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High-temperature titanium alloys are considered as good candidate materials for many aerospace
applications. In order to increase the usable temperatures and oxidation resistance of titanium alloys,
plasma spraying thermal barrier coatings (TBCs) on the titanium alloys is considered as an effective
method. The effect of plasma spraying process on microstructure and microhardness of the titanium alloy
(Ti-6.6Al-3.61Mo-1.69Zr-0.28Si in wt.%) was investigated by scanning electron microscope, energy
dispersion analytical X-ray spectroscopy (EDAX) and microhardness test. The results show that the
microstructure of the titanium alloy inside the substrate keeps unchanged after plasma spraying, and no
interaction and atomic diffusion happen evidently at the bond coat/substrate interface. However there
exists a thin layer of plastic deformation zone in the substrate beneath the bond coat/substrate interface
after plasma spraying. The residual stresses are induced inside the titanium alloy due to the thermal
expansion mismatch and the temperature gradient inside the substrate during plasma spraying, and lead
to generating microcracks in the surface beneath the bond coat/substrate interface and the increase of
microhardness in the substrate.
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1. Introduction

As lightweight structural materials, titanium and its
alloys have been widely used in aircraft, automobile, and
space industries. The applications of titanium alloy are
mainly focused on its superior strength, ductility, and
creep resistance at room and high temperatures as well
as unique corrosion resistance and non-magnetic prop-
erties. For some of those applications a high-temperature
capability of above 800 �C is required in order to meet
advanced engine design goals. The upper temperature
limit of the best conventional high-temperature titanium
alloy, usually from the class of near a alloy, is approxi-
mately 600 �C since the conventional titanium alloys
form a non-protective oxide scale consisting of a heter-
ogeneous mixture of alumina and titania during high-
temperature exposure to oxidizing atmospheres. The
affinity of titanium for oxygen is one of the main factors
that deteriorate the application of titanium alloys as
structural materials at elevated temperatures. Oxidation

results in the loss of material by oxide scale growth and
embrittlement of the alloy by dissolved oxygen. Deposi-
tion of protective and thermally insulating coatings that
serve as oxygen barriers is in principle considered as an
effective means to reduce the substrate�s temperature
and suppress both oxidation- and oxygen-induced
embrittlement (Ref 1-3). Research work underwent in
the past decade also showed that it was a more effective
method by the protective coatings to provide improved
oxidation resistance to titanium alloys than by alloying
(Ref 4).

Thermal barrier coatings (TBCs) have been success-
fully used onto the nickel-based superalloy substrates in
recent decades. The primary function of TBCs is to
provide thermal protection to metallic components from
hot gas stream in gas-turbine engines due to their low-
thermal conductivity and thermal diffusivity combined
with proper chemical stability at high temperatures.
Conventional TBCs usually consist of a layer of low-
thermal conductivity ceramic coating, which is commonly
a yttria partially stabilized zirconia (YPSZ) and a layer
of MCrAlY (M = Ni and/or Co) bond coat which pos-
sesses the properties of not only excellent oxidation and
hot corrosion resistances but also sufficient toughness
(Ref 5-7).

In the present work, 8 wt.% YPSZ TBCs were depos-
ited by air plasma spraying on titanium alloy substrates.
The microstructures and microhardnesses of the titanium
alloy before and after plasma spraying were studied. The
aim of the research is to study the effect of plasma
spraying on the changes of the microstructure and
mechanical properties of the titanium alloy.
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2. Experimental

2.1 Sample Preparation

Annealed state titanium alloy disks (Ti-6.6Al-3.61
Mo-1.69Zr-0.28 Si in wt.%) with 80 mm in diameter and
3 mm in thickness were used as the substrates in the work.
The substrates were grit blasted with alumina, ultrasoni-
cally cleaned in anhydrous ethylene alcohol and dried in
cold air prior to coating deposition. Commercially avail-
able 8 wt.% Y2O3-ZrO2 ceramic feedstock powder
(HHZrO-8, Chinese Academy of Agricultural Mechani-
zation Science, Beijing, China) with particle sizes ranging
from 38.5 to 63 lm and NiCrAlY metal powder
(HHNiCrAlY-9, Chinese Academy of Agricultural
Mechanization Science, Beijing, China) with particle sizes
in the range of 10–100 lm were used. A NiCrAlY bond
coat with about 100 lm in thickness was atmospherically
plasma sprayed onto the titanium alloy substrate before
the 300 lm YPSZ top coating was deposited by using the
same air plasma spray system (DH80, Chinese Academy
of Agricultural Mechanization Science, Beijing, China).
No air cooling on the backside of the substrates was ap-
plied during the plasma spraying process. The tempera-
tures of the substrate backside were measured with an
infrared thermometer (F68, FLUKE, USA) during the
spraying process. The spraying parameters are given in
Table 1.

