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Abstract— The objective of this study is to investigate
the oxidation behavior of binary vy-TiAl based
intermetallic; with composition (at%) of 45A, 48Al and
50Al, and ternary alloys of Ti-48Al containing 2Cr and
4Cr. Thermal cyclic oxidation was conducted
discontinuously at temperatures of 700°C and 900°C in
static laboratory air. Optical microscopy, Scanning
Electron Microscopy (FESEM), Energy Dispersive X-
ray Analysis (EDX) and X-ray diffraction (XRD)
techniques were employed for the analysis. SEM
examination of cross-sectional samples using secondary
electron and line-scan analysis after exposure at 700°C
showed that non-adherent oxides scales formed due to
the spallation caused by cyclic condition. While,
exposure at 900°C, only binary alloys exhibited
breakaway oxidation while the oxides scale formed on
the ternary alloys were well-adhered on the substrate
alloy. Overall, exposure at 900°C resulted in thicker and
harder oxide scales and addition of Cr believed to
improve oxidation resistance of Ti-Al based
intermetallics at higher temperature.

1. Introduction

Ti-Al based intermetallic compounds based on
are very light (low density), relatively stiff (high
modulus), high resistance to hydrogen absorption,
better mechanical behaviors with temperature and
higher oxidation resistance. Thus, this materials is
viable to replace some of the nickel-based alloys for
applications at temperature up to 900°C. This
intermetallics also has a high potential in advanced
structural applications; such as aircraft system, high
temperature moving parts and advanced transport
systems such including planes and next generation
engines.

Previous studies have showed that different
composition of aluminum and the addition of other
materials namely Cr, Nb, Sb, Ag, Si and halogens such
as Cl and F resulted in different oxide scales formation.
The scales may contain typical TiO, layer, mixed TiO,
and Al,O; layer and protective alumina scales with
different length. Also the surface morphology was
different for each various addition and composition of
the materials at certain temperature and environment.

In this study, the oxidation behavior of binary and Cr
containing TiAl-based alloy were investigated in thermal
cyclic condition at 700°C and 900°C.

2. Experimental Procedures

Specimens were cut into dimensions of
approximately 10mm x 10mm x Imm using wirecut
CNC machine and ground to 600 grit surface finish.
The specimens were then cyclic oxidised in the high
temperature oxidation tube furnace (Euroterm 2416CG)
for 50 cycles. Each cycle consisted of heating to 700°C
for about 152 minutes, holding at this temperature for 1
hour and cooling to room temperature for another 142
minutes. After the oxidation test, surface morphology
test was evaluated by using FESEM and EDX (SUPRA
35VP). The composition of the oxide scales formed
were analyzed by XRD (Siemens-D5000). Shidmazu
HMV-2 Micro Hardness Tester was employed to
determine the microhardness test across the cross-sectin
of the specimens. Composition and the microhardness
of the as-received samples are tabulated in Table 1.

Table 1. Compositions and microhardness of the as-received
sample.

Sample Ti Al Cr Microhardness (Hv)
Ti-45Al 5571 4429 - 378
Ti-48Al 51.21 48.79 - 346
Ti-50Al 4721 52.79 - 208
Ti-48A1-2Cr  49.38 48.65 1.98 260
Ti-48Al-4Cr 4786 4802 4.12 283

3. Results and Discussion

3.1.  Oxidation Kinetics

The oxidation curves of weight gain per unit
area under defined cyclic oxidation after exposure at
700°C in static laboratory air are illustrated in Figure 1.
Curves for specimens Ti-50Al and Ti-48Al-2Cr exhibit
a fluctuating trend indicating loss of weight change due
to spallation rate and oxide scale re-growth rate. After
10 cycles the first spallation occurred to Ti-48Al-4Cr.
The oxidation rate increased linearly after 10 cycles
before decreasing between 10 to 40 cycles. The
oxidation of Ti-48Al1-2Cr was lower than Ti-48Al1-4Cr
after 20 cycles. The higher Al content and addition of
Cr appeared to slow down the spallation in the case of
cyclic oxidation at 700°C. The lowest weight change
was recorded by sample Ti-48A1-4Cr with
0.028mg/cm’ and Ti-48Al obtained the highest weight
change loss with 0.06mg/cm’® after 50 cycles of
exposure. At this temperature, there is not much
variation in the oxidation response of all the alloys. All
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the binary and ternary alloys exhibit nearly the same
parabolic behavior when oxidized in air at this
temperature.

