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ABSTRACT

Microstructural aspects and cyclic oxidation behaviour of plain aluminide and Pt-aluminide coatings on
the near-a Ti-alloy IMI-834 have been studied. Both the coatings provide good oxidation resistance to the
above alloy at 650 °C, 750 °C, and 850 °C. However, significant cracking develops in the coatings during
coating formation as well as during cyclic oxidation exposure. The extent of cracking during oxidation is found
to increase with the exposure temperature. Presence of through-thickness cracks in the coatings leads to
localised oxidation damage of the underlying substrate at all the three temperatures. At 850 °C, such localised
oxidation generates enough TiO

2
 so that this oxide phase grows through the cracks and emerges at the sample

surface forming a clearly identifiable mud-crack pattern. The extent of such oxidation damage is comparatively
much lower at 750 °C and 650 °C.

Keywords: Coatings, oxidation, titanium, IMI-834 alloy, near-alpha titanium alloy, aluminide, Pt-aluminide, aluminide
coatings

1. INTRODUCTION
Titanium and its alloys offer designers several attractive

properties such as exceptional corrosion resistance and
high specific strength. However, their utilisation has been
restricted because of certain inherent shortcomings associated
with these materials such as poor high temperature oxidation
resistance, susceptibility to adhesive and fretting wear,
and poor galvanic compatibility with less corrosion-resistant
materials. High temperature oxidation is currently proving
to be a stumbling block for the use of near-a Ti-alloys such
as IMI-834, IMI-829, and TIMETAL 1100. Prolonged oxidation
exposure of the above alloys at high temperatures (above
~500 °C) is known to cause the formation of a brittle a
casing which undermines the mechanical properties of these
alloys1. Therefore, several coatings including TiAlN, Al

3
Ti-

type aluminide, silicide and MCrAlY (M=Ni, Co or Fe or
a combination of these elements)2-8 are being examined for
providing oxidation protection to the near-a alloys in the
temperature range of 600-750°C.

The IMI-834 alloy is currently being used for compressor
parts in modern gas turbine engines. The maximum temperature
of use for this alloy is approximately 650°C and to protect
this alloy from oxidation damage during application, several
coatings have been reportedly used including some of
those listed above. Diffusion aluminide coatings of the
type Al

3
Ti (or plain aluminide coating, as it is often called)

and Pt-aluminide have been reported to offer very good
oxidation resistance to IMI-834 alloy3, 9-11. Nicholls, et al.10

and, more recently, Gurrappa and Gogia11 have reported
that Pt-aluminide coating can protect IMI-834 alloy from

oxidation damage over long-term exposure at high temperatures
up to 800 °C. They have also shown the superiority in
oxidation resistance of Pt-aluminide coating over its plain
aluminide counterpart in air at 800 °C. Despite these studies,
the microstructural aspects of aluminide coatings on near-
a Ti alloys have not been reported well. Further, oxidation
performance of coated IMI-834 alloy, as reported by Gurappa
and Gogia, has been evaluated under isothermal conditions.
The performance under cyclic heating and cooling, which
is practically more relevant, has not been reported. In the
present study, detailed microstructural characterisation
of a plain aluminide coating and a Pt-aluminide coating
formed on IMI-834 alloy using the pack aluminising method
has been carried out. These coatings have also been
evaluated for their cyclic oxidation performance in air at
three temperatures, namely 650 °C, 750 °C, and 850 °C.
Microstructural degradation in the coatings as well as
the evolution of the coating surface during oxidation
have also been investigated. The reason for testing at
temperatures higher than the maximum useful temperature
of 650 °C for the alloy, i.e., at 750 °C and 850 °C, was
to accelerate the oxidation-induced degradation process
in the coatings, which otherwise would take extremely
long exposures to generate at 650 °C.

