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Abstract: A Ti(ALSi); diffusion coating was prepared on p-TiAl alloy by cold sprayed Al-20Si alloy coating, followed by a
heat-treatment. The isothermal and cyclic oxidation tests were conducted at 900 °C for 1000 h and 120 cycles to check the oxidation
resistance of the coating. The microstructure and phase transformation of the coating before and after the oxidation were studied by
SEM, XRD and EPMA. The results indicate that the diffusion coating shows good oxidation resistance. The mass gain of the
diffusion coating is only a quarter of that of bare alloy. After oxidation, the diffusion coating is degraded into three layers: an inner
TiAl, layer, a two-phase intermediate layer composed of a Ti(Al,Si); matrix and Si-rich precipitates, and a porous layer because of

the inter-diffusion between the coating and substrate.
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1 Introduction

TiAl-based alloys exhibit great potential for
high-temperature structural applications such as turbine
blades of internal-combustion engines, owing to their
low density, high specific strength, and high creep
resistance [1—3]. However, the poor oxidation resistance
at temperature above 800 °C and environmental
embrittlement of p-TiAl limits its application [4-6].
Therefore, the y-TiAl-based alloys should be protected in
order to be used at elevated temperatures.

Many coating systems were applied to improving
the oxidation resistance of y-TiAl alloy. XU et al [7]
reported the NiCrAlY coating with and without an Al
interlayer [7]. GAO et al [8] reported the oxidation
behavior of yp-TiAl-based alloy with Al,O5—Y,0;
composite coatings. GAUTHIER et al [9] and BRAUN
et al [10] studied the performance of thermal barrier
coatings on p-TiAl. IZUMI et al [11] reported the
superior long-term oxidation resistance of Ni—Al-coated
TiAl alloys. The TiAl; intermetallic had good
compatibility with y-TiAl substrate and attracted great
interest. The most common method to prepare TiAls
coating was aluminizing, including pack cementation
[12], thermal spray aluminum and annealing [13],

deposition of aluminum by PVD and annealing [14],
electro- deposition aluminum and annealing [15], and
cold sprayed aluminum and annealing [16].

However, the brittleness and fast degradation during
the high temperature exposure decreased the oxidation
resistance of the TiAl; coating. To improve the properties
of TiAls, the coating modified with the third element was
widely reported [17—22]. XIONG et al [17,18] reported
liquid-phase siliconized by Al-Si alloys on TiAl-based
alloy and studied its oxidation resistance. SWADZBA
et al [19] studied the long-term cyclic oxidation of Al-Si
diffusion coatings deposited by arc-PVD. XIANG
et al [20] studied co-deposition of Al and Si to form
oxidation-resistant coatings by pack cementation.
GORAL et al [21,22] studied the influence of Si on
structure and oxidation resistance of aluminide coatings.
LI et al [23] reported the microstructure and high
temperature oxidation resistance of Si—Y co-deposition
coatings prepared on TiAl alloy by pack cementation
process. The results showed that the aluminide coating
modified with silicon could improve the oxidation
resistance of the bare alloy significantly.

In the study of joining pure aluminum to the TiAl
alloy by using a Si-containing aluminum-based brazing
alloy, XIONG et al [24] found that Si diffused strongly
from the brazing alloy to the surface of TiAl, indicating
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that Si also has a great affinity with Ti in TiAl. Taking
the above phenomenon into account, a Si-modified
Ti(Al,Si); coating was firstly deposited on y-TiAl alloy
by cold sprayed Al-20Si alloy coating and subsequent
heat-treatment in this work. The high temperature
oxidation resistance of the coating was investigated. The
phase transformation, microstructure and composition of
the coating were also studied.

2 Experimental

The nominal composition of the y-TiAl substrate
was Ti—47A1-2Cr—2Nb—0.15B (mole fraction, %),
which was provided by Titanium Alloys Division,
Institute of Metal Research, Chinese Academy of
Sciences. The ingot was cut into 15 mm x 10 mm x
2 mm coupons. The surface of all the specimens was
ground with SiC paper up to 800 grit, cleaned
ultrasonically in anhydrous alcohol, dried and then pilled
before cold spray.

Commercial Al-20Si (mass fraction, %) powders
(by Changsha Tianjiu metallic material Co., Ltd) were
used for cold spray. Before spray, the powders were dried
at 80 °C for 4 h to remove the moisture. The cold spray
device was manufactured by the Institute of Metal
Research, Chinese Academy of Sciences. The De Laval
nozzle was a rectangle exit equipped with a cross section
of 2 mm X 10 mm and a throat of 2 mm x 2 mm. The
parameters for the cold spray process were 360 °C,
2.0 MPa, and 15 mm for gas temperature, gas pressure
and standoff distance, respectively. The as-sprayed
specimens were subjected to heat-treatment at 750 °C for
12 h under argon gas flow of 40 mL/min according to the
optimal experiment. The heating rate was 3 °C/min.
After the heat-treatment, the furnace was then cooled to
room temperature at its natural rate by switching off its
power.

