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a b s t r a c t

Alloys formed by Ti–Al intermediary phases have low density and very good high-temperature oxidation
resistance. Further improvement of high-temperature behaviour can be achieved by a suitable addition of
silicon. In this work, Ti–Al–Si alloys containing 20 wt.% of aluminium and 10–20 wt.% of silicon produced
by a reactive sintering technology were tested. Isothermal oxidation tests were carried out at 1000 ◦C in
air. The oxidation rate was determined from weight gains caused by oxide formation. Microstructure and
eywords:
itanium aluminide
itanium silicide
eactive sintering
owder metallurgy
xidation resistance

phase composition of the oxide layers were studied. Microstructure and hardness changes after various
annealing durations were described.

© 2010 Elsevier B.V. All rights reserved.
hermal stability

. Introduction

Bulk intermetallic phases from Ni–Al, Ti–Al and Fe–Al sys-
ems are promising high-temperature materials. These phases are
dvantageous for automotive or aerospace applications due to a
ood thermal stability and high-temperature oxidation resistance
n combination with a density lower than common nickel- or iron-
ase heat resistant alloys. From this viewpoint, Ti–Al intermetallics
ave attracted high attention of both researchers and engineers.

n this grade of materials, density decreases with growing alu-
inium content, while the high-temperature oxidation resistance

nd thermal stability increases. The application limits of Ti3Al
hase are 760 ◦C in inert atmosphere (creep limit) and approx.
00 ◦C in air (oxidation limit) [1]. Application range of TiAl phase

s higher—750 ◦C in air and approx. 900 ◦C in inert atmosphere or
acuum [1]. It shows that the temperature range of application of
ll Ti–Al phases is strongly limited by their high-temperature oxi-
ation. To improve the high-temperature oxidation behaviour of
hese materials, additions of various alloying elements are applied.
ositive effects of niobium and tantalum on high-temperature oxi-

ation resistance were already described [2,3]. However these
eavy elements undesirably increase the density and cost. Other
ossibility how to improve high-temperature behaviour is alloying
ith silicon. Titanium and silicon form stable Ti5Si3 silicide, which
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is used also in the surface treatment of titanium alloys against high-
temperature oxidation [4,5].

Simple reactive sintering powder metallurgy production route
for Ti–Al–Si alloys with aluminium content between 8 and 20 wt.%
and silicon in the range of 10–20 wt.% was developed in our previ-
ous work [6,7] and room-temperature properties were described
[6]. In this work, the oxidation resistance and thermal stability
of these alloys are investigated at a temperature of 1000 ◦C, i.e.
above the air operating limit for TiAl. Oxidation behaviour is com-
pared with the TiAl binary phase produced by conventional vacuum
melting technique.

2. Experimental

In this work, Ti–Al–Si alloys produced by reactive sintering of titanium, alu-
minium, silicon and AlSi30 powders were studied. Powders of titanium, aluminium
and AlSi30 with a particle size of 200–600 �m were prepared by mechanical machin-
ing. Silicon powder with the particle size up to 50 �m was obtained by mechanical
milling. Green bodies of Ti–Al–Si ternary alloys containing 20 wt.% of aluminium and
10–20 wt.% of silicon were produced by blending the above mentioned powders and
uniaxial pressing at the laboratory temperature by a pressure of 260 MPa using Heck-
ert FPZ100/1 universal loading machine. The green bodies had a cylindrical shape of
12 mm in diameter and 10 mm in height. Pressureless reactive sintering was carried
out at a temperature of 900 ◦C for 30 min in an electric resistance furnace in evacu-
ated and sealed silica ampoules. Heating rate of the sample to the reactive sintering
temperature was approx. 300 K/min which was achieved by placing of the sample

to the preheated furnace. Microstructure of prepared materials was observed by an
Olympus PME3 light microscope and a Hitachi S-450 scanning electron microscope
equipped with an EDS analyser. Hardness of the prepared materials was tested by
the Vickers method with a load of 10 kg (HV 10). Silicide grain size was measured by
the means of image analysis (LUCIA 4.8 image analysis software) as the equivalent
diameter of a circle with the same area as the measured grain.

dx.doi.org/10.1016/j.jallcom.2010.05.115
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:panovak@vscht.cz
dx.doi.org/10.1016/j.jallcom.2010.05.115


P. Novák et al. / Journal of Alloys and Compounds 504 (2010) 320–324 321

F
b

w
t

c
r
R
a
s
a
c

3

3

p
o
i
a
T
T

and after annealing (Fig. 3), the hardness decrease is caused by
coarsening of Ti5Si3 grains. In the case of TiAl20Si10 alloy, anneal-
ing at 1000 ◦C for 300 h induced an increase of the average silicide
grain size from approx. 6 �m to more than 13 �m. The dependence
of the silicide grain size on annealing time is linear in all investi-
ig. 1. Microstructure of (a) TiAl20Si20, (b) TiAl20Si15 and (c) TiAl20Si10 produced
y reactive sintering at 900 ◦C for 30 min.