2. EXPERIMENTAL  DETAILS
The IMI-834 alloy, which was used as substrate in the

present study, has a nominal composition as mentioned
in Table 1. The b  transus temperature, i.e., the temperature
at which the a®b transformation takes place, of this alloy
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was 1055 °C. Forged IMI-834 rods of 20 mm diameter were
obtained in fully heat-treated condition, i.e., solution treated
at 1020 °C for 2 h followed by air cooling and subsequently
aged at 700 °C for 2 h. In this condition, the alloy has the
desired microstructure consisting of primary a and transformed
b. The amount of primary a present in the heat treated
alloy was approximately 15 vol. per cent. From these rods,
disc samples of approximately 2 mm thickness were cut
using wire EDM. These 20 mm dia and 2 mm thick disc
samples were then used as substrates for coating formation.

The plain aluminide coating was deposited on these
samples by a pack aluminisation process carried out at
700 °C for 6 h. For the formation of Pt-aluminide coating,
a 2 µm thick Pt layer was first electrodeposited on the
samples. The plated samples were given a diffusion heat
treatment following which the pack aluminisation was carried
out at 700 °C for 6 h. Subsequently, a post-aluminising heat
treatment consisting of solutionising at 1020 °C for 2 h
and aging at 700 °C for 2 h was given to the samples. The
powder pack used for aluminising consisted of 15 Wt per
cent of Al, 2 Wt per cent NH

4
Cl, and balance calcined

alumina powder. A flowing argon atmosphere was maintained
throughout the diffusion and aluminising treatments, including
cooling, to prevent oxidation of the samples. A flow diagram
describing the method for the formation of aluminide coating
on IMI-834 alloy has been presented in Fig. 1. Further
details regarding the coating formation process can also
be found12,13. Henceforth, the Pt-aluminide coating has
been referred to as PtAl coating.

To assess the effectiveness of these coatings, cyclic
oxidation of the IMI-834 alloy in bare, plain aluminide and

Pt-aluminide coated conditions was conducted at 650 °C,
750 °C, and 850 °C in air. A cycle constituting of 0.5 h
soaking at the designated test temperature followed by
0.5 h cooling in still atmospheric air was adopted for these
oxidation tests. The cumulative exposure time at the high
temperature was considered as the duration of oxidation
for any sample. The cross-sections of the samples in both
as-coated and oxidised conditions were metallographically
mounted and polished for observation of the microstructure.
A layer of nickel was electroplated on the samples prior
to polishing to protect their edges during metallographic
sample preparation. Microstructural study and related analyses
were carried out using a scanning electron microscope and
an electron probe micro-analyser (EPMA). The identification
of phases in the coatings was carried out by x-ray diffraction
(XRD) technique using Cu K

a
 radiation.

3. RESULTS  AND  DISCUSSION
3.1 As-Formed Coating Microstructures

The microstructures of the as-formed plain aluminide
and PtAl coatings are shown in Figs 2(a) and 2(b), respectively.
The thickness of both the coatings was approximately 60
mm. As evident from Fig. 2(a), the plain aluminide coating
has a single layer which consists of Al

3
Ti phase. In case

of PtAl coating [Fig. 2(b)], a three-layer structure is evident.
The outer layer of this coating consists of PtAl

2
 and Al

3
Ti

phases and the intermediate layer of Al
3
Ti phase. The inner

layer of the coating is the interdiffusion zone (IDZ), typically
observed in all diffusion aluminide coatings14-16. Such three-
layer microstructure of the PtAl coating has also been
reported in case of Ni-based superalloy substrates, where
b-NiAl rather than Al

3
Ti phase is present along with PtAl

2

in the coating16. Further, unlike the precipitate-rich IDZ
typically found in aluminide coatings on superalloys (see
Fig. 3)16,17, both plain aluminide (Fig. 2(a)) and PtAl [Fig.
2(b)] coatings on IMI-834 showed virtually no precipitates
in the interdiffusion zone. Ni-based superalloys usually
contain large of alloying additions in keeping with the
requirements of high temperature mechanical properties.
During the coating formation, Ni is depleted from the substrate
due to its outward diffusion. Most of the alloying elements,
which usually would remain in solid solution in the original
g-g� structure of the substrate, precipitate out as complex
phases after the loss of Ni because of their inadequate
solubility in the resultant b-NiAl matrix of the IDZ14,15. In
case of IMI-834, the total quantity of alloying elements
is quite low at about 15 Wt. per cent (see Table 1) as
compared to 50-60 Wt. per cent in superalloys. Because
of such low alloying content of IMI-834, the alloying elements
do not precipitate out in the IDZ despite the depletion of
Ti from the substrate during coating formation. Further

