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Abstract: High-temperature oxidation behaviour of Mo-
40Ti-30Si (at.%) alloy was investigated in the temperature
regime of 900-1300°C in air. Isothermal weight change
data recorded up to 100 h of exposure revealed parabolic
weight gain kinetics at all the tested temperatures. The pro-
tective oxide scale composed with SiO, (silica) and TiO,
(titania) forming a duplex oxide microstructure consisting
of TiO, particles embedded in the continuous SiO, matrix.
The oxide scale showed parabolic growth kinetics, and the
activation energies for the scale growth were found to be
72.2KkJ/mol in 900-1200°C and 324.9 kJ/mol in 1200-1300°C.
The kinetics of the protective scale growth on the alloy sur-
face was mainly controlled by the growth of the silica film
and the inward diffusion of oxygen through the duplex ox-
ide layer.

Keywords: High-temperature; Oxidation; Oxide scale; Ki-
netics; Activation energy

1 Introduction

High-temperature oxidation resistance and room temper-
ature fracture toughness are the two key issues to be re-
solved for developing molybdenum based materials [1, 2]
to replace nickel based superalloys used in energy pro-
ducing devices operated at high temperatures. Molybde-
num shows linear oxidation behaviour when exposed to
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air with increasing temperature [3]. The oxidation reac-
tions follow Mo— Mo0O,— MoOs3 as the temperature is
increased from room temperature. MoO3 melts at about
795°C and it also possesses high vapour pressure at el-
evated temperatures. Therefore, the oxidation of Mo ex-
hibits an initial increase in weight as the temperature is
increased, and beyond certain temperature, weight loss
is observed due to volatilization of MoO3 [4]. Mo-Si-B al-
loy with varying composition with respect to Si and B are
studied in detail [5-7]. The alloy shows improved oxida-
tion resistance as the Si content is increased [5]. Addi-
tion of boron (B) leads to the formation of superior oxida-
tion resistant MosSiB, (T2) phase in the three phase Moss-
MosSi-T2 microstructure. It forms a protective borosilica
scale on the alloy surface. For reducing the density and
improving the fracture toughness, a part of Mo was sub-
stituted with titanium (Ti) and studies were done on Mo-
Ti-Si-B alloys [8-11]. Although, the alloy showed superior
creep properties [8, 9], the oxidation resistance has been
poor at elevated temperatures. The oxide scale mainly con-
sisted with SiO,-TiO, type porous duplex scale. Evapora-
tion of B,03 and MoO3 through the porous SiO,-TiO, lead-
ing to loss of weight was reported [9]. Severe vaporiza-
tion loss of the Mo-Ti-Si-B alloy was observed with increas-
ing temperature beyond 1100°C. Presence of B,03 in sil-
ica reduces its viscosity at intermediate temperatures 800-
950°C. However, beyond 950°C, B,05 starts evaporating
and the viscosity of the silica rich scale increases. The rate
of evaporation of B,0sincreases at higher temperatures
leading to the formation of pores in the oxide scale which
enhances the vaporization of MoO3 and catastrophic ox-
idation. Therefore, boron-free Mo-Si-Ti alloys are investi-
gated recently [12-14]. Ti-addition in Mo-Si system would
improve the toughness and reduce the density of the ma-
terials while upgrading the oxidation performance as well.
The density of the Mo-Ti-Si materials was reported to be
much lower than that of conventional nickel based super-
alloys [14]. The stability of different phases in ternary Mo-
Ti-Si system is reported earlier [15].

In the present investigation, the detailed oxidation be-
haviour of Mo-40Ti-30Si (in at.%) system was studied in a
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wide temperature regime of 900-1300°C in static air. The
weight change behaviour of the alloy was recorded. The
cross-section of the oxide scale was analysed using SEM
and EDS. The growth kinetic of the oxide scale was eval-
uated. The superior oxidation resistance of the alloy was
understood using microstructural observations and ther-
modynamic considerations.