2.2 Microstructure Observation and
Microhardness Test

The microstructures of the substrate and the interfacial
morphology were investigated using a field emission
scanning electron microscope (FESEM, Model Sirion
200), equipped with an energy dispersion analytical X-ray
spectroscopy (EDAX, Oxford INCA, High Wycombe,
UK), which was used for the analyses of element area
distribution, and a Leco-I32A optical microscope with an
image analysis system (LECO Corporation, St. Joseph).

The microhardness test was performed using a Vickers
indentor (HXD-1000A, Shanghai, China) with a load of
100 g for a dwell time of 15 s for the substrates. The cross
sections were polished before the indentations and the
distance between the two indentations was at least three
times the diagonal to prevent stress-field effects from
nearby indentations. The microhardness value for the

substrate was taken from the average value of all mea-
surement points. Ten measurement points that were dis-
tributed evenly along the thickness of the substrate were
selected to observe the variation of microhardness.

3. Results and Discussion

3.1 Microstructure of the Substrate

The substrate, which is an a + b type titanium alloy, can
be used for long term at the temperature of 500 �C.
Figure 1 shows the microstructures of the titanium alloy
substrate before and after plasma spraying. It reveals that
the substrate is composed of the a phase with equiaxed
grains and elongated grains, and the b phase which is
distributed along the a phase grain boundaries. The a
phase constitutes the dominative structure, representing
more than 70% of the volume fraction of the substrate, as
obtained by using the image analysis system. There is no
obvious change of microstructure happened inside the

Table 1 Plasma spraying parameters for the TBCs

NiCrAlY YPSZ

Current, A 480 510
Voltage, V 65 75
Primary gas, Ar, lÆmin)1 37 ...
Primary gas, N2, l Æmin)1 ... 37
Secondary gas, H2, l Æmin)1 5 5
Powder feeding rate, gÆmin)1 50 15
Torch traverse speed, mmÆs)1 10 6
Substrate rotation speed, rpm 126 126
Stand off distance, mm 100 60 Fig. 1 The microstructures of the internal substrate (a) before

and (b) after thermal spraying
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substrate after plasma spraying by comparison of the two
microstructures of titanium alloy, as observed in Fig. 1. It
results from the short period of heating process on the
substrate and the moving of the spray gun and the sub-
strate during plasma spraying, all which made the sub-
strates stay at low temperatures, and keep the
microstructure intact. The measured highest surface tem-
perature on the disk backside during plasma spraying was
520 �C. The phase transformation temperature for this
titanium alloy is 1000 ± 20 �C (Ref 8). Therefore the
microstructure of the internal substrate keeps unchanged
after plasma spraying.

However, the surface of the substrate beneath the bond
coat/substrate interface shows a different morphology in
contrast to the substrate inside. A thin layer of plastic
deformation zone exists evidently in the substrate surface,
as shown in Fig. 2. The grains in the zone turn deformed
to one direction with a river-like microstructure along the
bond coat/substrate interface. It may be explained that
during plasma spraying, the feedstock particles were sent
and heated to above their melting point in the plasma jet.
Next, the molten droplets with high temperatures were
accelerated and impacted upon the rotating substrate
surface which was moving normal to the plasma gun with a
relative velocity in order to get a fully sprayed surface, and
then passed the heat flux to the substrate surface, which
could increase the transient temperature of the substrate
surface to a high level. On the other hand, the substrate
with 3 mm thickness, which was stiff and tough enough to
prevent the disk from deformation during plasma spray-
ing, limited the heat conduction through the substrate, and
helped to increase its own temperature. Thus, the sub-
strate surface was led to a near-molten state. With the
cooperation of the impacting of high-speed molten drop-
lets from one certain direction and the low-deformation
resistance of the substrate surface at high temperatures,
the plastic deformation zone beneath the bond coat/
substrate interface was formed.

The thickness of the plastic deformation layer is non-
uniform, as seen in Fig. 2. This phenomenon is related

with the flattening ability of molten droplet and the
inhomogeneous distribution of molten droplets during
plasma spraying. The molten droplets got flattened after
impinging on the substrate. However, the thickness of the
flattened droplet was uneven with a thick core, and a thin
brim. Therefore, the core with more heat would produce a
thick plastic deformation zone, vice versa. The inhomo-
geneous distribution of molten droplets made the contact
area and heat flux randomly distributed and resulted in the
variation of thickness of the plastic deformation zone in
the surface. In addition, the physical contact between the
splat and the substrate is sometimes limited to several
small contact areas, which also leads to the non-uniform
thickness of the plastic deformation layer. Moreover, the
spraying velocity and the scanning velocity also have an
effect on the variation of thickness because they are
connected with the energy input to the substrate.

