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Abstract: In order to improve the high temperature oxidation resistance of TiAl alloy, Y modified silicide coatings were prepared by
pack cementation process at 1030, 1080 and 1130 °C, respectively, for 5 h. The microstructures, phase constitutions and oxidation
behavior of these coatings were studied. The results show that the coating prepared by co-depositing Si—Y at 1080 °C for 5 h has a
multiple layer structure: a superficial zone consisting of Al-rich (Ti,Nb)sSi, and (Ti,Nb)sSi;, an out layer consisting of (Ti,Nb)Si,, a
middle layer consisting of (Ti,Nb)sSi4 and (Ti,Nb);sSi3, and a y-TiAl inner layer. Co-deposition temperature imposes strong influences
on the coating structure. The coating prepared by Si—Y co-depositing at 1080 °C for 5 h shows relatively good oxidation resistance at
1000 °C in air, and the oxidation rate constant of the coating is about two orders of magnitude lower than that of the bare TiAl alloy.
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1 Introduction

In recent years, Ti—Al based intermetallics have
received significant attention, since they possess low
density, high specific strength and low cost compared to
currently used nickel-based super alloys [1-3]. It is
estimated that, with the use of TiAl alloy in aero-engine,
potential component weight savings of over 50% can be
achieved over conventional super alloys [4]. However,
the high temperature oxidation resistance of TiAl alloys
is relatively poor because they can hardly form a
continuous Al,O; scale, but the non-protective TiO, and
Al,O; mixed scale [5]. This becomes a ‘“notable”

problem that impacts the performances of TiAl alloys [6].

Thus, a protective coating is necessary for the high-
temperature applications of TiAl alloy.

Hence, a number of techniques including ion
implantation, plasma spray and sputtering deposition
have been studied in the past decades to improve the
oxidation resistance of TiAl alloy [7]. Among these
techniques, the pack cementation, which is a
combination of high volume, low capital and operating
cost and applicable for a wide range of shapes and sizes,
has been widely accepted and used in a broad range of

applications to enhance the surface properties of nickel-
based superalloys and steel components with great
success [8], but that was seldom reported on TiAl alloy.

Due to the formation of a protective SiO, scale with
sufficient low growth rate at high temperature, silicide
coatings were extensively employed to improve the
surface properties of nickel and Ti components [9].
However, the brittleness of silicide coatings always leads
to cracking and spalling. Therefore, modified elements
such as Al, B, Zr and Y. have been employed to develop
the silicide coatings. Among these elements, Y has been
reported to be beneficial in reducing the grain size and
improving the ductility of the coatings [10—13].

In this work, Si—Y co-deposition coatings were
prepared on a TiAl alloy by halide activated pack
cementation (HAPC) technique. The structures and the
phase constituents of the Si—Y co-deposition coatings
were studied. The oxidation behaviors of both TiAl
substrates and coatings at 1000 °C were also
investigated.

2 Experimental

The TiAl alloy used in this work was supplied by
the State Key Laboratory of Solidification Processing of
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China with a nominal composition of Ti—35A1-9Nb
(mole fraction, %). Samples used in experiments were
cut into 10 mmx10 mmx3 mm by electro-discharge
machining and ground with 1000 grit SiC paper, and then
ultrasonically cleaned in an acetone bath just before
coating preparation.

The Si—Y co-deposition coatings were prepared in
an electric tube furnace with the pack mixtures
composing of 15S5i—2Y,0;—8NaF-75AL,0; (mass
fraction, %). While the Si and Y,03 powders were used
as donor sources, the NaF powder was used as activator
and the Al,O; powder was used as filler. Before the
experiments, each kind of the powders was weighed
according to the ratio and then mixed up by tumbling in a
ball mill for 4 h. The coating preparation process was the
same as what has been reported in Ref. [14]. In detail,
specimens to be coated were firstly buried in the pack
powders in an alumina crucible, which were then sealed
with an Al,O3-based silica sol binder. According to the
results of our previous study [14], the co-deposition
temperature was selected as 1030, 1080 and 1130 °C,
respectively. The furnace was heated to these
temperatures at a rate of 15 °C/min. After holding at the
co-deposition temperature for 5 h, the specimens were
furnace cooled to room temperature.