The isothermal oxidation tests were performed in air
in a muffle furnace at 900 °C for 1000 h. The cyclic
oxidation tests were also conducted in a muffle furnace
at 900 °C for 120 cycles. The samples were kept at
900 °C for 1 h and cooled down to room temperature for
10 min as a cycle. During the oxidation test, all samples
were put into the ALO; crucible. Therefore, the
exfoliated oxide was collected and the mass of the
exfoliated oxide was determined. The mass changes of
all samples were measured at regular intervals with a
balance. The sensitivity of the balance is 107 g.

X-ray diffraction (XRD) analysis was conducted on
D/max—2500pc (RIGAKU, Japan). Scanning electron
microscopy (SEM—EDS) imaging was carried out using
JSM—6301F (SHIMADZU, Japan) and Inspect F50 (FEI,
USA). The electron probe microanalysis was performed
using EPMA—-1610 (SHIMADZU, Japan).

3 Results and discussion

3.1 Microstructure of Al-20Si alloy coating before

and after heat-treatment

Figure 1 shows the cross-section microstructures of
Al-20Si alloy coating before and after the heat-
treatment. From Fig. 1(a), it could be seen that the
Al-20Si alloy coating was about 50 pm in thickness. It
bonded well with the substrate and was compact without
visible pores. The Si content in the coating was slightly
less than that in the feedstock, which might be caused by
the Si particle shedding during the sample grinding and
polishing. From the XRD pattern of the Al-20Si alloy
coating as shown in Fig. 2(a), the as-sprayed coating was

Fig. 1 SEM images of cross-section microstructures of Al-20Si
alloy coating before (a) and after (b) heat-treatment
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Fig. 2 XRD patterns of Al-20Si alloy coating before (a) and
after (b) heat-treatment
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composed of aluminum and silicon. This result indicated
that no significant phase transformation occurred during
the cold spray process. This is mainly attributed to the
low spray temperature.

In order to form a Ti(Al,Si); diffusion coating on the
substrate, a heat-treatment was performed at 750 °C for
12 h. From Fig. 1(b), a new layer (80-90 pum) formed
with the disappearance of the A1-20Si alloy coating. The
chemical composition (68.2% Al, 22.9% Ti, 6.4% Si,
1.1% Cr, 1.4% Nb, mole fraction) and XRD pattern in
Fig. 2(b) indicated that the new layer was Ti(Al,Si);
whose Al atoms had been partly substituted by Si atoms
in the ordered lattice of TiAl;. It was reported that the
solubility of Si in the TiAl; phase could reach up to 15%
(mole fraction) [25]. The chemical composition of the
newly formed layer in this work was in agreement with
this result. Figure 3 shows the elemental maps of Al, Ti,
and Si of the diffusion coating. It could be seen that the
distribution of Al and Si in the diffusion coating was
uniform.

3.2 Isothermal oxidation test
3.2.1 Isothermal oxidation kinetics

1157

Figure 4 shows the isothermal oxidation kinetics
curves of y-TiAl alloy with and without the diffusion
coating at 900 °C for 1000 h. It could be seen that the
mass gain rate for both the bare and coated y-TiAl alloy
was fast at the initial oxidation stage (0—24 h). After that
period, the mass gain rate for the coated y-TiAl decreased
greatly while the mass gain rate for the bare y-TiAl still
increased quickly. Severe spallation occurred for the bare
alloy while no spallation was observed on the coated
alloy. The total mass gains of the bare and coated y-TiAl
alloy after 1000 h oxidation at 900 °C were 8.6 and
2.3 mg/cm’, respectively. This result indicated that the
coating decreased the oxidation rate of the y-TiAl alloy
significantly.