Al Sn Zr Nb Mo Si C Fe O (ppm) N (ppm) H (ppm) 

5.8 4.0 4.0 0.75 0.50 0.4 0.06 0.05 1000 1500 60 

Table 1. Nominal composition (Wt.%) of IMI-834 alloy used in the present study

Figure 1. Schematic of the process for the development of
Pt-aluminide and plain aluminide coatings on IMI-
834 alloy.
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details regarding the coating microstructures in case of
IMI-834 alloy can be found12,13.

Several through-thickness cracks were found in both
the coatings, as indicated in Fig. 2. Such cracking of the
coatings has been caused by the tensile stresses developed
in the coating during cooling from aluminising temperature
because of the difference in the coefficient of thermal expansion
between the IMI-834 substrate and the Al

3
Ti coating. Al

3
Ti,

being D0
22

 in crystal structure, is known to have no ductility

up to ~800 °C18,19. Therefore, this phase in the coating
developed through thickness cracks for accommodating
the above tensile stresses.

3.2 Cyclic Oxidation Performance
The weight-change plots for cyclic oxidation at 650 °C,

750 °C, and 850 °C for both the bare and the coated alloys
are presented in Figs 4(a)-4(c). The bare alloy shows a gain
in weight during the entire 500 h of oxidation at 650 °C.
However, at higher temperatures of 750 °C and 850 °C, it
loses weight after an initial period of weight gain. While
the weight gain duration at 750 °C is about 250 h, it is
40 h at 850 °C (see Fig. 4). Unlike the bare alloy, the plain
aluminide and the Pt-aluminide-coated samples exhibit weight
gain during the entire durations of cyclic oxidation at all
the three temperatures.

The parabolic oxidation rate constants (k
p
) for the

bare alloy and the aluminide-coated alloys are provided
in Table 2. For comparison, the parabolic rate constant for
a-Ti, as reported in the literature20,21, has also been presented
in the above table. The k

p
 values for the bare alloy corresponding

to oxidation at 750 °C and 850°C were computed using only
the weight gain data up to the point of maxima in the
curves shown in Fig. 4. From Table 2, it is evident that
the IMI-834 alloy is nearly twice and 25-times more oxidation-
resistant than a-Ti at 750 °C and 850°C, respectively. From
the Arrhenius equation, i.e. k

p 
= k

0
 e-(E/RT), where k

0
 is the

pre-exponential factor, E the activation energy for oxidation,
R the universal gas constant and T the oxidation temperature
in K, the value of E can be determined from the plot ln
(k

p
) vs. 1/T22. The activation energy E for oxidation in the

present case of bare IMI-834 alloy is calculated to be 43.9
kCal mole-1. This value agrees well with the reported values
of 40-50 kCal mole-1 for a-Ti20,21.

the near-a Ti-alloys have been reported to have poor
oxidation resistance in air above about 600 °C. Apart from
developing a non-protective TiO

2
 scale during oxidation,

these alloys also form a brittle a-Ti casing on the surface
due to the dissolution of oxygen in the alloy during the
high temperature exposure1,2,8. Such a casing causes degradation
of the mechanical properties of these alloys1,2,8. As mentioned
before, IMI-834 alloy, like most Ti-alloys, forms a TiO

2

scale at all three oxidation temperatures. As a result, the
parabolic oxidation would be controlled by the diffusion
of the oxidising species (oxygen and/or Ti ions20-23) through

Figure2. Cross-sectional micrographs of as-formed coatings:
(a) plain aluminide, and (b) PtAl. The three layers
of the PtAl coating are marked as 1, 2, and 3.

Figure 3. Microstructure of a typical Pt-aluminide coating on
CM-247 LC DS alloy16.