The oxidation behaviors of both TiAl alloy and
coating specimens were examined at 1000 °C
isothermally in static air in an electric furnace. The
coating specimen was placed in an alumina crucible, so
that the total mass change including spalled oxides could
be obtained. Prior to the oxidation test, the crucible was
heated at 1200 °C until no mass change was observed.
The mass changes of the specimens were monitored by
intermittent weight measurement and weighed in an
electronic balance with an accuracy of 0.1 mg. The
specimens were rapidly taken out of the furnace to cool
at room temperature and then placed back into the
furnace after a weight measurement.

X-ray diffraction analysis (XRD, Panalytical X Pert
PRO), was employed to identify the phases of both
coating and oxidized specimens. Their cross-sectional
microstructure and chemical composition of the
constituent phases were analyzed by a scanning electron
microscope (SEM, JSM—6360LV) equipped with an
energy dispersive spectroscopy (EDS).

3 Results and discussion

3.1 Coating structure

Figure 1 presents the surface and cross-sectional
backscatter electron (BSE) images of the Si—Y
co-deposition coatings prepared at 1080 °C for 5 h.
As can be seen in Fig. 1(a), the coating had a compact
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Fig. 1 BSE images of Si—Y co-deposited coating prepared at
1080 °C for 5 h: (a) Surface morphology; (b) Cross-sectional
BSE image; (c) Enlarged BSE images of middle layer and inner
layer

surface free of micro-cracking and spalling. The cross-
sectional BSE images of the coating (Fig. 1(b)) revealed
that the coating with a total thickness of about 41 um,
possessed five distinctive layers.

Figure 2 shows the XRD patterns conducted
respectively on the surface, outer layer, middle layer and
inner layer of the coating, and Table 1 presents the EDS
analysis results of the typical constituent phases in each
layer. It can be seen that the superficial zone of the
coating was about 3 pum in thickness, possessing a
composition of 6.49A1-37.60Si—48.33Ti—6.97Nb—0.61Y
(mole fraction, %) (Table 1, site 1). According to the
binary Ti—Si phase diagram [15], this superficial zone
could be composed of Al-rich (Ti,Nb)sSiy and
(Ti,Nb)sSi; phases, which were also confirmed by the
XRD pattern conducted on the surface of the coating
(Fig. 2(a)). It should be emphasized that Ti and Nb could
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Fig. 2 XRD patterns of original surface (a) of Si-Y
co-deposition coating prepared at 1080 °C for 5 h and surfaces
after coating being stripped off about 5 pm (outer layer) (b), 11
um (outer portion of middle layer) (c), 20 pm (lower portion of
middle layer) (d) and 30 pm (inner layer) (), respectively

Table 1 Chemical compositions determined by EDS analysis of
sites marked by arrows with numbers 1-8 in Fig. 1 (molar
fraction, %)

) Mole fraction/%
Site
Al Si Ti Nb Y
1 6.49 37.60 48.33 6.97 0.61

2 - 63.21 31.59 4.57 0.63
3 - 41.77 52.60 5.05 0.58
4 - 44.60 48.30 6.64 0.46
5 - 35.85 58.14 5.62 0.39
6 - 35.55 54.23 9.77 0.45
7 42.68 2.78 46.65 7.89 -

8 36.93 10.32 43.09 9.66 -

be observed in the pack mixtures adjacent to the surface
of the coating. As Nb and Ti were not the deposition
elements containing in the pack mixtures, the appearance
of Ti and Nb in the pack could be an evidence of outward
diffusion mechanism and/or reactions between the
substrate and the vapor phases in the pack. Thus, it is
reasonable to deduce that the formation of the coating in
superficial zone could be resulted from two possible
mechanisms: 1) both outward diffusion of Ti and Nb
from the base alloy and the inward diffusion of Si in the
pack; 2) Ti and Nb in the coating reacted with the
activator (NaF) or other vapor species such as SiF,
(x=1-4) and AIF, (y=1-3) to produce the Ti and Nb
containing vapor species in the pack. However, further
experiments should be carried out to confirm whether
these two explanations are correct.

