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Hot-dip Aluminizing Fabrication of TiAl; Coating on TA1S Alloy
and Its High Temperature Oxidation Behaviors
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Abstract. A TiAlz-rich coating was developed by hot-dip
aluminizing method and subsequent interdiffusion treat-
ment on Ti-6.5Al-1Mo-1V-2Zr (mass %) alloy for high tem-
perature resistance. Interrupted oxidation at temperatures
from 973 to 1173 K and isothermal oxidation at tempera-
tures from 923 to 1073 K of the TiAl;-rich coating were
conducted. The coating markedly decreased the oxidation
rate in comparison with the substrate alloy at 1073 K and
lower during the interrupted oxidation, and a layered struc-
ture of Al,O3/TiAl3/TiAl,/TiAl/alloy from the outside to
the inside formed after oxidation at 973 K without chang-
ing the main body of the TiAls-rich coating. The oxidation
kinetics followed parabolic relations during the stable state
stage of the isothermal oxidation; the activation energy for
oxidation of the coating was calculated as 323 kJ mol™!.
The hot-dip aluminizing coating provided high protective-
ness for the Ti-6.5A1-1Mo-1V-2Zr alloy at 973 K and lower.
The oxidation performance of the TiAls-rich coating was
discussed in detail.

Keywords. Ti-6.5Al-1Mo-1V-2Zr, high temperature oxi-
dation, hot-dip aluminizing, activation energy.
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1 Introduction

Ti-based TA15 alloy with nominal composition of Ti-
6.5A1-1Mo-1V-2Zr (mass %) is a near-o Ti-alloy of high
aluminum equivalent. TAI1S possesses medium strength
at high-temperature, good thermal stability, and excel-
lent weldability; TA15 is comparable to Ti-8Al-1Mo-1V
(Ti811), and has been widely used as structural materi-
als in aero-industries [1-3]. However, the insufficient ox-
idation resistance is one of the main factors that limit the
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applications of TA15 at high temperatures, and this al-
loy is designed for working under 773 K [3]. Ti-based
alloys degrade quickly during oxidation at high tempera-
tures because of the formation of non-protective oxide scale
[4-7]. In addition, oxygen embrittlement of the Ti-based al-
loys occurs during exposures to oxidizing environments [4].
Therefore, it is necessary to introduce some surface modi-
fications to enhance the high temperature oxidation resis-
tance of Ti-based alloys, including TA15, without altering
the bulk properties.

In addition to the methods of surface alloying [7-9],
the most commonly used method for improving the oxi-
dation resistance of Ti-based alloys (excluding Ti-Al in-
termetallics) is the fabricating of diffusion barrier coat-
ings, which includes evaporating or sputter-deposition [4,
6], pack aluminization and electrodepositing [10], thermal
spray [11], plasma-spray process [12, 13], pulsed bi-polar
micro-plasma oxidation [14], halide-activated pack cemen-
tation and arc ion plating [15], vitreous enamel coating
[16,17], and magnetron sputtering [18].

Besides the above mentioned processes for developing
protective coatings, hot-dip aluminizing should be an ap-
plicable method for protection of Ti-based alloys against
high temperature oxidation since hot-dip galvanization is
a traditional and reliable commercial method for protec-
tion of steel against corrosion [19]. In fact, a TiAls-rich
coating has been successfully developed on a y-TiAl alloy
through hot-dip aluminizing and subsequent interdiffusion
treatment [20], and the oxidation resistance at high temper-
atures of the alloy was significantly improved due to the
developed TiAls-rich coating [21]. The microstructure and
oxidation of hot-dip aluminized titanium at high tempera-
ture [22] and the effect of Ni, Si, and Cr in the structural
formation of diffusion aluminide coatings on commercial-
purity titanium [23] were also reported.

In the present work, hot-dip aluminizing and subsequent
interdiffusion treatment were used to develop a TiAl; coat-
ing on a commercial TA15 alloy, and the oxidation behav-
iors at high temperatures of the coating were studied.

2 Material and Methods
2.1 Hot-dip Aluminizing

The material studied is commercial TA15 alloy with nom-
inal composition of Ti-6.5A1-1Mo-1V-2Zr (mass %). The
coupons with dimensions of 20 x 10 x 2 mm were cut from
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the TA15 alloy with a spark line saw, and a hole of 1.5
mm diameter was made on each sample near the edge for
suspension purpose. All the specimens were mechanically
abraded on successively finer abrasive papers up to 1000
grit, and were subsequently cleaned with water, acetone,
and ethanol, and then were dried immediately.