2 Experimental

Mo-40Ti-30Si (in at.%) alloy was produced by adopting
powder metallurgical processing route. Mechanical alloy-
ing of the elemental powder was carried out using a plan-
etary ball mill. Reactive hot pressing of the alloy pow-
der was conducted at 1600°C for producing the alloy
plates. The detailed preparatory procedure for the alloy is
presented earlier [14]. Figure 1 shows the back scattered
electron microstructure of the hot pressed alloy. The al-
loy is composed of the hexagonal type matrix phase (Ti,
Mo)5Si; and (Ti, Mo)s3Si precipitates (dark colour) form-
ing a composite type microstructure. The composition and
grain structures of the hot pressed alloy were reported ear-
lier [14]. The (Ti, Mo)5Si; phase contains Ti-34.7 at.%, Mo-
26.4 at.%, Si-38.9 at.%, and (Ti, Mo)3Si precipitate is com-
prised with Ti-63.2 at.%, Mo-14.3 at.%, Si-22.5 at.%. The
density of the alloy was measured as 5.8 g/cm’, much
lower than that of conventional nickel based superalloys.

Electro-discharge machining (EDM) equipment was
used to cut the mall specimens of dimensions 10 mm x
5 mm x 5 mm from the hot pressed plates of the alloy.
The specimens were subsequently ground to 1200 grit SiC

(Ti, Mo)sSis

(Ti, Mo),Si

Figure 1: BSE microstructure of the Mo-40Ti-30Si system containing
(Ti, Mo)5 Si3 matrix and (Ti, Mo)3Si precipitates.
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embedded emery paper. All the sides of the specimens
were ground and the sharp edges or corners were removed.
The samples were thoroughly cleaned ultrasonically in wa-
ter and acetone bath. Isothermal oxidation tests of the
alloy samples were conducted at 900, 1000, 1100, 1200
and 1300°C for different time intervals ranging from 0.5
h to 100 h. The samples were kept inside the muffle type
furnace using alumina boats and the weight of the boat
containing the specimen was measured before and after
the oxidation tests. A Sartorius make micro balance was
used to measure the weight accurately. The samples were
loaded inside the furnace when the required temperature
was reached inside the chamber. Each sample was care-
fully weighed before and after exposure to determine the
weight changes during the oxidation. The morphology and
the composition of the oxide layer were investigated by
observing the surface as well as the cross-section using
a Camscan made SEM attached with Oxford EDS (Model:
X-max 80). The oxidation-test samples were mounted in
conducting mould applying the hot mounting procedure.
The metallographic samples were prepared by grinding
the mounted specimens up to 1 pm diamond finish and
subsequent polishing with colloidal silica solution.

3 Results

3.1 Oxidation behaviour

Mo-40Ti-30Si alloy exhibited the gain in weight behaviour
during isothermal oxidation in the temperature regime of
900-1300°C. The weight change data recorded at differ-
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Figure 2: Weight change data indicating parabolic oxidation be-
haviour of Mo-40Ti-30Si in static air.
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Figure 3: Cross-sectional BSE images of the Mo-Ti-Si composite oxidized at 1100°C in air for (a) 1 h, (b) 25 h, (c) 50 h and (d) 100 h.

ent time intervals under isothermal oxidation conditions
are plotted as Aw vs t°° in Figure 2. The weight change
data for 900, 1000 and 1300°C are taken from the refer-
ence 14 for comparison. The weight change data was mea-
sured at least three times, and the error in the measured
data may be considered as +5% due to manual handling
of the oxidized samples. The alloy showed superior oxi-
dation resistance at 900-1200°C in air. Although the mag-
nitude of weight gain increased with increasing tempera-
ture and time, the absolute value of the maximum weight
gain observed at 1200°C after 100 h was found to be very
low (~ 3.7 mg/cm?). At 1300°C, a faster weight gain was
observed, and the value of the weight gain after 50 h of ex-
posure in air was of the order of 25.6 mg/cm?. Beyond 50 h,
the scale was spalling off and therefore, the weight change
data could not be recorded. Therefore, the alloy showed
superior oxidation resistance up to 1200°C for longer expo-
sure times, and at 1300°C for 50 h. Curve fitting was done
to understand the weight gain kinetics of oxidation of the
alloy. Linear fitting of weight change (Aw) against t°° in
Figure 2 indicated that the weight gain kinetics followed a
parabolic behaviour. The calculated weight gain rate con-
stant values ranged between 0.12-0.39 mg/cm?-h% in 900-

1200°C with a high value of 3.25 mg/cm?-h®> at 1300°C.

A drastic increase in the oxidation Kkinetics was observed
from 1200 to 1300°C, which could be due to the mecha-
nistic change of oxidation of the alloy in this temperature
regime. The weight gain rate constant values at 1300°C
were found to be about 10-15 times higher than those for
900-1200°C.

