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Oxidation behaviour of the near a-titanium alloy IM| 834
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Abstract. Oxidation behaviour of the near a-titanium alloy IMI 834 was investigated over a range of tem-
peratures, from 600-800°C, in air. Specimens wer e solution-treated in thea + b and b phase fields for 1 h and
1/2 h, respectively and cooled in air to room temperature. The solution treated samples were subjected to sta-
bilization treatment at 700°C for 2 h, followed by cooling in air. Oxidation behaviour of these samples was
studied from 600-800°C in air, for 50 h. The morphology of the scales formed was examined by SEM and the
phases present in the scales wer e characterized by X-ray diffraction. While there was little oxidation at 600°C,
the rate of oxidation increased at higher temperatures. In general, the rate of oxidation was found to be more
in the a + b treated condition than that in the b treated one. The results are discussed in terms of the charac-

teristics of the oxide film formed under different conditions.

Keywords.
surface mor phology.

1. Introduction

Efficient aero engines demand high temperature materials
with high specific strength and resistance against creep,
fatigue and environmental degradation at elevated tem-
perature. Mostly nickel based super alloys are used for
hot zones of compressor of advanced gas turbines be-
cause of their superior high temperature mechanical pro-
perties and adequate resistance against environmental
degradation. Since the specific strength of titanium alloys
like IMI 834 is considerably higher than those of nickel
based super alloys up to 600°C, they are considered as
potential materials for structural components like com-
pressor discs and blades of advanced gas turbine engines
of light weight aircrafts.

One of the major factors limiting the life of titanium
aloysin service is their degradation due to gaseous envi-
ronments, in particular, the one containing oxygen, espe-
cialy at elevated temperatures, during the long term use.
Interaction of titanium alloys with oxygen not only cau-
ses loss of the material by formation of oxides, but also
causes embrittlement in the subsurface zone of the com-
ponent due to oxygen enrichment (Wiedemann et al 1987,
Liu and Welsch 1988; Leyens et al 1996).

Oxidation behaviour of titanium and titanium alloys
has been studied by several investigators, at high tempe-
ratures i.e over 700°C, due to the ease of measurement in
the change of weight of the specimen. The oxidation data
of high temperature range (> 700°C) have been transpo-
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sed to the range of low temperature, 400-600°C, the region
of actual and potential working temperature. However,
it was observed by Champin (1980) that the results
obtained by extrapolation were different from the actual
behaviour in the case of titanium alloys. Therefore, Coddet
et al (1980) extended the previous studies on industria
and experimental alloys including specific binary aloys, in
the region of low temperature, in order to examine the effect
of different alloying elements. It was observed that alloy-
ing elements V and Si considerably modified the oxida-
tion resistance of titanium. While the effect of Si was found
to be favourable, that of V was highly unfavourable, Al
and Zr were found to have dlightly favourable effect;
whereas other alloying elements like Mo and Sn have no
significant effect.

The kinetics of oxidation of the titanium alloys Ti—
6Al-4V and Ti—6AI-5Zr—-06Mo-025Si (IMI 685) was stu-
died by Magdalena (1998), in air and oxygen, over a
range of temperature from 400-600°C, at pressures of
50 mm and 150 mm Hg. It was observed that with increase
in time and temperature of oxidation, variation in the rate
of oxidation was less dependent on pressure. Also a com-
parative study of oxidation behaviour of three titanium
dloys: Ti—-6Al-4V, IMI685, and IMI550, showed linear
increase in weight at 600°C in air and oxygen. The rate of
oxidation of Ti—6AlI-4V, however, was relatively higher
due to the presence of vanadium. The activation energy for
oxidation in oxygen was estimated to be 30+ 3 kcal/
mole (126 + 13 kJ/mole).

Oxidation behaviour of selected titanium alloys, in the
range of low temperature from 400-600°C, has been stu-
died by Bania (1988). It was observed that the kinetics
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of oxidation of titanium alloys had a complex character
and was dependent on the kind and concentration of the
aloying elements in the binary or multi component system.
From the kinetics of oxidation of the individual aloys, a
positive influence of the alloying elements Al, Si and Zr
was observed when there was high content of these ele-
ments in the alloys.