Prior to the hot-dip aluminizing, the specimens were
treated with an acid pickling solution containing 5 vol.%
HF and 10 vol.% HNOj for 10-15 s followed by washing in
water and ethanol, and then were dried. A mixture of KClI,
NaCl, and NaF with the mole ratio of 4 : 3 : 1 was used
to cover the molten Al in advance. The molten Al bath was
kept at 993 K under argon atmosphere, and the treated spec-
imens were vertically immersed into the bath for 15 s. The
speed of immersion and retreat was about 0.05 m-s~!. The
hot-dip aluminized specimens after retreat were first thrown
into water at room temperature to remove the impurities at-
tached to the surface, and were further washed in water and
ethanol, and then were dried. The interdiffusion treatment
of the aluminized specimens was carried out at 873 K in
laboratory air for 30 h (1 h = 3600 s), after which the spec-
imens were covered by an overlay of Ti-Al compounds re-
ferred to as “coating/TA15” in the following text.

To minimize the experimental error resulted from
the thickness inhomogeneity of the coating/TA15 during
isothermal oxidation, the specimens to be isothermally oxi-
dized were given special treatment by carefully grinding off
the excess Al on the thick parts after the hot-dip aluminiz-
ing, and then the interdiffusion treatment was carried out.

2.2 Ocxidation Tests

The oxidation properties of the TA15 alloy and the coat-
ing/TA15 were examined at temperatures between 973 and
1173 K in the laboratory air using interrupted oxidation.
The interrupted oxidation was conducted in a muffle fur-
nace up to 300 h. After putting a specimen into an Al,O3
crucible, the oxidation tests were started by introducing
the crucible directly into the hot furnace to ensure rapid
heating-up. The mass changes were measured at increas-
ingly large intervals after removing the Al,O3 crucible to-
gether with the specimen from the furnace and cooling in
the air. The cooling time was set at 25 min (I min = 60 s)
to decrease the experimental error, and only the specimen
was measured for the mass changes.

The isothermal oxidations for the coating/TA15 at tem-
peratures between 923 and 1073 K were conducted by using
a thermobalance. The surface areas of the specimens were
measured firstly, and then a specimen was suspended with
a quartz filament in the hot zone of the furnace attached to
the thermobalance. The weight change of the specimen was
continuously recorded.

2.3 Microstructure Examination

The phase analyses of the TA15 alloy and the coating/TA15
were conducted by using X-ray diffraction (XRD) from the
surface. The target material used in the X-ray diffractome-
ter, Bruker DS, is copper (Cu). The electric current of
40 mA and voltage of 40 kV were used in the XRD analysis.
Also, the surface of the coating/TA 15 before oxidation was
examined by using a scanning electron microscope (SEM,
JEOL JSM-6360LV) under second electron image (SEI).
Some of the specimens were mounted in the cold-setting
epoxy resin to examine the cross-section in the SEM under
backscattered electron image (BEI), and the distributions of
elements in the various solid phases were analyzed by using
an energy dispersive X-ray spectroscope (EDS) attached in
the SEM.

The XRD analysis was performed on the oxidized speci-
mens without stripping the oxide film. The cross-sections of
the oxidized specimens were examined as described above.

3 Results and Discussion
3.1 Development of the TiAl3z-rich Coating/TA15

The micrograph of the cross-section of the TA15 alloy after
hot-dip aluminizing is shown in Figure 1, which indicates
that a surface coating of pure Al was formed. Between the
pure Al coating and the substrate there is a thin diffusion
layer with a uniform thickness of less than 0.5 wm. The
thickness of the pure Al coating is nonuniform everywhere.
When the specimen was pulled out of the molten Al bath,
the coating near the bottom edge of the specimen was much
thicker than the coating on the other places. The thickness
of the coatings ranged from 20 pm at the center part to
80 pm at the bottom edge of the specimens. None embrittle-
ment cracking of the pure Al coating was found, after water
quenching, which should be attributed to the good ductil-
ity of Al metal. TA1S is a dual-phase alloy containing o
and B phase [1-3], which coincides with the two-phase mi-
crostructure shown in Figure 1, i.e. the prevailing «-phase
and the bright S-phase.

After the interdiffusion treatment at 873 K for 30 h, the
micrographs of the cross-section of the coating/TA15 are
shown in Figure 2, which displays a uniform single-phase
surface coating; the average atom ratio of Ti versus Al is
1 : 3.7 (uncorrected, the same below). A few through-
thickness cracks, perpendicular to the alloy surface, were
occasionally found in the coating/TA15. The formation of
these cracks should be attributed to the tensile stresses gen-
erated due to the mismatch in the coefficients of thermal ex-
pansion (CTE) between the coating and the substrate alloy
during the cooling from the interdiffusion treatment temper-
ature to the room temperature.