3.2 Growth of oxide scale

For accurately measuring the thickness of the oxide scales
the metallographic samples were prepared using hot
mounting with conducting mould. Back scattered electron
image analysis is preferred as the Z-contrast between the
substrate and oxide scale is clearly revealed. Figure 3 rep-
resents the BSE cross-sectional showing the oxide scale
formed at 1100°C at different time intervals. The similari-
ties are observed in the oxide scale formed at all the four
temperatures between 900 and 1200°C. Therefore, the one
set of micrographs from the samples tested 1100°C are pre-
sented here (in Figure 3). The thickness of the oxide scale
increased with increasing the time of exposure at 1100°C.
Comparing with the weight gain data presented in Figure 2,
a one to one correlation could be established with the
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(b)

Figure 4: Cross-sectional BSE images of the Mo-Ti-Si composite oxidized at 1300°C in air for (a) 0.5 h, (b) 5 h, (c) 25 h and (d) 50 h.
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Figure 5: Variation of the thickness of the oxide scale with time at
different temperatures.

gain in weight and increase in thickness of the oxide scale
with time at isothermal condition. The thickness of the ox-
ide scale varied between 1 pm and 41 pm at 900-1200°C
temperature regime. The growth rate of the oxide scale
was much higher at 1300°C. The cross-section of the oxide
scale along with Mo-40Ti-30Si alloy substrate formed at

1300°C is presented in Figure 4. The thicknesses of the ox-
ide scales are much higher (~185pm in 50h) at 1300°C. The
values of oxide scale thickness at different times and tem-
peratures are presented in Figure 5. The thicknesses of the
oxide scales were measured at about 5 different places. The
error in measurement at lower thicknesses (~1 pm) was
about +10 %, whereas for higher thicknesses the measure-
ment was accurate the variation of thickness was in +5 %
range. The analysis of the scale thickness data revealed a
parabolic scale growth kinetics obeying the following law.

h? =Kyt 6]

h = Kt'/? )]

where, h is the thickness of the oxide scale, t is the time
and K is the scale growth rate constant. Figure 6 shows h
vs t1/2 curves obtained from Figure 5 fitted in linear plots.
The slope of the linear curves is the growth rate constant
(K). Applying Arrhenius equation it follows.

K = Ky exp(-E4/RT) 3)

InK =InKg - Eq/RT (4)
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Figure 6: Scale thickness (k) vs t1/2 plots confirming parabolic
growth kinetics of the oxide scale.
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Figure 7: Arrhenius plots between scale growth rate constant and
1/T indicating two different regions of oxide scale growth.

From the slope of the In K vs 1/T, the activation energy
(Eq) for the oxide scale growth is determined. Arrhenius
plot for scale growth is presented in Figure 7. The data
points in Figure 7 show two distinct regions of linear fit-
ting indicating the change in mechanism from 900-1200°C
to 1200-1300°C. The activation energies calculated from
the slopes of the plots are respectively, 72.2 kJ/mol (17.2
kcal/mol) in 900-1200°C and 324.9 kJ/mol (77.3 kcal/mol)
in 1200-1300°C.

4 Discussion

The alloy Mo-40Ti-30Si is composed of a matrix phase of
(Ti, Mo);Si3 along with the second phase precipitates of
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Figure 8: BSE image showing the microstructure of the oxide scale
and the alloy substrate.

(Ti, Mo)5Si (Figure 1). The probable reactions occur during
high-temperature exposure of the alloy in air are presented
in the following.

(Ti, Mo)sSis + 15.50, — 5TiO5 + 3Si0; + 5M0o0O;  (5)

(Ti, Mo)sSi3 + 80, — 5TiO, + 3Si0; + 5Mo (6)

3(Ti, Mo)5Si3 + 40, — 4Si0, + 5(Ti, M0)3Si @)

(Ti, Mo);Si + 8.50; — 3TiO, +Si0, + 3M00;  (8)

5(Ti, Mo)3Si + 0, — 10TiO, + SiO; + (Ti, Mo)sSi,  (9)

The abovementioned reactions are mainly based on stoi-
chiometries. The reactions (5) and (8) predict the complete
formation of oxides TiO,, Si0, and MoO3. MoO3 will vapor-
ize out at all the isothermal oxidation test conditions i.e.
in 900-1300°C. The calculations performed using stoichio-
metric composition predict a net weight loss of the order of
11.14 mg per oxidation of 100 mg of Mo-40Ti-30Si (at.%) al-
loy. However, all the isothermal oxidation data (Figure 2)
showed weight gain behaviour. Therefore, oxidation of
molybdenum forming MoOs is suppressed. The probabil-
ity of the occurrence of the reactions (6), (7) and (9) is
higher during the oxidation of the alloy.