Oxidation behaviour of polycrystalline Kroll titanium at
elevated temperatures, was studied by Simon et al (1980)
in oxygen at partial pressure of 159 x 107 torr. It was obser-
ved that below 700°C, oxidation behaviour was parabolic
within a short span of time, however, at higher tempera-
tures, it became linear for several hours. Oxidation beha-
viour of the alloys Ti 36Al, Ti 35Al-04C, Ti 35Al-
14V-04C and Ti 35Al 5Nb-0AC (mass%) has been
studied by Becker et al (1992) in air and oxygen between
700°C and 1000°C, with major emphasis at 900°C. It was
observed that an oxide scale, consisting of two layers,
one growing outward and the other growing inward, had
formed. The outward growing part of the scale consisted
mainly of TiO,, while the inward growing part was com-
posed of a mixture of TiO, and a-Al,O;. Oxidation in air
can also lead to formation of nitrides beneath the oxide
scale. In general, nitridation was found to be detrimental
for oxidation resistance and consequently oxidation was
generally more rapid in air than in oxygen.

Many titanium alloys have been developed for aero-
space applications where mechanical properties are the
primary consideration. In industrial applications, how-
ever, corrosion resistance is the most important property.
Titanium and its alloys provide excellent resistance to
general localized attack under most oxidizing, neutral
and reducing conditions. Corrosion resistance of titanium
is due to a stable, protective, strongly adherent oxide film.
This film forms instantly when a fresh surface is exposed
to air or moisture. The growth of the film is accelerated
under strongly oxidizing conditions, such as heating in air,
anodic polarization in an electrolyte or exposure to oxidi-
zing agents such as HNO; etc (Andreeva 2003). The
composition of the film varies from TiO, at the surface to
Ti,Os, TiO towards the metal interface.

Table1l. Chemica composition of the alloy IMI 834 (mass%).

Al Sn Zr Nb Mo Si () Ti

507 308 345 066 081 02 004 Ba.

Table2. Heat treatment given to aloy IMI 834.
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Alloys like Ti6242, Ti6246, Til7, IMI 829, IMI 834,
Ti 1100 are characterized as oxidation resistant titanium
aloys (Holt-Walton and Hill 2002). Among all these alloys
IMI 834 and TIMETAL 1100 are designed for service
temperature up to 600°C. Oxidation behaviour of the near
apha-titanium aloys IMI 834 and TIMETAL 1100 has
been studied by Leyens et al (1996) at 750°C for 100 h,
in air. It was observed that oxidation of the alloy IMI 834
was less dependent on its microstructure than that of the
aloy TIMETAL 1100. Both the alloys were found to be
resistant to oxidation with lamellar structure but least with
the globular structure. Scale adherence was found to be
markedly influenced by the formation of TisAIN during
the period of oxidation.

The present investigation pertains to oxidation beha-
viour of the high temperature near a titanium alloy IMI
834 in air over a wider range of temperature from 600—
800°C, following solution treatment in the a +b and b
phase fields for 1 h and 1/2 h, respectively, followed by
cooling in air and subsequent stabilization at 700°C for
2 h. This investigation was undertaken to study the influ-
ence of initial microstructure of the alloy on its oxidation
behaviour over a wide range of temperature.

2. Experimental

The aloy IMI 834 was procured from Imperial Metal
Industries, UK, in the form of rods of 18 mm diameter. The
chemical composition of the alloy IMI 834 is recorded in
table 1.

Discs of 2 mm thickness were cut from the bar using low
speed isomet saw. The discs were sealed under vacuum
(107 torr) in silica tube with titanium getter. They were
solution treated separately in the a +b phase field at
1010°C for 1 h and in the b phase field at 1080°C for
1/2 h, respectively and cooled in air (table 2).