Isothermal oxidation tests were carried out at 1000 ◦C in air. Oxidation rate
as determined from weight gains caused by the oxide formation on the surface of

hermally exposed samples.
Microstructure of the oxide layers was documented by the light microscope,

hemical and phase composition were determined by XRD (Philips X’Pert Pro X-
ay diffractometer) and EDS. Raman spectroscopy (Horiba JobinYvon LABRAM HR
aman dispersion spectroscope with a spectral range of 100–4000 cm−1) was also
pplied to identify the oxides. Thermal stability was studied by the hardness mea-
urement (HV 10) and by the microstructure observation after long-term annealing
t 1000 ◦C. For all of the above described tests, three samples of each alloy and
onditions were used.

. Results and discussion

.1. Microstructure of the reactive sintering products

Fig. 1 shows the microstructure of the studied materials pre-
ared by reactive sintering. Materials were prepared according to
ur previous experiments [7] to achieve the lowest possible poros-

ty with the absence of residual non-reacted components. All alloys
re formed by Ti5Si3 grains surrounded by titanium aluminide.
iAl20Si20 contains TiAl3 phase (Fig. 1a). In the other materials,
iAl aluminide was determined (Fig. 1b and c). The average size of
Fig. 2. Dependence of hardness of Ti–Al–Si alloys on duration of annealing at
1000 ◦C.

silicide grains reaches 6–7 �m in TiAl20Si10 and TiAl20Si15 alloys
and approx. 12 �m in the alloy with 20 wt.% of silicon. Porosity of all
the investigated alloys is below 10 vol.% and is concentrated mainly
in the centre of the sample as it was described in Ref. [6]. The mech-
anism of formation of the porosity proposed in Ref. [6] is following:
during the heating in the electric resistance furnace, the reaction
starts on the surface and propagates to the core of the green body.
The material is probably locally melted by the heat evolved during
the reaction. Residual pores and gas trapped inside during pressing
remain in the centre of the product.

3.2. Thermal stability

During annealing of the investigated alloys at 1000 ◦C, grad-
ual hardness decrease can be observed. Softening during annealing
strongly depends on the alloy composition (Fig. 2). The smallest
hardness changes with the annealing time were detected in alloys
containing 15–20 wt.% of silicon.

As it is evident by comparing the microstructure before (Fig. 1b)
Fig. 3. Microstructure of TiAl20Si15 alloy after annealing at 1000 ◦C for 300 h.
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Fig. 5. Dependence of specific weight gain [g m−2] on duration of oxidation at
1000 ◦C in air.

Table 2
Apparent diffusion coefficients [×10−12 m2 s−1] of oxygen in oxide layers on Ti–Al–Si
alloys at 1000 ◦C.

Time (h) TiAl20Si10 TiAl20Si15 TiAl20Si20

50 1.21 1.02 1.06

element forming the layer [9,11,12].
Assuming that oxygen diffusion through the oxide layer is a

common process controlling the oxidation, apparent diffusion coef-
ficients of oxygen were calculated by Eq. (3), see Table 2. The
apparent diffusion coefficients are almost constant with oxidation
ig. 4. Average equivalent diameter of Ti5Si3 grains vs. duration of annealing at
000 ◦C.

ated alloys (Fig. 4) and can be described by an empiric equation
ccording to the grain growth kinetics published in [8]:

(Ti5Si3) − d0(Ti5Si3) = A · t, (1)

here d(Ti5Si3) is the average equivalent diameter of silicide grains
�m], t represents annealing time [h] and A and d0(Ti5Si3) are the
oarsening rate [�m h−1] and the initial silicide grain size [�m],
espectively.

In TiAl20Si20 alloy exhibiting the lowest hardness decrease, the
oarsening rate of silicide (constant A) is significantly lower than
hat of TiAl20Si10 and TiAl20Si15 alloys. It shows that the hardness
ecrease is proportional to the silicide coarsening rate (Table 1).

.3. High-temperature oxidation

The oxidation tests at 1000 ◦C showed, that the oxidation rate
trongly depends on the silicon content (Fig. 5). The higher is the
ilicon content, the lower is the weight gain caused by oxide forma-
ion. The highest weight gains were determined in the case of cast
iAl45 alloy which was applied as a reference material in oxidation
est.