The surface XRD patterns of the TA1S5 alloy and the
coating/TA15 before oxidation are shown in Figure 3. The
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Figure 1. Micrograph of cross-section of the TA15 alloy
after hot-dip aluminizing.
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Figure 2. Micrograph of cross-section of the coating/TA15.

a-phase is the dominant microstructure in the TA15 alloy
(Figure 3a), and only one weak signal of S-phase was de-
tected, which is consistent with the cross-section morphol-
ogy of the TA15 alloy shown in Figure 1. By combining
the EDS and the XRD analysis (Figure 3b), it is identified
that the coating/TA15 developed on the TA15 alloy after the
interdiffusion treatment is composed of TiAl; phase. The
content of hybrid phase, such as retained Al and alumina
formed during the interdiffusion treatment, on the surface of
the coating/TA15 is low with respect to the detection limit
of the XRD analysis. According to the Ti-Al phase diagram
[24], four intermetallic compounds, namely TisAl, TiAl,
TiAl,, and TiAl;, could be formed during the solid state
reaction between Ti and Al. However, only one of the four
products will be obtained below the melting point of Al at
constant pressure, according to the phase rule, if Ti and Al
exist at the same time. The published experiments on Ti-Al
diffusion systems in the solid state also showed that TiAls

a o: a-Ti; B: B-Ti; 1: TiAly
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Figure 3. Surface X-ray diffraction patterns before oxida-
tion. a — the TA1S5 alloy; b — the coating/TA15.

is the only compound formed during reaction between Ti
and Al [25-27]. The free energy of formation of TiAls
has been found to be the lowest among the compounds
TizAl, TiAl, and TiAlj; in the temperature range from 273
to 1473 K [28], so the formation of TizAl and/or TiAl is
ruled out from thermodynamic considerations. However,
TiAl, has slightly lower free energy of formation compared
to that of TiAl; [28], so the reaction kinetics mechanism
should be taken into account for the absence of TiAl,. The
published activation energies of formation of TiAl; for the
reaction Ti + 3Al = TiAly and TiAl-Al diffusion couple
are 170.5 kJmol™' [29] and 95 kJ mol™! [25], respectively,
which are smaller than the activation energy (240 kJ mol™")
of growth of TiAl, in TiAl-TiAls diffusion couple and the
activation energy (206 kJ mol™!) of growth of Ti3Al-TiAl-
TiAl, in Ti-TiAl; diffusion couple [25]. These data support
that the product in Ti-Al system is TiAl3 than TiAl, at a
relatively lower temperature.

3.2 Effect of the Coating/TA15 on the High Temperature
Oxidation Resistance

The interrupted oxidation kinetic curves of the TA1S5 alloy
and the coating/TA15 at 973 and 1073 K in air are shown
in Figure 4(a), and the curves at 1173 K are separately
shown in Figure 4(b) because the oxidation rate of coat-
ing/TA15 is high at this temperature. At temperatures of
973 and 1073 K, the oxidation rates of the TA1S5 alloy are
significantly reduced because of the existence of the coat-
ing/TA15. The TA15 alloy quickly degraded when oxidized
at 1073 K; apparent spallation of the surface oxides oc-
curred after about 30 h, and breakaway oxidation occurred
after 40 h. The oxidation kinetic curve of the coating/TA15
at 1073 K is similar to that of the TA15 at 973 K, i.e. the
mass slowly increases with time showing an approximate
linear relation between the mass gain and oxidation time
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Figure 4. The interrupted oxidation kinetic curves, mass
gain versus time, of the TA15 alloy and the coating/TA15
at high temperatures in air. (a) 973 and 1073 K;

(b) 1173 K.

after about 75 h. The oxidation curve of the coating/TA15
at 973 K shows a typical character of protective oxidation
after a short transient stage of about 10 h. The weight loss
in general was not found during the oxidation of the coat-
ing/TA15 (excluding the transient stage) at both tempera-
tures, but slight spallation of the surface oxides occasion-
ally occurred when the specimen was taken out of the muf-
fle furnace and cooled. The oxides spallation resulted in
the fluctuation of the mass change curves as shown in Fig-
ure 4(a).