The vacuum sealed solution treated discs were stabi-
lized by ageing at 700°C for 2 h and cooling in air up to
room temperature. These discs were mechanically polished
with different grades of coated SiC polishing paper and
ultrasonically degreased in acetone and alcohol. Oxida-
tion behaviour of these samples was studied by isother-
mal thermogravimetry, at 600, 650, 700, 750 and 800°C
for 50 h in laboratory air using CAHN-1000 electro bal-
ance. The phases present in the scale were characterized
by X-ray diffraction and the morphology of the scale was
examined by SEM (JEOL 840A).

Solution Cooling Volume fraction
Designation treatment media of primary a Microstructure
(a +b) ST-AC-A 1010°C, 1 h Air 116% Primary a + transformed b
b ST-AC-A 1080°C, 30 min  Air - Transformed b with aligned colonies of a laths
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3. Resaults
3.1 Microstructure

The microstructure of the alloy IMI 834 in the (a + b)
ST-AC-A and b ST-AC-A condition is shown in figure
1. The bimodal nature of the microstructure, with equi-
axed primary a and transformed b is quite obvious in the
(a+b) ST-AC-A condition (figure 1a). The volume
fraction of primary a was estimated to be 11X6%. Most of
the primary a grains may be seen to be associated with
prior b grain boundaries. However, the distribution of the
primary a phase is relatively inhomogeneous. The num-
ber density of primary a phase is higher in some regions
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than in others. The mean intercept length of the primary a
phase is » 36 nm. The transformed b grains are found to
be coarser than the primary a grains and their mean in-
tercept length is 130 m(figure 1a). The microstructure of
the transformed b consists of a platelets; with thin layer
of b phase retained between them.

However, as expected the microstructure of the b ST—
AC-A material consists of fully lamellar a platelets and
retained b. Further, there is absence of the primary a phase
in this condition. The mean intercept length of prior b
grainsis 530 mm (figure 1b).

The oxidation behaviour is evaluated in terms of weight
gain with time, at various temperatures, for both a + b as
well as b heat treated conditions (figure 2). It may be seen

Figurel. Optical micrographsfor (a) (a + b) ST-AC-A and (b) b ST-AC-A conditions.
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that in the b ST-AC-A condition the weight gain is rela-
tively less than that in the (a + b) ST-AC-A, at al tem-
peratures studied.

The activation energy for the process of oxidation in
the (a + b) and b treated conditions was estimated to be
184 kJmole and 223 kJ/mole, respectively (figure 3). Thus
it is obvious that activation energy is higher for the b
treated condition than that of thea + b treated one.

The rate constants obtained from the plot of log weight
gain (vs) log t (figure 4) are recorded in table 3. It may
be seen that the kinetic laws in both the heat treated con-
ditions follow mostly parabolic behaviour at and above
650°C, however, at 600°C the behaviour is nearly linear.

3.2 Formation of various phases and morphology
of the scale

The major phases in the scale, resulting from oxidation,
at different temperatures, were characterized by XRD
(figure 5) (table 4). It may be noted that in addition to
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Figure 4. Variation of weight gain with time of oxidation at
different temperatures.
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titanium oxide, TiO,, there is also the presence of tita-
nium aluminium nitride (TizAIN) in the specimens oxi-
dized at elevated temperatures of 750°C and 800°C. Weak
reflections of a-alumina were also detected, however, these
are not indicated in the figure for the sake of clarity.

The morphology of the scales formed on the a + b and
b treated samples oxidized at 700 and 800°C is shown by
the SEM micrographs in figure 6. It may be seen that the
scales formed on the b treated samples are relatively more
uniform and compact. The granules in the scale formed at
800°C are seen to be finer than those formed at 700°C.

It may be seen that the ratio of TisAIN to TiO, (table
6) is higher in the (a + b) ST-AC-A condition, both at
750°C and in particular at 800°C. Thus the higher rate of
oxidation observed in the (a + b) ST-AC-A condition than
inthe b ST-AC-A may be understood.

The variation of weight gain at different temperatures
from 600-800°C, for 10, 30, 50 h for (a + b) ST-AC-A
and b ST-AC-A is shown in figures 7(a) and (b), respec-
tively.