Beneath the superficial zone, there existed an out
layer with a thickness of about 8 um, EDS analysis

revealed that it had a composition of 63.21Si—31.59Ti—
4.57Nb—0.63Y (mole fraction, %) (Table 1, site 2).
Together with the binary Ti—Si phase diagram [15] and
XRD analysis results (Fig. 3(b)), this outer layer was
determined to be (Ti,Nb)Si,.

As shown in Fig. 1(c), the middle layer was about
15 pm thick and had a double-layer structure, consisting
of gray matrix (Fig. 1, site 3) in its outer portion and
light-gray matrix (Fig. 1, site 5) in its lower portion. EDS
analysis proved that the gray matrix (Table 1, site 3) had
a composition of 41.77Si—-52.60Ti—5.05Nb—0.58Y (mole
fraction, %), while the light-gray matrix (Table 1, site 5)
had a composition of 35.85Si—58.14Ti—5.62Nb— 0.39Y
(mole fraction, %). Together with the binary Ti—Si phase
diagram [15] and XRD analysis results (Figs. 2(c) and
(d)), the gray matrix was determined to be (Ti,Nb)sSiy,
and the light-gray matrix was determined to be
(Ti,Nb)sSi;. Moreover, it was easily found that some
bright tissues were present throughout the middle layer.
From the EDS analysis results (Table 1, sites 4 and 6)), it
was obvious that these bright tissues were Nb-rich
phases.

The inner layer was about 15 pum thick and showed
a discontinuous morphology, characterized by dark gray
matrix and white noodle-like tissues. EDS analyses
demonstrated that the dark gray matrix (Fig. 1, site 7)
had a composition of 42.68A1-2.78Si—46.65Ti—7.89Nb
(molar fraction, %), while the noodle-like tissues (Fig. 1,
site 8) had a composition of 36.93A1-10.32Si—43.09Ti—
9.66Nb (mole fraction, %). Together with the binary
Ti—Al phase diagram [16] and XRD analysis results
(Fig. 2(e)), both the dark gray matrix and the noodle-like
tissues in the inner layer were supposed to be composed
of y-TiAl. However, it should be noted that the content of
Si in the white noodle-like tissues (10.32%, molar
fraction) was higher, but the content of Al (36.93%) was
much lower when compared with those in the dark
matrix, which suggested that the white noodle-like
tissues were Si-rich y-TiAl. Additionally, it can also be
seen that the inner layer of the coating possessed higher
Al content when compared with the base alloy, because
the solid solubility of Al in silicide coating was lower
than that in the Ti—Al based alloy [17]. In this case, it is
reasonable to deduce that the higher content of Al in the
inner layer could be resulted from the inward diffusion of
Si, which pushed Al element from the coating to the
substrate gradually.

3.2 Effects of temperature on coating structure

Figure 3 presents the cross-sectional BSE images
and element content profiles of the Si—Y co-deposition
coatings prepared at respectively 1030 °C and 1130 °C
for 5 h. It is obvious that the co-deposition temperature
imposed strong influences on the coating structure. As
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Fig. 3 Cross-sectional BSE images and element content profiles

1130 °C (c, d) for 5 h

can be seen from Fig. 3(a), the coating prepared at
1030 °C was only about 20 pum thick, mainly consisting
of two layers. XRD pattern conducted on the surface of
the coating (Fig. 4) revealed that the outer layer of the
coating was mainly composed of (Ti,Nb)sSi; phase,
which was also confirmed by EDS analyses (Fig. 3(b)).
The inner layer was mainly composed of gray matrix and
noodle-like tissues. EDS analysis results suggested that
both gray matrix and noodle-like tissues were y-TiAl,
which were similar to the inner layer of the coating
prepared at 1080 °C for 5 h. The lower content of Si in
the coating could be harmful to the oxidation resistance
of the coating, because the formation of a continuous
Si0, scale requires a content of Si exceeding 40% in the
coating.