Both the TAI1S5 alloy and the coating/TA15 oxidized
quickly at 1173 K. Breakaway oxidation of the alloy oc-
curred after about 40 h, and then severe spallation of the
surface oxides occurred. Weight loss in comparison with
the original weight was recorded after 175 h for the alloy.
The curve of the coating/TA15 shows a step-type oxida-

alloy at 1073 K is not reliable in the case of long term ox-
idation. For TiAlj; intermetallic, the maximum temperature
of oxidation resistance is about 1273 K [30], but this would
be discounted if TiAls is coated on an alloy, such as TA1S,
lacking in oxidation resistance at high temperatures. When
TiAl; is used as a protective coating on TA15, interdiffu-
sion between TiAl; and the substrate inevitably occurs dur-
ing exposure in high temperature environments. In such a
condition, TiAl; is consumed not only by oxidation of it-
self but also by the growth of possible solid state reaction
products such as TiAl,, TiAl, and Ti3Al, which are not as
oxidation resistant as TiAls.

Figure 5 shows the surface XRD patterns of the coat-
ing/TA15 after interrupted oxidation for 300 h at 973 and
1073 K. Only diffraction peaks of TiAl; phase were iden-
tified after the oxidation at 973 K (Figure 5a), which indi-
cates that the coating/TA15 developed on the TA15 alloy
is stable at this temperature and the content of the main
product, Al,O3, during oxidation is low. On the contrast,
the XRD patterns shown in Figure 5b illustrate that quite a
bit of TiAl; phase in the coating/TA15 degraded into TiAl,
phase after the 1073 K interrupted oxidation and the main
oxidation product is Al,O3.
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Figure 6. Micrographs of cross-section of the coating/TA15
after interrupted oxidation for 300 h in air. (a) 973 K;
(b) 1073 K. A represents TiAl,, and B represents TiAl.

The micrographs of cross-section of the coating/TA15
after interrupted oxidation for 300 h at 973 and 1073 K
are shown in Figure 6, which reveals that the coating/TA15
developed a layered structure after the oxidation. A thin
layer of Al-rich oxide formed at the interface between the
coating/TA15 and air (the Al-rich layer is much thinner
at 973 K). According to Figure 6(a), two diffusion layers
(marked as A and B) formed at the interface between the
coating/TA15 and substrate, but the main body of the coat-
ing/TA15 is unchanged. It was determined that the layer A
and layer B were composed of TiAl, and TiAl by study-
ing the EDS results (average atom ratios of Ti versus Al
are | : 2.4 and 1 : 1.5 of layer A and B, respectively).
The formation of the micro-pores in the upper part of the
coating/TA15 should be attributed to the consumption of Al
through outwards diffusion.

Figure 6(b) reveals that the coating/TA15 degraded se-
riously after the oxidation at 1073 K although a layer of
Al-rich oxide formed on the coating/TA15 surface; no dis-
tinct TiAl; layer was left, but a layer of mixed TiAl; and
TiAl, formed just beneath the Al,Os-rich layer. Three dif-
fusion layers (marked as A, B, and C) formed at the inter-
face between the mixed layer and substrate. The layer of
mixed TiAl; and TiAl, is full of micro-pores, and the in-
ternal oxidation of Al extensively occurred in the layer A.
This suggests that the outwards diffusion of Al and inwards
diffusion of O, were greatly strengthened during the oxida-
tion at 1073 K. The composition of layer A and layer B in
Figure 6(b) is the same as that of A and B marked in Fig.6a.
The layer C was identified as TizAl with an average atom
ratio of Ti versus Al of 2.6 : 1. The layer C is much thicker
than the layer B, which is different from the thickness rela-
tion between the layers A and B at 973 K (Figure 6(a)).
This heavy interdiffusion between the coating/TA15 and
substrate implies that the coating/TA15 is not able to pro-
vide long-term oxidation resistance for the TA15 alloy at
1073 K in spite of the formation of protective Al,O3-rich
layer during the 300 h oxidation. Breakaway oxidation will
occur, sooner or later, if the coating/TA15 is degraded be-
cause of the double consumption of TiAls by oxidation and
interdiffusion.

In addition, the through-thickness cracks occasionally
formed in the coating/TA15 after the interdiffusion treat-
ment did not propagate during the oxidation and no fast
degradation near the cracks was found (Figure 6(b)). This
is in contrast to the results, concerning the cracks effect on
the oxidation performance of diffusion coatings on Ti-based
alloy [10] and of thick TiAls coatings [31], have been re-
ported. Pack aluminization process was used in Ti-based
IMI-834 alloy [10] and TizAl-Nb [31], and both of them
reported that the cracks propagated and led to drastic sub-
strate degradation during the oxidation. In fact, it is reason-
able to expect that the propagation or development of the
cracks will be undercut when the transitional diffusion lay-
ers, such as TiAl,, TiAl, and TizAl, are formed. This kind
of gradational structure will decrease the mismatch in CTE
between the coating and the substrate alloy.