Sample Type 650 °C 750 °C 850 °C 

Bare 2.64 x 10-13 4.92 x 10-12 1.82 x 10-11 

Plain aluminide 3.16 x 10-14 2.53 x 10-13 6.1 x 10-12 

PtAl 1.16 x 10-14 6.46 x 10-14 2.48 x 10-12 

a-Ti --- 1.04 x 10-11 4.28 x 10-10 

Table 2. Comparison of parabolic rate constant k
p
 values

(in g2 cm�4 s�1) for bare and aluminide-coated IMI-
834 alloy as a function of cyclic oxidation
temperature20,21.
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the TiO
2
 scale. The activation energy of 43.9 kCal mole-1

calculated for this alloy, therefore, corresponds to the activation
energy for the above diffusion process. Since the oxidation
in case of a-Ti also occurs by the same mechanism, the
activation energy for IMI-834 is found to be very similar
to that for pure Ti. However, despite similar E values, the
higher oxidation resistance of IMI-834 alloy as compared
to a-Ti is believed to be due to the effect of various alloying
elements, especially Al, in the alloy on the pre-exponential
factor k

0
 of the Arrhenius equation. Such case of rate getting

affected through variation in pre-exponential factor, with
activation energy remaining unchanged, has been reported
in creep studies24. From the weight gain data (Fig 4(a) and
4(b)), this alloy seems to have a reasonably good cyclic
oxidation resistance at 650 °C over the 1000 cycles (500 h)
for which it was tested. However, its oxidation resistance
degrades drastically at higher temperatures such as 750 °C
and 850 °C (Figs. 4(b) and 4(c)), as indicated by much higher
initial weight gain values followed by the loss in weight
due to spallation of the TiO

2
 scale (Fig. 5(b)). Based on the

reported literature1,8, the above alloy is expected to form the
brittle a casing on the surface at all the three temperatures,
although this aspect was not investigated in this study.
Therefore, to enhance the oxidation resistance and to prevent
the formation of a deleterious a-casing, IMI-834 alloy needs
to be coated with an oxidation-resistant coating.

Applying an aluminide coating (either plain aluminide
or PtAl) improves the oxidation resistance of IMI-834 alloy
considerably, as evident from the weight change plots (Fig.
4) and the k

p
 values (Table 1). The oxidation rate for the

coated alloy at 650 °C and 750 °C is 8-70 times lower than
that of the bare alloy. At 850 °C, the coated alloy oxidises
nearly 3-times slower than the bare IMI-834 alloy. The activation
energy for oxidation for the plain aluminide and PtAl coatings
are determined to be 53.6 kCal mole-1 and 54.4 kCal mole-

1, which are somewhat higher than that calculated for the
bare alloy20,21. As evident from the weight change plots in
Fig. 4, PtAl coating oxidises marginally slower than the
plain aluminide coating at 650 °C and 750 °C. However, both
the coatings are found to oxidise in a very similar manner
at 850 °C (see Fig. 4). From the k

p
 values provided in Table

1, the oxidation rate of the PtAl coating is 2.5-4.0 times
lower than that of its plain aluminide counterpart in the
temperature range of 650 °C�850°C. Although the PtAl coating
provides relatively better oxidation protection to IMI-834
alloy than the plain aluminide coating, it is unlike the case
for Ni-based superalloy substrates where Pt-modified â-
NiAl coating is known to provide far superior oxidation
protection as compared to its plain aluminide counterpart25-

27. For example, Das27, et al. have reported that PtAl coating
on superalloy CM-247LC provides 7.5-times better cyclic
oxidation resistance than the plain aluminide coating at a
temperature27 as high as 1200 °C.

The improvement in the oxidation resistance in the
coated alloy is due to the high Al containing Al

3
Ti phase

present in the coating, which enables the formation of a
protective a-Al

2
O

3
 scale on the surface during oxidation

Figure 4. Comparative cyclic oxidation plots for bare
and aluminide coated IMI-834 alloy at (a) 650 °C,
(b) 750 °C and (c) 850 °C.