Kinetics of Oxidation at 700°C
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Figure 1. Weight change/area (mg/c m?) at 700°C

Kinetis of Oxidation at 900°C
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Figure 2. Weight change/area (mg/c m?) at 900°C

Figure 2 shows the oxidation kinetic after 50
cycles thermal cyclic exposure at 900°C in laboratory.
The binary alloy of Ti-48Al and Ti-50Al showed the
highest weight losses of -0.0037mg/cm”* and
0.00023mg/cm’ respectively. The plotted curves of Ti-
50Al decrease after 30 cycles and continue increase
with paralinear behavior curves after 20 cycles until end
of cycles. During the first 10 cycles, the oxidation rate
for Ti-48Al1-2Cr going up rapidly but suddenly
decreasing after 30 cycles. Ti-48Al-4Cr show similar
behavior and at the same time loss weight of
0.0054mg/cm? because of spallation and re-growth. The
oxide scale formed could not well-adhered on the
surface in thermal cyclic condition de to cracking and
spallation.

3.2. Surface morphology at 700°C

After 50 cycles exposure time at 700°C the slow
oxidation rate due to incomplete diffusion process and
lack of energy to transform metals ion from interface to
the surface layer lead to formation of very tiny thin
scale. From the EDX spectrum, Ti-48Al was rich with
Al and believed to be alumina. In Ti-50Al1 and ternary
alloys, the crystals were relatively finer and longer
which looked like well-distributed ‘whiskers’ (Figure
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3). The ‘whiskers structure is detected as TiO, in form
of fine oxide were formed and distributed uniformly.
Thicker oxides are form on alloy containing 4% Cr
compared to other alloy. The crystal structures for
ternary alloys were rather dense and larger in size.

In binary alloys, ‘cluster’ block crystal and
long ‘whiskers’ type of oxide can be seen. From EDX
analysis the ‘whiskers’ crystal were essential rutile-
TiO, and the ‘cluster’ were mixture of Al,Oz and TiO,
oxides. Both ternary alloys were dominated by
‘whiskers’ crystal or the rutile-TiO, The presence of
Cr results in improvement of the TiO, oxidation rate
and the scale grow rapidly on mixed Al,O; and TiO,
layer. From XRD analysis peaks of y-TiAl and a,-Ti;Al
was detected on both binary and ternary. Compound of
Fe also have been detected on the surfaces.

‘Whiskers” |

‘Cluster” block
crystals

crystal

and 50 cycles. (a) Ti-45Al, (b) Ti-48Al, (c) Ti-50Al, (d) Ti-48AI-2Cr,
(d) Ti-48A1-4Cr

Cross-sectional analysis by FESEM shows a
significant formation of oxide scale formed clearly. Due
to spallation, the formation scale on Ti-50Al and Ti-
48A1-4Cr are non-adherent. Generally, formations of
oxide were thin at 700°C oxidation compared to 900°C.
The compositions and structures of the scales were the
same for all alloys. The EDX line-scan spectrum show
that the outer part of the oxide scales contains mainly
TiO, and the fraction of the outermost scale were
detached. Figure 4 shows the cross-sectional
micrograph of Ti-48Al with corresponding of EDX
line-scan analysis after oxidation at 700°C for 50
cycles. Development of oxide scale depends on
parameter of temperature and cyclic loading. The
thickness of oxide scale is 625.2nm up to 982.5nm
before the spallation occurred.
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Figure 4. (a) Cross-sectional of Ti-48Al, (b) The cross-sectional with
corresponding of EDX line scan analysis after cyclic oxidation at
700°C for 50 cycles, (c) EDX line-scan analysis of Ti-48Al.

3.3. Surface morphology at 900°C

The surface morphology of Ti-48Al after 50
cycles showed (Figure 5) the surface was completely
covered by homogenous and a dense pillar-like rutile-
TiO,. The oxide scale of Ti-50Al formed under similar
condition did not show any different from Ti-48Al. In
both cases the surfaces were totally covered with pillar-
like titania crystal without any indication of severe
spallation of the oxide scales. While for Ti-48Al-2Cr
and Ti-48Al-4Cr the surface morphology indicated
severe spallation (Figure 6 and Figure 7). From the
EDX analysis, the white particles found on the surface
were rich in aluminum and oxygen as shown in Figure
6 (c) and (e). This phenomenon was the same in the
case of Ti-48Al-4Cr whereby the EDX result (Figure 7
(e) and (f)) exhibit high intensity of TiO, in both
examination. Cr containing alloys showed fast growing
rutile covering the surface and occurrence of spallation
while in binary alloy, the surface only covered by
homogenous and dense scale of TiO,,
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Figure 5. FESEM micrograph of Ti-48Al. (a) At 1000x, (b) 2500x,
() 5000x
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Figure 6. Surface morphology of Ti-48A1-2Cr, (a) At 150x, (b) Area
A at 1000x, (c) Area B at 2500x, (d) EDX spectrum of spot A, (e)
EDX spectrum of spot B.
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Figure 7. Surface morphology of Ti-48Al1-4Cr, (a)At 1000x, (b) Area
A at 2500x, (c) Area (i) at 2500x, (d) Area (ii) at 2500x, (¢) EDX
spectrum of spot (i), (f) EDX spectrum of spot (ii)