However, the thickness of the coating increased up
to about 60 pm with increasing the co-deposition
temperature to 1130 °C, and the coating structure was
also very different from that of the coating prepared at
1030 °C, as can be seen in Fig. 3(c). Both EDS analysis
(Fig. 3(d)) results and XRD pattern conducted on the
surface of the coating (Fig. 4) revealed that the structure
of the coating prepared at 1130 °C was similar to that
of the coating prepared at 1080 °C, consisting of a
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Fig. 4 XRD patterns conducted on surfaces of Si—Y
co-deposition coatings prepared at respectively 1030 °C and
1130°Cfor5h

(Ti,Nb)Si, out layer, a middle layer with (Ti,Nb)sSi4 in
its upper portion and (Ti,Nb)sSi; in its lower portion, and
a p-TiAl inner layer. It should be noted that numerous
holes could be observed in the middle layer of the
coating, as shown in Fig. 3(c). These holes could be
caused by the outward diffusion of Ti and Nb during the
coating formation process, which could produce
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vacancies in the coating.

Based on the structure of the co-deposition coatings
prepared at respectively 1030, 1080 and 1130 °C, it was
reasonable to deduce that the phase formation and
transformation mechanisms in the coatings might be
explained as follows: with the uninterrupted inward
diffusion of Si from the pack to the substrate, (Ti,Nb)sSi;
formed firstly by the reaction of S5Ti+5Nb+3Si—
(Ti,Nb)sSi;, which had the lowest formation enthalpy
(—588.86 kJ/mol), followed by the reactions of
(Ti,Nb)sSiz+Si—(Ti,Nb)sSiy  and  (Ti,Nb)sSiz+Si—
(Ti,Nb)Si,, which would drive Al element from coating
surface to the substrate and form the y-TiAl inner layer,
as a result of the lower solid solubility of Al in Si
silicides than those in the Ti—Al base alloy [18].
Moreover, (Ti,Nb)sSi; was regarded as the front interface
of the reactive diffusion of Si during the coating
formation process, and remained in the front of
(Ti,Nb)sSiy layer finally. These reactions would consume
Si element and lead to the deficiency of Si atoms in the
pack at the last stage of the co-deposition process. And
also, it is considered that the solid state diffusion
coefficient of the elements in the coating can be
described as an exponential relationship with the
deposition temperature. Therefore, the increased
co-deposition temperature would course of increase both
inward diffusion of Si and outward diffusion of Ti and
Nb in the coating. As a result, vacancies produced by the
outward diffused Ti and Nb cannot be refilled by Si, and
gradually accumulated to form holes in the coating
prepared at high temperature (1130 °C). These holes
would offer an easy path for the inward diffusion of O
during the oxidation process, which could be harmful to
the oxidation resistance of the coating.

3.3 Oxidation behavior of selected coatings at 1000 °C
3.3.1 Oxidation kinetics

The Si—Y co-deposition coating prepared at 1080
°C for 5 h was selected for oxidation test. Figure 5
presents the oxidation kinetics of both Si—Y
co-deposition coating and TiAl based alloy at 1000 °C. It
could be found that the mass gain of the coatings was
nearly linear to a square root of oxidation time, which
suggested that the oxidation kinetic of the coating
followed a parabolic law. This parabolic law introduced
that the oxidation process of the Si—Y co-deposition
coating was controlled by diffusion. Considering that the
parabolic equation was described as yzzkpt, where y is
the mass gain, ¢ is the oxidation time and k, is the
parabolic rate constant of oxidation, the parabolic rate
constants for the oxidation of the bare alloy and the Si—Y
co-deposition coating were respectively 4.54 and
4.04x107%, It can be seen that the oxidation rate constant