(a)

(b)

(c)
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exposure11,13. However, since through-thickness cracks are
present in these coatings, the activation energy of 53.6-
54.3 kCal mole-1, as determined for the coated alloy, would
correspond to that for the combined diffusion of the oxidising
species through the Al

2
O

3
 scale and through the cracks.

Smialek28, et al. have reported the oxidation behaviour of
bulk Al

3
Ti in the temperature range28 of 600 °C�1300 °C.

They observed that a protective a-Al
2
O

3
 scale forms at all

temperatures in the above range. Therefore, the parabolic
rate constants in the 1000 °C�1300°C range are small and
comparable to those for the a-Al

2
O

3
 growth kinetics on

b-Ni49Al and b-Ni42Al alloys. However, below 1000 °C,
they observed the oxidation rate to increase with decrease
in oxidation temperature. Further, an initial high oxidation
rate followed by a much lower oxidation rate was also
observed below 1000 °C. They ascribed such anomalous
oxidation behaviour of bulk Al

3
Ti below 1000 °C to the

inhomogeneous microstructure of the Al
3
Ti casting, which

retained some amount of free Al as a non-equilibrium phase.
Rapid internal oxidation of the Al phase, which is molten
above 660 °C, was believed to cause an initial rapid rate
of oxidation. After all the Al phase was completely oxidised,
the oxidation rate decreased to that of the Al

3
Ti. Above

1000 °C, they concluded that the anomalous oxidation was
eliminated because of the quick homogenisation of the
microstructure during oxidation exposure28. In the present
case of plain aluminide coating, no such rapidly oxidising
second phase was present and the coating had a single-
phase Al

3
Ti structure. The additional PtAl

2
 phase present

in the PtAl coating is also known to possess extremely
good high temperature oxidation resistance based on the
reported studies on Pt-aluminide coated Ni-base
superalloys14,15,17. Therefore, unlike in the case28 of bulk
Al

3
Ti, a normal behaviour of oxidation rate rising with increasing

temperature was observed for both the above coatings on
IMI-834 alloy (Table 2).

In case of b-NiAl coatings on Ni-based superalloys,
oxidation protection is also achieved through the formation
of an alumina scale. It has been widely reported that Pt
addition to b-NiAl coatings improves their oxidation resistance
significantly25-27, although the exact mechanism by which
Pt helps enhancing the oxidation resistance is not fully
understood. It is believed that the presence of Pt increases
the diffusivity of Al in the coating, which helps easy formation
of the protective scale during oxidation29,30. Platinum is also
thought to improve the oxidation resistance by lowering the
growth stresses associated with the alumina scale31-33 and
enhancing the scale adherence with the substrate34,35. Although
Pt can be expected to have similar effects in the case of
Al

3
Ti coatings, it, as mentioned earlier, does not lead to

substantial increases in the oxidation resistance as reported
for the Pt-modified b-NiAl coatings25,27. It can be speculated
that the beneficial effect of Pt becomes more prominent
only at much higher temperatures such as 1000 °C or above
at which b-NiAl coatings are used. At lower temperatures
such as 650 °C-850°C, as used in this study, the oxidation
rates associated with the Al

3
Ti coating are possibly too low

to be greatly affected by the presence of Pt.
From the weight change data reported by Gurappa

and Gogia11 at 800 °C, the oxidation rate for the PtAl coating
on IMI-834 can be calculated as 9.5x10-14 g2cm-4s-1, which is
nearly 58-times lower than the value of 5.5x10-12 g2cm-4s-1 for
the plain aluminide coating. It is difficult in their study
to guess how the PtAl coating was so superior to the plain
aluminide coating, while it is found to be only 2.5-4.0 times
better in the present study. It may not be prudent to compare
our data with that of the above reported study for the
following reasons:
� Firstly, Gurappa and Gogia have carried out oxidation

under isothermal conditions, while it has been done
under cyclic heating and cooling conditions in the
present study. As it is well known, the oxidation rates
under thermal cycling is usually much more severe
than under isothermal conditions.