Figure 8 represents a clearer image of the oxide scale.
The scale mainly consists of dark colour SiO, (silica) ma-
trix in which brighter TiO, (titania) particles are embed-
ded. The presence of these phases was confirmed by quan-
titative EDS analysis and XRD [14]. The brightest particles
(marked as Ti-rich) in Figure 8 were found to be composed
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Figure 9: Cross-sectional BSE image indicating the presence of a
TiO,, rich thin outer layer, and a Mo-rich layer at the scale/alloy
interface.

of two type of compositions namely Ti-50.9, Mo-22.1, Si-
270 (in at.%) ((Ti, Mo)sSi type) and Ti-49.6, Si-50.4 ((Ti,
Mo)sSi, type). The standard deviation of EDS composi-
tion analysis data presented here may be considered as 1
at.% for each element. These analytical results also con-
firm the oxidation mechanisms following the reactions (7)
and (9). Figure 9 shows a BSE image of the scale/substrate
cross-section obtained at 1200°C. A thin TiO, rich layer is
present at the outer layer. The oxide scale is mainly com-
posed with duplex SiO, (TiO,) oxides. The presence of very
fine size bright particles rich in Ti or Mo is also detected
throughout the oxide scale. Figure 10 represents a cross-
sectional image and EDS X-ray maps for the elements Mo
La, Ti Ka, Si Ka and O Ka. EDS maps clearly reveal that O
Ka (Figure 10d) is present in the whole area of the scale. Si
Ka and Ti Ka spots are clearly demarcated separately in Fig-
ures 10(b) and (c), respectively. Figure 10(e) indicates the
presence of Mo-rich particles in the oxide scale and enrich-
ment of Mo at the scale/alloy interface. The quantitative
EDS analysis at the scale/alloy interface indicates the pres-
ence of Si-41.6, Ti-29.8, M0-28.6 (in at.%) forming a Mo-rich
(Ti, Mo)sSi,4 type phase at the interface. Therefore, some
amount of Mo is released through the reaction (6), which
gets distributed in the silicide phases.

Thermodynamic stability of different oxides such as
TiO,, SiO,, MoOs3, and MoO, are compared. The values
of standard free energy of formation at 900°C are -171.13
kcal/mol, —162.89 kcal/mol, —105.01 kcal/mol, and —-85.56
kcal/mol, respectively, for TiO,, SiO,, MoOs, and MoO,.
At 1300°C, the respective free energy values are —158.06
kcal/mol, —150.59 kcal/mol, -91.87 kcal/mol, and -73.59
kcal/mol. The negative free energy values indicate all the
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oxides are stable at these temperatures. The tendency of
formation of the oxides will follow the pattern TiO, > SiO,
> MoO3 > MoO,. The values of free energy of formation for
TiO, and SiO, are much lower than those for MoOs; and
MoO,. Therefore, the formation of a duplex oxide compris-
ing of Ti0,-Si0O; is more probable. The absence of MoOs3 or
MoO; in the oxide scale is attributed to two reasons; (1) mo-
bility of Mo in hexagonal (Ti, Mo)5Si3 phase is low and (2)
the activity or chemical potential (driving force) for Mo ox-
ide formation is lower. It is reported [13] that the migration
barrier of Ti is much lower compared to that of Mo in (Mo,
Ti)sSi3 silicides. Ti diffuses through Mo vacancies and Ti
is more mobile than Mo. The mobility of Si is also more in
these systems. The driving forces for Ti to form TiO, and Si
to form SiO, are comparable. Oxidation behaviour of tita-
nium silicide based systems was studied in detail [16—20].
It was reported that the Si concentration of 39 at.% stabi-
lizes SiO; over TiO, in the Ti-Si-O system when the oxygen
partial pressure is very low [20]. However, both TiO, and
SiO, are formed in air atmosphere.