of the Si—Y co-deposition coating was lower than that of
the bare TiAl alloy by about two orders of magnitude.
Obviously, the Si—Y co-deposition coating possesses
much better oxidation resistance than that of the bare
alloy at 1000 °C.
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Fig. 5 Comparison of oxidation kinetics of Si—Y co-deposition

coating and TiAl based alloy at 1000 °C

3.3.2 Oxide scale morphologies

Figure 6 shows the cross-sectional BSE image and
surface XRD pattern of the TiAl based alloy after
oxidation at 1000 °C for 10 h (when the oxidation time
was longer than 10 h, the oxide scale formed on the TiAl
based alloy flaked off during the cooling process). The
elemental contents characterized by EDS analysis in the
typical area of the scale (sites 9—12) are given in Table 2.
It can be seen that the oxidation scale is basically
composed of two typical phases: the light-gray phase
(sites 9 and 11) with a typical composition of 61.260—
33.06Ti—5.67Al, and the dark phase (site 10) with a
typical composition of mainly composed of 40.990—
32.29A1-26.72Ti. Together with the XRD patterns
shown in Fig. 6(b), the light-gray phase was determined
to be TiO,, and dark phase could be a mixture of TiO,
and Al,Os;. Beneath the scale, there exists a thin white
zone (site 12). EDS analysis results demonstrated that the
white zone had a composition of 29.22A1-47.72Ti—
23.06ND, suggesting that it was Nb-rich TiAl.

From the above discussion, it was obvious that the
scale formed on the based alloy was mainly composed of
TiO,, with little Al,Os, though the content of Al in the
base alloy was as high as 35%. These results were in
agreement with RAKOWSKI et al [19], who studied the
oxidation behavior of y-TiAl at 1000 °C. It has also been
reported that only if the content of Al in the binary Ti—Al
alloys exceeds 60%, a stable Al,O; scale can form on the
alloy [20]. As the diffusion rate of O in the TiO; is larger
than that in Al,Os, the mixed TiO, and Al,O; scale could
be less protective compared with continuous Al,O; scale
and/or SiO, scale.
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Fig. 6 Cross-sectional BSE image (a) and XRD pattern (b) of
surface of TiAl alloy after oxidation at 1000 °C for 10 h

Table 2 Chemical compositions determined by EDS analysis of
sites marked by arrows with numbers 9—12 in Fig. 6(a)

Site (0] Al Ti Si Nb Y

9 61.26 5.67 33.06 - - -
10 40.99 3229  26.72 - - -
11 57.04 0.59 37.76 - 4.61 -
12 - 29.22  47.72 - 23.06 -

Figure 7 shows the cross-sectional BSE image and
surface XRD pattern of the Si—Y co-deposition coating
after oxidation at 1000 °C for 10 h. It can be seen that the
scale was about 5 pm thick, with numerous pores formed
on the surface of the coating. EDS analysis results
revealed that it had a composition of 65.230—1.33A1—
29.73Ti—3.14Si—0.57Nb. According to the XRD pattern
(Fig. 7(b)), the scale was determined to be TiO,, with
low contents of Al,Oz and SiO,. This was consistent with
QIAO et al [21] who have studied the oxidation behavior
of TisSis, and their results revealed that the formation of
TiO, was prior to SiO, in the scale. Beneath the scale,
(Ti,NDb)Si, layer remained. However, compared with the
coating before oxidation (Fig. 2(b)), it can be found that
the thickness of the (Ti,Nb)Si, outer layer decreased to
about 6 pm while that of the (Ti,Nb)sSi; middle layer
increased from 6 pm to 12 um. And also, the original
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Fig. 7 Cross-sectional BSE image (a) and XRD pattern (b) of
surface of Si—Y co-deposition coatings after oxidation at
1000 °C for 10 h

(Ti,Nb)sSis middle layer disappeared after oxidation at
1000 °C for 10 h, as revealed by EDS analysis results
(sites 13 and 14 in Fig. 7(a)), and this could be mainly
resulted from the transformation of (Ti,Nb);Si;—
(Ti,Nb)sSiz+Si.