� Secondly, as would be shown later, oxidation in case
of aluminide coatings on IMI-834 occurs both at the
surface of the coating as well as underneath the through-
thickness cracks present in the coating, where local
oxidation of the substrate occurs. Thus, the weight
gain value measured during oxidation is the combined
effect of surface oxidation of the coating and localised
oxidation of the underlying substrate.

� Gurappa and Gogia11 have not made any mention of
such coating cracks and their effect on the oxidation
damage of the substrate.

� Additional studies need to be undertaken to understand
the effect of Pt in enhancing the oxidation resistance
of Al

3
Ti coatings.

3.3 Surface Morphology after Oxidation
3.3.1 Bare Alloy

The surface morphology that develops on the bare
alloy samples after oxidation at 650 °C and 750 °C is shown
in Figs 5(a) and 5(b). The oxidised surface after 500 h at
650 °C (Fig. 5(a)) appears relatively damage-free as compared
to the surface corresponding to 1000 h at 750 °C, where,
large-scale spallation of the oxide scale is observed (Fig. 5(b)).
Region 1, as marked in Fig. 5(b), shows a location where
the oxide scale is sticking to the substrate, while Region
2 is the adjacent location from where the scale has spalled,
exposing the underlying alloy. The EDS analysis of Region 1
(Fig. 5(c)) indicates the scale to be predominantly TiO

2

although Al was also detected along with Ti and O. The
scale being TiO

2
 was also confirmed by XRD study of the

oxidised surface. The presence of all the substrate elements
in Region 2 (Fig. 5(d)) confirms that the substrate has been
exposed at this location because of the spallation of the
oxide layer.

3.3.2 Coated Alloy
The surface morphology of PtAl coating in as-coated

condition and after various durations of cyclic exposure
at 750 °C is shown in Fig. 6. The through-thickness cracks
present in the as-formed coating are barely visible on the
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The LCD represents the number of cracks present per 1000
µm (1 mm) length on the coating surface. Table 2 presents
the LCD values for PtAl coating. It is clear from the table
that the extent of cracking increases with thermal cycling
since the LCD value after cycling at any temperature is
higher than that in the as-coated condition. Further, cycling
at 850 °C leads to a considerably larger extent of cracking
in the coating than that caused at either 650 °C or 750 °C.
For example, LCD is 4.2 for 2000 cycles (1000 h) at 750 °C,
while it is nearly double at 8.0 for 1500 cycles (750 h) at
850 °C.

Figure 7(c) presents the magnified view of a boundary
region where it can be seen to consist of faceted grains
which, based on the EDS analysis given in Fig. 7(d), are
identified as TiO

2
. The faceted grain morphology of the

above oxide phase also indicates the phase to be rutile
(TiO

2
)23. Barring the boundary regions, the entire oxidised

surface at 850 °C is covered with an alumina scale, as
determined by EDS analysis as well as XRD study. Despite
the gradual increase in cracking observed in the PtAl coating
at all the three oxidation temperatures (Table 3), only in
the case of oxidation at 850 °C, the TiO

2
 oxide phase is

found emerging through these cracks and protruding beyond
the sample surface, forming the aforementioned mud-crack
pattern. In fact, such a pattern develops gradually for the
PtAl coating during cyclic oxidation at 850 °C, as evident

surface in Fig. 6(a), although some of these cracks can be
identified at higher magnifications. The coating develops
further cracks during cycling at 750 °C. However, even
after 2000 cycles (1000 h) at 750 °C, the cracks remain fairly
fine and, therefore, are not very prominent at low magnifications
(see in Fig. 6(b)), although these can be clearly seen at
higher magnifications, as evident in Fig. 6(c). The oxidised
surface corresponding to 750 °C exhibits a nodular morphology
(Fig. 6(c)) and the scale is determined to be predominantly
a-Al

2
O

3
, as evident in the EDS analysis in Fig. 6(d). The

surface morphology and the nature of cracking in the case
of oxidation at 650 °C is very similar to that described
above for 750 °C and, therefore, has not been discussed
separately.