Process controlling the oxidation was determined by fitting the
ayer thickness, calculated from the weight gains, by the linear
r parabolic growth equation. Linear growth mode can be usu-
lly found during short reaction times. This so-called linear law
s described by Eq. (2) [9,10]:

= K(t − �), (2)

here d is the layer thickness, K is the linear rate constant, t and �
re the reaction time and incubation period, respectively. When the

ayer growth obeys the linear law, the process is controlled by the
ate of chemical reaction producing the intermetallics layer [9,10].

When a process is controlled by diffusion of species through
reaction product, it is generally described by the parabolic law,

able 1
inetic parameters of silicide coarsening.

Alloy A (�m h−1) d0 (Ti5Si3) (�m)

TiAl20Si10 0.025 5.8
TiAl20Si15 0.017 7.0
TiAl20Si20 0.013 12.6
125 2.38 1.44 1.18
200 2.93 1.79 1.18
300 3.35 2.43 1.19

written as:

d2 = 2 · D · t, (3)

where D is the diffusion coefficient of the most slowly diffusing
Fig. 6. Weight of delaminated oxides vs. duration of oxidation.
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Fig. 7. XRD pattern of TiAl20Si15 a

ime in the case of TiAl20Si20 alloy. It indicates that this process is
ontrolled by the inward oxygen diffusion. In the other investigated
lloys the apparent diffusion coefficients continuously increase
ith the oxidation duration. This behaviour can be explained by
delamination of oxide layers that renew the fresh surface for

urther oxidation. Another explanation can be a high porosity of
he oxidation products. In alloys containing 10–15 wt.% of sili-
on, both of these features were identified. The amount of scaled
xides vs. oxidation duration and alloy composition is plotted in
ig. 6. Massive oxide delamination (120–930 g m−2) was observed
n the case of TiAl20Si10 and TiAl20Si15, while the TiAl20Si20 alloy
xhibited a good adherence of oxidized layer to the metallic sub-

trate.

XRD revealed the presence of corundum (Al2O3) and rutile
TiO2) in the oxidized layer (Fig. 7). In addition to these two phases,
n amorphous peak (marked “X”) can be seen in the XRD pattern in
ig. 7, probably belonging to some amorphous silicon-containing

Fig. 8. Raman spectra of TiAl45 and TiAl20Si20 samples o
fter oxidation at 1000 ◦C for 300 h.

phase. Presence of such phase was also recognized by EDS analysis,
which showed silicon-rich regions in the oxide layer. Raman spec-
troscopy carried out on the outer surface of the oxide layer revealed
only rutile (TiO2), see Fig. 8. Other modifications of titanium dioxide
(anatase, brookite) were not identified since these ones are formed
at lower oxidation temperatures [13].

Microstructure of layers formed by oxidation at 1000 ◦C in air
consists of one or two sub-layers, see Fig. 9. Oxide layers on alloys
containing 10–15 wt.% of silicon are composed of two sub-layers
(Fig. 9a). On the surface, TiO2-rich layer (I.) with low content of
Al2O3 can be recognized, as proved by chemical and phase analy-
sis. Second sub-layer (II.) beneath the previous one is composed

of TiO2, Al2O3 and an amorphous silicon-containing compound
marked by “X” in XRD pattern in Fig. 7. This sub-layer is also
enriched by nitrogen, probably in the form of a nitride. In these
alloys, oxide layers are porous and their adherence to the basic
material is poor. On the other hand, the alloy containing 20 wt.%

xidized at 1000 ◦C compared with rutile spectrum.
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ig. 9. Microstructure of the oxide layers on (a) TiAl20Si10 and (b) TiAl20Si20 alloys
fter oxidation at 1000 ◦C for 300 h.

f silicon forms only one compact oxide layer consisting of TiO2,

l2O3 and a silicon-containing compound with good adherence to

he substrate (Fig. 9b). The superior oxidation resistance is proba-
ly caused by two factors: high content of silicon in the alloy and
he matrix formed by TiAl3 phase which was published to have
uperior oxidation resistance to TiAl phase [14,15].
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4. Conclusion

In this work, the oxidation resistance and thermal stability
of Ti–Al–Si alloys produced by reactive sintering were studied
at 1000 ◦C. Structure of the investigated materials is formed by
Ti5Si3 and TiAl or TiAl3. During annealing, hardness of these alloys
decreases due to a coarsening of silicides. The lowest hardness
decrease was determined for the alloy containing 20 wt.% of silicon.
This material also exhibits exceptional high-temperature oxidation
resistance without any delamination of the oxide layers.
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11] P. Novák, D. Vojtěch, J. Šerák, M. Novák, B. Bártová, Defect and Diffusion Forum

263 (2007) 87–92.
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