It may be seen that while the data points extrapolated
corresponding to oxidation temperature of 600°C lie on the
curves for b ST-AC-A condition, but there is some de-
viation in the case of (a + b) ST-AC-A condition.

4. Discussion

It is obvious from the weight gain curves of the aloy
IMI 834 in the (a + b) ST-AC-A and b ST-AC-A condi-
tion, over the range of temperature from 600-800°C, that
there is significant influence of the temperature of oxida-
tion and the initial microstructure of the alloy on its oxi-
dation behaviour. At 600°C, there is very little weight gain
in the (a + b) ST-AC-A condition and it is ailmost negli-
gible in the b ST-AC-A condition. However, above 600°C
there is progressive increase in weight gain with rise in
temperature.

In general, the levels of weight gain curves are higher
for the a + b treated condition than those of the b treated
one, over the entire range of temperature investigated. One
of the most likely cause of this behaviour may be the
highly coarse grain size of the b treated material than that
of the a + b treated one and consequently much lower ratio

Table 3. Values of the exponent ‘n’ in the generalized rate
expression, at various temperatures.

n

Oxidation

temperature (°C) (a+b) ST-AC-A b ST-AC-A
600 085 090
650 046 045
700 048 047
750 0%69 064
800 0x70 0%69
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of the grain boundary area to the total surface area in the
b treated condition.

Further, it may be noted that there is relatively more
uniform distribution of the alloying elements, particularly
of aluminium, a strong oxide forming element in the b
treated condition than that in the a + b treated one, in
which the concentration of Al is relatively higher in the
primary a phase than that in the transformed b. Thus the
scale of Al,O; formed is likely to be more uniform in the
b treated condition than that in the a + b treated one.
Leyens et al (1996) studied oxidation behaviour of the
aloy IMI 834 at 750°C, in three different microstructural
conditions, viz. globular, two phase (a + b) and lamellar;
resulting from solution treatment at 990°C, 1030°C, and
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1070°C, respectively and cooling in air. They observed
that weight gain was lower in the b treated condition than
that in the a + b treated one. Thus the observations made
on oxidation behaviour of the alloy 834, in the present
investigation are in agreement with those made earlier by
Leyens et al (1996). Leyens et al examined the distribu-
tion of Ti and also the different alloying elements like Al,
Sn, Nb along with oxygen in the scale, resulting from
oxidation at 750°C for 100 h and established that there
was amost uniform distribution of Ti and the alloying
elements in the scale and the substrate except that of
aluminium, which was higher in concentration in the oxi-
dized layer. Aluminium is known to form protective
Al,O3 on the surface. It may, however, be noted that = 50%
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Figure5. XRD patterns for the (a) (a + b) ST-AC-A sample and (b) b ST-AC-A sample,

oxidized at different temperatures for 50 h.
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Al isrequired for complete coverage of the outer surface
by Al,Os like that in the intermetallic compound Ti—Al
according to Shimizu et al (1992). Thus there is less pro-
bability of full protection of the alloy 834 by Al,Os. Fur-
ther, there would be variation in distribution of Al,O; on

Table4. Various phases in the specimens following oxidation
at different temperatures.

Heat treatment Temperature (°C) Phases present
(a +b) ST-AC-A 600 Ti, TiO,

650 Ti, TiO,

700 Ti, TiO,

750 Ti, TiO,, TizAIN

800 Ti, TiO,, TizAIN
b ST-AC-A 600 Ti, TiO,

650 Ti, TiO,

700 Ti, TiO,

750 Ti, TiO,, TisAIN

800 Ti, TiO,, TizAIN

the surface because of the difference in microstructure of
thea + b and b treated samples and consequent variation
in Al content due to the partitioning effect. The solvus
temperature of TisAl in the primary a is 795°C and in the
transformed b, 735°C. Thus more amount of TizAl is
likely to be present at 800°C in the (a + b) ST-AC-A con-
dition, and hence there is relatively less possibility of
protection by formation of Al,O; due to less amount of
free Al available.