Cyclic oxidation at 850 °C results in a very distinct
mud-crack or segmented morphology on the coating surface,
as seen in Fig. 7(a). The boundary regions of the segmented
structure, which correspond to the cracks present in the
coating, project out of the surface indicating comparatively
larger oxide growth at these regions as compared to the
rest of the surface. With the increase in number of cycles,
further cracking in the coating takes place, increasing the
boundary regions, as evident from Fig. 7(b). To estimate
the extent of cracking with increase in the number thermal
cycles, linear crack density (LCD) values were calculated
for the as-coated as well as oxidised PtAl-coated samples.

Figure 5. Surface morphology of bare IMI-834 alloy after cyclic oxidation: (a) 500 h at 650 °C
and (b) 1000 h at 750 °C. The EDS plots taken on the oxidised surface at locations
marked as: Region 1 and Region 2 are shown in (c) and (d), respectively.
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Figure 6. Surface morphology of PtAl coating: (a) in as-formed condition, (b) after 1000 h oxidation
at 750 °C showing fine cracks (marked by arrows), (c) magnified view of the surface shown
in (b) showing cracks and nodular morphology of the scale, and (d) EDS analysis of the
surface shown in (c).

Figure 7. Surface features of PtAl coating during cyclic oxidation at 850 °C: (a) after 150 h, (b) after
750 h, (c) magnified view of the surface close to mud-cracks (formed after 750 h) showing the
faceted outgrowth through the cracks, and (d) EDS pattern of the outgrowth indicating it to
be TiO

2
.
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pattern is expected to stabilise after a sufficiently large
number of cycles. Oxidation at lower temperatures such
as 650 °C and 750 °C also produces cracking in a similar
manner as in the case of 850 °C, although to a much lesser
extent (see Table 3). However, it does not result in a
distinguishable mud-crack pattern because of adequate
TiO

2
 outgrowth through the cracks, even after long exposures

(Fig. 6(c)). It may be noted that the evolution of surface
morphology for the plain aluminide coating during oxidation
is very similar to that mentioned above for the PtAl coating.
The increased cracking in the plain aluminide coating with
the rise in the number of cycles is evident from the LCD
values mentioned in Table 2.

3.4 Coating Microstructure after Oxidation
It is observed that the microstructure of the coating

does not undergo any appreciable change due to oxidation
at all the three temperatures. This is evident from the cross-
sectional microstructures of the PtAl coating corresponding
to exposures at 750 °C and 850 °C, as shown in Figs 9 and
10, respectively. The starting three-layer structure of the
coating had still remained after the prolonged exposure of
2000 cycles (1000 h) at 750 °C (Fig. 9) and 300 cycles
(150 h) at 850 °C (Fig. 10). Localised oxidation of the underlying
substrate through the cracks present in the coating occurs
after exposure at all the temperatures, as typically seen
in Figs 9 and 10. SEM-EDS analysis indicates that the
oxide phase formed at the base of the crack is TiO

2
 and

that formed within the coating is primarily alumina. The
extent of oxidation through the cracks at 850 °C is found
to be much larger compared to that at 750 °C or 650 °C.
This is evident from Fig. 10 where extensive oxidation at
850 °C has caused the formation of a large oxide mass
inside the crack. The oxide mass seen at the top of the
crack in Fig. 10(a) is actually the cross-sectional view of
one of the boundaries in the mud-crack pattern that develops
on the sample surface. Large scale localised oxidation of
the substrate at the base of the crack can also be seen
in Fig. 10. In case of plain aluminide coating, similar oxide
growth through the cracks, as mentioned above for the
PtAl coating, is also observed.

Despite the good oxidation resistance provided by
the aluminide coatings to IMI-834 alloy, the extreme brittleness
of these coatings make them prone to cracking under CTE
mismatch stresses. The through-thickness cracks initiate
during coating formation (Fig. 2) and their numbers grow
during thermal cycling (Table 3) as more mismatch stresses
are generated with each additional cycle. The cracks provide
a passageway for the atmospheric air to come in direct
contact with the unprotected substrate below the coating,
leading to localised oxidation at the base of the cracks.
Therefore, the presence of the cracks prevents the aluminide
coatings from providing complete oxidation protection to
the underlying substrate. This aspect, however, is not
apparent from the weight change data (Fig. 4).