Figure 8 presents the cross-sectional BSE images
and XRD pattern conducted on the surface of the Si—Y
co-deposition coating after oxidation at 1000 °C for 50 h.
It can be seen that a dense scale with a thickness of about
10 pm formed on the coating. Beneath the scale,
numerous holes could be observed in the middle portion
of the remained coating. Moreover, it was easily found
that the thickness of the remained (Ti,Nb)sSi; middle
layer increased from 11 pm to 25 um, while that of the
y-TiAl inner layer decreased to 7 pum. This could be
resulted from both outward diffusion of Si and Ti to form
oxides and the continuous inward diffusion of Si in the
coating during the oxidation process.

From the enlarged cross-sectional BSE image
(Fig. 8(b)), it can also be seen that the scale had two
layers: the outer layer was mainly composed of dark
matrix and light-gray tissues, and the inner layer was
mainly composed of gray phase. EDS analyses revealed
that the dark matrix in the outer layer had a composition
of 74.780—-1.50A1-17.83Si—4.41Ti—0.88Nb—0.60Y and
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Fig. 8 Cross-sectional BSE images (a, b) and XRD pattern (c)

of surface of Si—Y co-deposition coating after oxidation at
1000 °C for 50 h

the light-gray tissues had a composition of 67.880—
32.12Ti, which indicated that the dark matrix and
light-gray tissues in the outer layer were respectively
SiO, and TiO,. While the gray phase of inner layer
possessed a composition of 62.280—-5.88A1-21.65Si—
8.87Ti—0.72Nb, which indicated that it was composed of
a mixture of SiO,, TiO, and Al,O;. These results from
EDS were also confirmed by the XRD pattern conducted
on the surface of the coating, as shown in Fig. 8(c).

From the above discussion, it could be found that
the SiO, was the dominate phase in the scale. As the
diffusion rate of O in SiO, was much lower than that in
TiO,, lower content of TiO, in the scale could be
beneficial in promoting the oxidation resistance of the

coating. Moreover, it should be noted that Y was mainly
detected in SiO, phase, the incorporation of Y in the
external scale improved the sintering characteristics and
plasticity of the oxides, which reduced the stress in the
scale, and therefore the scale could adhere to the coating
firmly after oxidation at 1000 °C for 50 h [22]. Moreover,
TIAN et al [23] have reported that the existence of Y in
the scale could suppress the outward diffusion of Ti
during the oxidation process, which subsequently
resulted in a lower oxidation rate compared to the TiAl
based alloy.

4 Conclusions

1) The Si—Y co-deposition coatings prepared at
1080 °C for 5 h had a multiple layer structure, consisting
of an Al-rich (Ti,Nb)sSiy and (Ti,Nb)sSi; superficial zone,
a (Ti,Nb)Si, out layer, a (Ti,Nb)sSi, and (Ti,Nb)sSi;
middle layer, and an y-TiAl inner layer.

2) Co-deposition temperature imposed strong
influences on the coating structure. The coating prepared
at 1030 °C for 5 h mainly consisted of a (Ti,Nb)sSi; outer
layer and p-TiAl inner layer. The coating prepared at
1130 °C had similar coating structure with that prepared
at 1080 °C for the same holding time of 5 h, except for
numerous hole formed in its middle layer.

3) The Si—Y co-deposition coating prepared at 1080
°C for 5 h possessed relatively good isothermal oxidation
resistance at 1000 °C in air. After oxidation, a dense
scale consisted of SiO,, Al,O; and TiO, formed on the
coating. The growth of the scale obeyed a parabolic
kinetics, and the oxidation rate constant of the coating
was lower than that of the bare TiAl alloy by about two
orders of magnitude.
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