3.2.2 Microstructure of oxidized bare alloy

Figures 5(a) and (b) show the surface morphology,
a high magnification (insert) and cross-section of
the oxidized bare y-TiAl alloy at 900 °C for 500 h,
respectively. From Fig. 5(a), it could be seen that sever
spallation occurred on the surface of the oxidized bare
alloy. From the high magnification image (insert) in
Fig. 5(a), large quantities of TiO, crystals were observed
on the surface. From Fig. 5(b), a 15 pm-thick multilayer

) WAP Data Proc. : Multi Display - Inege

Fig. 3 EPMA elemental maps of Al, Ti, and Si of diffusion coating
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Fig. 4 Isothermal oxidation kinetics curves of y-TiAl alloy with
and without diffusion coating after oxidation at 900 °C for
1000 h
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Fig. 5 SEM images of surface morphology (a) and
cross-section (b) of oxidized bare y-TiAl alloy after oxidation at
900 °C for 500 h

oxide scale formed after oxidation. It consisted of an
outer TiO, layer, an intermediate Al,O;-rich layer, and an
inner TiO, and Al,O; mixed-oxide layer, as described in
Ref. [6]. This multilayer oxide scale is prone to crack and
spall off. Thus, y-TiAl alloy shows poor oxidation
resistance at 900 °C in air.
3.2.3 Phase and microstructure of oxidized coating
Figure 6 shows the XRD patterns of the diffusion
coating after oxidation at 900 °C for 100, 300, 500, and
1000 h, respectively. It could be seen that the main phase
of the coating was Al,O; and TiAl; after 100 h and 300 h

oxidation at 900 °C. A small amount of TisSi, phase was
also detected. TiO, phase spectrum was observed until
extending the oxidation time to 500 h. After 1000 h
oxidation, TisSi; phase could be detected. Al,O3 was still
the major oxide phase formed on the coating, even
though weak signals of TiO, were detectable. This result
indicated that the diffusion coating inhibited the
formation of non-protective TiO, and promoted the
formation of protective Al,O; scale.
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Fig. 6 XRD patterns of diffusion coating after oxidation at
900 °C for 100, 300, 500, and 1000 h, respectively

Figure 7 shows the cross-section microstructures of
the diffusion coating after 300 h and 1000 h oxidation at
900 °C. Table 1 lists the EDS analysis results. Figure 8
shows the EPMA elemental maps of the diffusion
coating after 300 h and 1000 h oxidation at 900 °C. From
Fig. 7(a), the coating after 300 h oxidation was seen to
consist of the following three distinct layers: an inner
continuous light gray layer, a two-phase intermediate
region identified by a dark matrix and a light second
phase, an outer porous region. The 20 um-thick inner
layer (Position 1 in Fig. 7(a)) was identified as TiAl,
according to the EDS analysis. It was widely reported
that high temperature exposure resulted in the formation
of a TiAl, layer due to the inward diffusion of aluminum
to the substrate [6,15]. It was noticeable that this TiAl,
layer seldom contained silicon from the elemental map
of Si in Fig. 8(a). This indicated that silicon barely
diffused into substrate during the oxidation test. The
two-phase region was found to consist of silicon-rich
precipitates in an aluminum-rich matrix as shown in
Fig. 8(a). The aluminum-rich matrix (Position 2 in
Fig. 7(a)) was identified as Ti(Al,Si); according to the
EDS analysis. The size of silicon-rich precipitates was
about 1 pum. It contained about 25% (mole fraction)
silicon according to the EDS analysis. Compared with
the silicon distribution of the as-prepared coating in Fig.
3, it demonstrated that accumulation in silicon occurred
in the coating, which resulted in the formation of
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silicon-rich precipitates. The porous region also
consisted of silicon-rich precipitates in an aluminum-rich
matrix. The difference was that the amount of the
silicon-rich phase in the porous region was far less than
that in the intermediate region while the size of the
silicon-rich phase in the porous region was larger. This
silicon-rich phase was identified as TisSiy phase
combining the EDS and XRD analysis.

Fig. 7 SEM images of cross-section microstructures of diffusion
coating after 300 h (a) and 1000 h (b) oxidation at 900 °C

Table 1 EDS analysis results of different positions in Fig. 7

Position % Phase
Al Ti Si Cr Nb

1in Fig. 7(a) 66.1 314 - 04 2.1 TiAl,
2inFig. 7(a) 32.5 36.5 244 5.1 1.5 Si-rich
3inFig. 7(a) 65.1 26.7 52 1.0 2.0 Ti(ALSi);
4inFig. 7(a) 9.5 446 407 26 2.6 TisSiy
5inFig. 7(a) 72.1 253 - 0.8 1.8 TiAly
1inFig. 7(b) 64.1 332 - 0.8 1.9 TiAl,
2inFig. 7(b) 374 342 224 47 13 Si-rich
3inFig. 7(b) 69.7 27.8 - 0.8 1.7 TiAly
4inFig. 7(b) 9.5 456 348 94 07 TisSi;
5inFig. 7(b) 723 25.5 - 06 1.6 TiAly

From Fig. 7(b), it could be seen that the
microstructure of the coating after 1000 h oxidation was
similar to that after 300 h oxidation. The difference was

that the thickness of the TiAl, layer increased with the
oxidation time. Furthermore, the size of the silicon-rich
precipitates also increased. From the elemental map of O
in Fig. 8(b), it could be seen that O had invaded into the
porous region of the coating. However, no oxygen was
observed in the two-phase intermediate region and the
TiAl, layer. This indicated that this multilayer coating
decreased the inward oxygen diffusion effectively and
thus improved the oxidation resistance of the alloy.