The growth of the duplex SiO, (TiO,) layer on the Mo-
40Ti-30Si alloy is pretty interesting. From the microstruc-
tures (Figures 3, 4, 8, 9, 10) of the oxide scale, it is clearly
understood that SiO, is forming a sort of matrix type phase
in which TiO, particles are embedded. The whole struc-
ture grows with simultaneous formation of both the oxides
keeping the scale intact with the substrate alloy. No porosi-
ties or cracks are noticed in the scale up to 1200°C. Pure
titanium oxidises intensively beyond 500°C in air by ab-
sorbing oxygen and nitrogen [21]. TiO, crystals are formed
on the surface of Ti, and the oxide layer is non-protective
beyond 700°C forming a porous powdery structure. Non-
stoichiometric TiO, is a metal excess n-type semiconduc-
tor, and it shows good conductivities (electronic and ionic)
even at lower partial pressure of oxygen [22]. On the con-
trary, thermal oxidation of Si produces a thin to thick SiO,
layer which is protective in nature up to very high temper-
atures. Beyond 1250°C, SiO, becomes amorphous and less
viscous. Kinetics of oxidation of Si is reported to linear to
parabolic and growth of oxide layer following parabolic ki-
netics [23, 24]. The activation energy for silica scale growth
in 900-1200°C was reported to be 28.5 kcal/mol [23]. The
activation energy obtained in the current investigation is
slightly lower (17.2 kcal/mol) than that of pure silica. This
is attributed to the presence of TiO, particles in the sil-
ica phase. However, the reported activation energy for wet-
oxygen oxidation of Si is 16.3 kcal/mol [23]. The mecha-
nisms for the scale growth follow three stages; (1) trans-
port of oxygen from air to the outer surface where it is ad-
sorbed, (2) oxygen atoms or ions are transported across the
oxide film towards the alloy, (3) reaction at the alloy sur-
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Figure 10: (a) Cross-sectional BSE image and EDS X-ray maps across the scale/alloy interface for (b) Si Ka, (c) Ti Ka, (d) O Ka and (e) Mo La.

face forming a new layer of SiO, (TiO,). The activation en-
ergies for diffusion of oxygen and water through fused sil-
ica are reported to be 27.0 kcal/mol and 18.3 kcal/mol, re-
spectively [23]. These values are in reasonably good agree-
ment with activation energy of the scale growth. Therefore,
the growth of the duplex protective oxide scale on Mo-40Ti-
30Si is mainly controlled by the growth of the matrix silica
phase by inward diffusion of oxygen.

The accelerated scale growth was observed in 1200-
1300°C with a much higher value of activation energy (77.3
kcal/mol). This could be due to the change of the struc-
ture in the silica accelerating the inward diffusion rate of
oxygen. The fraction of TiO, phase increases in the duplex
scale formed at 1300°C (Figure 4) with increasing time of
exposure. This leads to the creation of stresses at the inter-
faces between SiO; and TiO, forming porosities and cracks
in the oxide layer. However, the oxide layer remained pro-
tective up to 50 h of oxidation at 1300°C in air. (Mo, Ti)Si,
coatings are reported to improve the oxidation resistance
further up to 1500°C [25]. Therefore, the development of
multi-phase Mo-Ti-Si-X alloys possessing superior creep
properties [26] and good oxidation resistance would be the
focus of further studies.

5 Conclusions

Mo-40Ti-30Si (at.%) alloy comprised of (Ti, Mo);Si3 ma-
trix with (Ti, Mo);Si precipitates having a low density (5.8
g/cm?) is a promising material for high-temperature appli-
cation beyond nickel based superalloys. The alloy showed
superior oxidation resistance at 900-1300°C in air. The de-
tailed isothermal oxidation tests conducted at 900, 1000,
1100, 1200 and 1300°C revealed parabolic weight gain be-
haviour with the time of exposure up to maximum of 100 h.
The oxide scale structure analysed in detail using SEM and
EDS exhibited duplex oxide layer comprising with SiO,
matrix with dispersion of TiO, particles. Formation and
volatilization of MoO3; was hindered due to the formation
of the continuous silica layer as matrix and titania as pre-
cipitate type morphology in the oxide scale. The growth
of the oxide layer followed parabolic kinetics. Arrhenius
plots for scale growth rate constant versus temperature
showed two regions between 900-1200°C and 1200-1300°C
indicating the change in mechanisms at higher tempera-
tures due SiO, becoming amorphous. The calculated acti-
vation energy values for scale growth matched well with
the reported values for growth of the silica layer. Hence,
the dominance of silica formation maintained the oxide
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layer continuous, adherent and protective at high temper-
atures.
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