Figure 3 shows the cross-sectional microstructure of a
polished plasma-sprayed coating system and the element
planar distribution around the bond coat/substrate
interface after plasma spraying. It can be seen that the
element distributions of Zr, Ni, and Ti have clear edges
at the interfaces within the region and the atomic diffu-
sion between different materials does not take place
evidently. It can also be seen that the bond coat has a
lamellar microstructure with pores, which is typical of
microstructure of plasma spraying. During the spraying
process, the molten droplets impinged upon the surface
and flowed into thin splats, which adhered to the surface
in an overlapping and interlocking fashion as they
solidified, and then the lamellar structure was formed.
The undulated interfaces related with the bond coat are
clearly observed in Fig. 3. The undulations are favorable
for adhesion of the interface by increasing the mechani-
cal anchoring. However, they often induce imperfection,
microcracks, and tensile stresses perpendicular to the
interface, which cause the eventual failure of TBCs.
Figure 4 shows the bond coat/substrate interface. Com-
bined with the element distribution in Fig. 3, it is can be
obtained that the interface is clear, and there is not an
interaction zone observed at the interface. The atomic
diffusion between different materials did not take place
evidently because of the short time at high temperature
during plasma spraying. Therefore the interlocking
mechanism is the main reason for the coating adhesion.
Several microcracks are observed in the substrate be-
neath the bond coat/substrate interface from Fig. 4. The
reason may be that the tensile stresses were generated on
the substrate surface when the interface which was hotter
than the internal substrate cooled down slowlier than the
outside surface from high temperatures after thermal
spraying. Moreover, the temperature gradient in the
substrate, i.e., high temperature in the interface and low
temperature at the backside of the substrate, which lead
to generation of tensile stress in the bond coat/substrate
interface as well during plasma spraying. When the
maximum tensile stress was larger enough, the micro-
cracks were initiated and propagated. Meanwhile, the
existence of a thermal expansion coefficient mismatch of
different materials also caused the crack formation.

Fig. 2 The thin layer of plastic deformation zone in the sub-
strate surface after air plasma spraying
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3.2 Microhardness

The mean values of microhardness at 100 g load for a
dwell time of 15 s for the substrate before and after
plasma spraying are 340 ± 14 HV and 405 ± 32 HV,
respectively. It is evident that the microhardness of the
substrate increases after plasma spraying. The microh-
ardness difference for the substrate before and after
plasma spraying reaches approximately 16%. As discussed
in the previous section, the residual stresses which formed
microcracks exist in the substrate; accordingly the in-
creased microhardness value of the substrate after plasma
spraying shows another evidence for the existence of
residual stresses induced by the plasma spraying process.

Figure 5 presents the Vickers microhardness distribu-
tion after plasma spraying. The measurement points are
evenly distributed along the thickness of the substrate. It
can be seen that the microhardness values near the bond

Fig. 4 SEM cross-sectional microstructure of the polished
as-sprayed coating at the bond coat/substrate interface

Fig. 3 SEM morphology (a) and element planar distributions around the bond coat/substrate interface after plasma spraying (b), (c),
and (d)
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coat/substrate interface are obviously higher than that of
the substrate inside. As we know that thermal stresses
induced by thermal gradient and thermal expansion
coefficients mismatch influence the substrate�s mechanical
properties, the area near the bond coat/substrate interface
is affected by plasma spraying process directly, and the
induced thermal stresses are concentrated in the area.
Thus, the microhardness values in that area increased
significantly. The microhardness values of the internal
substrate were also influenced to get increased, but less
than those near the interface. Moreover, the microhard-
ness value near the naked surface is also slightly higher
than that of the internal substrate after spraying. It may be
explained that residual stresses induced by rapid cooling
rate in the surface were responsible for this phenomenon.

4. Conclusions

The microstructure of the titanium alloy inside the
substrate keeps unchanged after plasma spraying. Neither
interaction nor atomic diffusion happens at the bond

coat /substrate interface during plasma spraying. However
there exists a thin layer of plastic deformation zone in the
substrate beneath the bond coat/substrate interface after
plasma spraying and the thickness of the plastic defor-
mation zone is non-uniform.

The thermal stresses are induced inside the titanium
alloy during plasma spraying because of the temperature
gradient and the mismatch of the thermal expansion
coefficients, which are partially released by cracking, and
some remained in the substrate. This leads to the micro-
cracks formed beneath the bond coat/substrate interface
and the increase of microhardness value in the substrate
after plasma spraying.
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