3.3 Cyclic oxidation test
3.3.1 Cyclic oxidation kinetics

Figure 9 shows the cyclic oxidation kinetics curves
of y-TiAl alloy with and without the diffusion coating
after oxidation at 900 °C for 120 cycles. The mass gain
of the bare alloy increased quickly with the oxidation
time. Sever spallation was found on the surface. The total
mass gain of the bare y-TiAl reached up to 3.7 mg/cm’
after 120 cycles oxidation. While the total mass gain of
the y-TiAl with coating was 1.2 mg/cm? after oxidation
under the same test conditions for 120 cycles. Slight
spallation only occurred on the edge of coated y-TiAl
sample. The results demonstrated that the coating
increased the cyclic oxidation resistance of y-TiAl alloy
oxidized at 900 °C.

3.3.2 Microstructure of coating after cyclic oxidation

Figure 10 shows the surface morphologies of the
diffusion coating after 1000 h oxidation and 120 cycles
oxidation at 900 °C. From Fig. 10(a), it could be seen
that the surface was comparatively rough. No cracks or
spallation could be found after 1000 h oxidation. The
surface morphology of the coating after 120 cycles
oxidation was similar to that after 1000 h oxidation
except some significant cracks were observed as shown
in Fig. 10(b). Although cracks generated, no spallation
was observed. This indicated that the oxide scale had
good adhesion to the coating.

Figure 11 shows the microstructure and the tip of
the crack of the diffusion coating after 120 cycles
oxidation at 900 °C. It could be seen that the coating
after the cyclic oxidation was also composed of three
layers, which was similar to that after the isothermal
oxidation. However, some significant cracks were
observed in the coating after cyclic oxidation, which was
in accordance with the cracks observed on the surface.
The generation and propagation of these cracks were
attributed to the brittleness of the TiAl; diffusion layer
compared with the TiAl substrate, combining with the
thermal stress produced by the mismatch in the
coefficients of thermal expansion (CTE) between the
coating and substrate. After observing these cracks
carefully, it could be seen that the cracks did not
penetrate into the substrate and ceased to extend the
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Fig. 8 EPMA elemental maps of diffusion coating after 300 h (a) and 1000 h (b) oxidation at 900 °C

bottom of the intermediate two-phase region. Moreover,

a large amount of Si-rich precipitates could be found at 4 Conclusions

the tip of the crack. These precipitates seemed to fill in

the cracks and prevent the cracks from propagation. 1) A Ti(AlSi); diffusion coating was prepared
Although the mechanism is unclear, it indeed has a on the y-TiAl alloy by cold sprayed Al—12Si coating and
positive effect on the oxidation resistance of the coating. subsequent heat-treatment. The total mass gain of the
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Fig. 9 Cyclic oxidation kinetics curves of y-TiAl alloy with and
without diffusion coating after oxidation at 900 °C for
120 cycles

Fig. 10 SEM images of surface morphologies of diffusion
coating after 1000 h oxidation (a) and 120 cycles oxidation (b)
at 900 °C

diffusion coating after 1000h oxidation was
2.3 mg/cm’, only a quarter of that of the bare alloy. This
was mainly because the diffusion coating promoted the
formation of Al,O; scale and thus decreased the inward
oxygen diffusion.

2) After 1000 h oxidation, the diffusion coating was
degraded into three layers: an inner TiAl, layer with a
thickness of about 70 um, a two-phase intermediate layer

Fig. 11 SEM images of microstructure (a) and tip (b) of crack
of diffusion coating after 120 cycles oxidation at 900 °C

composed of a Ti(Al,Si); matrix and Si-rich precipitates
with a thickness of about 50 pm, a porous layer with a
thickness of about 50 pm. The degradation of the coating
mainly resulted from the inter-diffusion between the
coating and substrate.

3) Cracks induced by thermal stress were observed
in the coating after cyclic oxidation. However, they
stopped propagation at the bottom of the intermediate
layer. It might be attributed to the filling of the Si-rich
precipitates.
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