surface, accompanied by Al depletion and increased O
concentration at the oxide-metal interface.

. O dissolution in the substrate was reduced by Al;Os formation,
thereby restricting the increase in the O concentration at the oxi-
de-metal interface.
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4. High O diffusivity and low Al diffusivity generated a region with high
O and initial Al concentrations beneath the Al-depletion zone in the
substrate, which may enhance the surface brittleness.
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