It was failed to characterize the oxidation kinetics due
to the spallation of oxides occurred during the interrupted
oxidation. The isothermal oxidation of the coating/TA15 at
temperatures from 923 to 1073 K, followed by the continu-
ously recording the mass change with a thermobalance, was
therefore carried out. Figure 7 shows the isothermal oxida-
tion kinetic curves of mass changes versus time and of mass
changes versus square root of time. Evidently, the mass
gains recorded during the stable state oxidation stage were
parabolic with respect to time, which suggests that the rate-
limiting step might be diffusion related. These parabolic
stages and the corresponding parabolic rate constants (k)
are given in Table 1. Both the XRD analysis (Figure 5)
and the examination of the cross-section of the oxidized
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Figure 7. The isothermal oxidation kinetic curves of the
coating/TA15 at temperatures from 923 to 1073 K in air.
(a) mass gain versus time; (b) mass gain versus square root
of time.

coating/TA15 (Figure 6) reveal that protective Al,Os-rich
oxides scale formed during the oxidation, but the rate con-
stants are two orders of magnitude higher than the typical
values of alumina growth on NiAl or FeAl intermetallics
[32] at the same oxidation temperatures. It was suggested
that this abnormally high oxidation rates result from the ex-
istence of Al metal as a second phase in the microstructure
of TiAl; coating [30]. According to the systematic studies
of the oxidation kinetics, in the temperature range from 973
to 1473 K, of cast TiAls intermetallic [30], the oxidation
rate of TiAls at temperatures below 1273 K is considerably
higher than classical alumina growth and actually approach
TiO, kinetics although the surface scales were identified
as Al,O3. The “abnormal oxidation kinetics” characterized
by the higher k, might attribute to the formation of micro-
pores in the coating/TA15 investigated in the present work.
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Figure 8. Arrhenius plot for the parabolic rate constants of
the coating/TA1S5 at temperatures from 923 to 1073 K in
air.

These micro-pores lead to an increase of oxidation surface
area. The formation of the micro-pores was also reported in
the diffusion couple of solid Ti and molten Al [33], which
might be resulted from the asymmetric diffusion during the
interdiffusion treatment at high temperatures. The asym-
metric diffusion means that the vacancies left after diffusion
of Al was not able to be filled by other species.

Dependence of log(k,,) on reciprocal of absolute temper-
ature is plotted in Figure 8, which displays a linear relation
between log(k,) and 1/7T. According to Arrhenius equa-
tion, the activation energy E, of oxidation is calculated as
323 kI'mol~'. The oxidation process is diffusion-controlled
if the protective oxide scale is formed, and the E, of oxida-
tion reaction should be equivalent to that of diffusion. How-
ever, differences in the experimental methods, conditions,
and samples resulted in large scatter of the E,. The E, of
this study is much higher than that (about 225 kJ mol™")
calculated for pack aluminization coatings on IMI-834 al-
loy [10] under cyclic oxidation, but is somewhat lower than
that (about 338 kJ mol™!) calculated for oxygen diffusion
in alumina layer formed on TiAl; [34].
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4 Conclusion

Hot-dip aluminizing method and subsequent interdiffusion
treatment were used to develop a TiAls-rich coating on Ti-
6.5Al-1Mo-1V-2Zr alloy. The TiAl; coating markedly de-
creased the oxidation rate in comparison with the alloy at
1073 K and lower during the interrupted oxidation; the ox-
idation kinetics followed parabolic relations during the sta-
ble state oxidation stages at temperatures between 923 and
1073 K. The activation energy for oxidation of the coating
was found to be 323 kJ mol ™.

A layered structure of Al,O3/TiAls/TiAly/TiAl/alloy
from the outside to the inside formed after oxida-
tion at 973 K without changing the main body of the
TiAl; coating. On the contrary, a layered structure of
Al Os/(TiAls+TiAly)/TiAl,/TiAl/Tis Al/alloy formed after
oxidation at 1073 K. The hot-dip aluminizing TiAls coating
provided high protectiveness for the Ti-6.5Al-1Mo-1V-2Zr
alloy against oxidation at 973 K and lower.
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