The IMI-834 alloy is designed for long-term use at a
maximum temperature of about 650°C. By carrying out oxidation

from the Fig. 8(a)-(c). After initial few cycles, the coating
develops more cracking, as mentioned earlier, but without
showing the presence of TiO

2
 growth through the cracks

(Figs 8(a) and 8(b)). After about 50 cycles, the mud-crack
pattern becomes apparent on the coating surface with TiO

2

oxide phase emerging through the cracks (Fig. 8(c)). Beyond
this time, a well-marked crack pattern continues to develop
with further cracks getting added with the increase in the
number of cycles. Eventually, the cracking and the crack

Figure 8. Surface morphology of PtAl  coating during
cyclic oxidation at 850 °C: (a) after 8 h and (b) 25 h,
showing no outgrowths. However, after 50 h, the
emanation and spread of TiO

2
 outgrowth is seen, as

shown in (c).

(a)

(b)

(c)
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at higher temperatures such as 750 °C and 850°C, the oxidation
process has been accelerated to generate damages that,
otherwise, would take extremely long exposures to generate
at 650 °C. Although a significantly high localised oxidation
damage to the substrate is caused by cyclic exposure at
850 °C, the damage caused at 750 °C and 650 °C is found
to be comparatively much less even after prolonged exposures
of > 1000 h (2000 cycles). Further, the large scale outgrowth
of TiO

2
 through the cracks leading to the formation of the

mud-crack pattern is absent at 750 °C and 650 °C [Fig. 6(c)].
Therefore, it can be concluded that the oxidation process

for the aluminide-coated IMI-834 alloy is fairly slow at
temperatures below 750 °C, and it would probably take an
extremely long time, may be several thousands of hours
of exposure, at these temperatures to develop the mud-
crack morphology, as observed at 850 °C.

It is known that intermetallic-based coatings degrade
the mechanical properties of the substrate alloy36. Therefore,
Al

3
Ti type coatings can also be expected to have similar

REGION 1

REGION 1

REGION 2

REGION 2

Figure 9. Localised oxidation beneath a through-thickness crack
in PtAl coating. The coating was subjected to cyclic
oxidation at 750 °C for 1000 h. The EDS plots for the
regions 1 and 2 are provided.

Figure 10. (a) Cross section view of the PtAl coating after 150 h
of cyclic oxidation at 850 °C showing localised
degradation along a through-thickness crack, (b) EDS
pattern indicating the presence of TiO

2
 in the top

regions of the crack, and (c) EDS pattern showing
the presence of both alumina and TiO

2
 in the lower

regions of the crack.
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effects on the mechanical properties of IMI-834 alloy. Generation
of through-thickness cracks in these coatings during application
can potentially cause further deterioration of the mechanical
properties. Therefore, it is important to weigh the beneficial
effects of these coatings in terms of their ability to improve
the oxidation resistance against their propensity to cause
degradation in the mechanical properties of the substrate
alloy.

4. CONCLUSIONS
In this study, microstructural aspects and cyclic oxidation

performance (at 650 °C, 750 °C, and 850 °C) of plain aluminide
and Pt-aluminide coatings on near-a Ti-alloy IMI-834 have
been reported. Both these coatings provide good oxidation
resistance to IMI-834 at all the three temperatures. However,
these develop through-thickness cracks under the influence
of CTE mismatch stresses during the coating formation as
well as during thermal cycling. The number of cracks in
the coating increases with the number of thermal cycles
at any given temperature, although the increase is the
highest in case of cycling at 850 °C. Presence of the cracks
in the coating leads to localised oxidation damage in the
underlying substrate. Localised oxidation at 850 °C occurs
at a rapid rate and generates enough TiO

2
 which grows

outward through the cracks to emerge on the sample surface
in the form of a prominent mud-crack pattern. The extent
of oxidation damage is comparatively much lower at 750 °C
and 650°C.
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