Apparently, cross-sectional analysis  of
oxidised specimens exposed at 900°C differ from
700°C for the same 50 cycles. Significant well adherent
without any detachment of large oxide scale was clearly
observed especially on the image of Ti-48Al-2Cr. The
oxide scale was un-well adherent due to breakaway
stage or because of the spallation. FESEM investigation
did not show much different in Ti-48Al-2Cr and Ti-
48A1-4Cr. The thickness for Ti-48A1-2Cr was 99um
and 112um for Ti-48AI-4Cr. In case of ternary alloys,
from the FESEM analysis the oxide scale is
considerable as well-adherent to the alloy substrate
compared to binary alloys. Detail investigation for
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binary alloy Ti-50Al was showed after 50 cycles at
900°C (Figure 8).
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Figure 8. Cross-sectional of Ti-50Al after cyclic oxidation at 900°C
for 50 cycles.

From EDX analysis it was found that the outer
surface of region 1 contained mainly Ti and O
(thickness: ~1pm). On the outer side of the oxide scale,
a rutile-rich layer was found. The oxide formed showed
an adherent layer without any detachment of large
oxide particles. The inner part of this layer also Al-rich
oxide particles were identified (dark particles)
(thickness: ~0.8um). Below this layer a semi-
continuous aluminum-rich layer was detected (region 2)
with a rather porous structure on the outer side. In this
phase an oxide layer rich in aluminum had formed.
Region 3 (thickness: ~1.6pum) consisted of banded
regions with the bright ones rich in titanium and the
darker rich in aluminum. Furthermore, it was found hat
the concentration of chromium was relatively high in
the darker bands. At the inner side of this layer a porous
structure was found (thickness: ~2.4um). From this
observation, it shows that the Ti-50Al oxide scale was
non-adherent. Large areas on the surface showed
significant spallation on region 4 (thickness: ~2.4um).
Region 5 (thickness: ~5um) shows a remarkable low
aluminum concentration (aluminum-depleted zone) and
also close to the bulk value. A sharp interface could be
detected between the bulk material and the formed
corrosion scale. Region 6 corresponds to the bulk
material. The total scale development scale was about
10.8um. Composition on each region was shown in
Table 2.

Table 2 Composition in Ti-50Al layer correspond to Figure 8.

Region Ti@t.%) Aj(at.%) O(at.%) Remarks
1 68.07 10.48 21.45 Essential TiO,
2 70.82 5.66 23.51 AL Ox-rich laver
3 63.86 27.96 8.35 TiO,-rich laver
4 68.56 7.06 2438 ALO:& TiO, mixed laver
5 46.52 53.48 - Al-depleted zone
6 46.36 53.64 - Based-allov
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3.4. Mechanical Behavior

From the microhardness test, the ternary alloy
showed higher value than binary alloys with Ti-48Al-
4Cr show the highest value. The Cr content promoted
the TiO, formation which was harder layer compared to
others. The value of microhardness of the interface near
to oxide scale relatively high for all 4 alloys. The values
of microhardness begin to decrease rapidly at the
substrate within interface and the base metal. This
phenomenon distinguish that outward diffusion of Al
occur at the substrate to react with oxygen and lead to
formation soft layer of Al,O;. At the base alloy-oxide
interface diffusion of Al or Al-depleted region tends to
reduces hardness and sufficient to cause significant loss
of ductility.

4. Conclusions

1. All binary and ternary alloys exhibit fluctuations
curves after cyclic oxidation at temperature of
700°C and 900°C up to 50 cycles indicating non-
protective behavior. The presence of Cr in ternary
alloys demonstrates fastest oxidation rates with
paralinear behavior at 900°C. After 20 or 30 cycles,
weight change decreased dramatically and the
phenomenon believed to due to spallation at both
temperatures.

2. Surface morphology examination using FESEM
revealed that mixed oxides formed with ‘whiskers’
crystal of TiO, and ‘cluster’ block of Al,O; crystal
exposed at temperature of 700°C. While at 900°C
pillar-like TiO, crystal structure indicting that at
high temperature, outward diffusion of Ti is faster
leading to formation of TiO, covering the entire
surfaces especially in binary alloys.

3. At both temperature, after 50 cycles, all the alloys
formed non-adherent scale especially for ternary
alloys at 900°C exposure. Thus, addition of Cr
improves  oxidation  resistance at  higher
temperature.

4. XRD spectra show that the oxide scales consisting
TiO,, rutile-TiO, and nitride compound of
Ti(NOs),, after 900°C exposure. While at 700°C,
the peak detected underlying intermetallic matrix
of y-TiAl, Ti;AL and traces of Fe.
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