It is obvious from the weight gain curves (figure 2) that
the scales formed on the alloy IMI 834 are strongly adhe-
rent and did not spall up to 50 h of oxidation even at
800°C. These observations are in agreement with those made
earlier by Leyens et al (1996). They observed no spalling
of scale formed at 750°C even after 100 h of oxidation.
The adherence of the oxide scale has been found to be
affected by the content of nitride phase (TisAIN) formed
at elevated temperatures of 750°C and 800°C. It has been
established by Leyens et al (1996) from their oxidation
studies on the alloys IMI 834 and Ti 1100 that the adhe-

Figure 6. SEM micrographs showing surface morphology of the samples oxidized at 700°C and 800°C for 50 h. ((a + b) ST-AC-A:
(a) 700°C, (b) 800°C; b ST-AC-A: (c) 700°C and (d) 800°C).
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rence of the oxide scale formed decreases with increase
in the TizAIN content, in the scale. It is obvious from the
XRD results (figure 5) and the data in table 3, that while
there is presence of essentially TiO, in the specimens
oxidized at 600, 650 and 700°C, in addition there is also
presence of the phase Ti;AIN in the specimens oxidized

Table5. Ratio of 100% reflection of TizAIN to TiO..

Oxidation temperature

Heat treatment 750°C 800°C
(a +b) ST-AC-A 106 120
b ST-AC-A 103 108

Table6. Weight gain (mg/sq cm) at 600°C after 50 h.

Heat treatment Experimental Extrapol ated
(a +b) ST-AC-A 007 003
b ST-AC-A 001 001
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at higher temperatures of 750°C and 800°C. It is relevant
to mention here that there were very weak reflections of
Al,Os in the oxidized specimens and hence the presence
of Al,Oz in the scale is quite likely, though in small
quantity. Thus the relatively poor oxidation resistance of
the alloy 834 at 750°C and 800°C may be attributed to
presence of the phase Ti;AIN which is known to have
adverse influence on adherence of the oxide scale. The
formation of Ti;AIN phase at the interface of the sub-
strate and the oxide scale must be controlled essentially
by diffusion of nitrogen from air, through the scale.

Oxidation of the alloy IMI 834 follows a parabolic
behaviour and the rate constants increase with increase in
temperature in both the heat-treated conditions. However,
at 600°C, it is very close to linear behaviour in both the
heat treated conditions. It may be seen from surface mor-
phology (figure 6) of the oxidized specimens that there is
more uniform distribution of the oxide granules and bet-
ter coverage of the surface in the b ST-AC-A condition
than that in the (a + b) ST-AC-A. Further, the granules
formed in the b ST-AC-A arerelatively finer.

Zhang et al (2002) reported the values of activation
energy of oxidation and diffusion in various titanium alloys
and the values of activation energy lie in the range of
183 kIJmole to 299 kdJ/mole depending upon the alloy
composition. The values of activation energy of diffusion
of oxygen in TiO,, Ti diffusion in TiO,, oxygen fast dif-
fusion path in Al,O;z lie in the range of 234 kJ/mole to
257 kJ/mole. The activation energy values in the present
investigation are 184 kJ/mole for (a + b) ST-AC-A con-
dition and 223 kJ/mole for b ST-AC-A condition, res-
pectively. However, it is difficult to ascertain the actual
process of oxidation.

5. Conclusions

Following conclusions may be drawn from the present
investigation:

(I) Oxidation resistance of the alloy IMI 834 was better
for the b ST-AC-A condition than that of the (a + b) ST—
AC-A condition, at all temperatures from 600 to 800°C.
(I1) Oxidation of the alloy 834 at 600°C is very little in
both the heat treated conditions and it increases with test
temperature.

(I11) Decrease in oxidation resistance at elevated tem-
peratures of 750 and 800°C may be due to the detrimental
influence of TizAIN on scale adherence, formed at these
temperatures.

(IV) Activation energy for (a + b) ST-AC-A and b ST—
AC-A conditions are evaluated to be 184 kJ/mole and
223 kJ/mole, respectively.
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