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Abstract: Effect of substrate material on the microstructure, texture, phase and hardness of a Ti-48Al-2Cr-2Nb alloy

processed by laser melting deposition (LMD) was investigated. With the increase of the number of deposited layers, the

microstructure of the deposited layers changes from basket structure to equiaxed structure and finally evolves into lamellar

structure, and a»(Ti3Al) phase decreases and y(TiAl) phase increases gradually. Different TiAl alloy layers show different

microhardness. With the increase of the number of deposited layers, the microhardness decreases. The findings will be a

valuable reference for fabricating TiAl components with acceptable microstructure, texture, phase compositions and

microhardness by LMD.
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TiAl alloy has high melting point (above 1450 °C), low
density (4 g/cm’), high elastic modulus (160~180 GPa) and
high creep strength (up to 900 °C). In recent years, TiAl al-
loys have gradually replaced titanium alloys, nickel-base
superalloys and heat-resistant steels. In the field of aero-
space and vehicle engine manufacturing has great poten-
tial"*). When titanium alloy is at higher working tempera-
ture, the engine efficiency is higher. Because the strength of
titanium alloy will decrease at high temperature for a long
time, the high temperature oxidation resistance of titanium
alloy is not enough, the working temperature of titanium
alloy is usually limited within 500 °C, and the titanium al-
loy shows poor high temperature oxidation resistance!* .. In
addition, their low hardness and poor tribological properties
severely restrict their application as key moving parts'’ ®.
In order to overcome this shortcoming, depositing inter-
metallic compound coating and ceramic coating on the sur-
face of titanium alloy are an effective method to improve
the surface properties of titanium alloy”'?!. TiAl alloy is a
promising high temperature material and can be used as
heat resistant coating. Ti-Al alloys with 40%~50% Al atom
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content are called y-TiAl base alloys'". Commercial y-TiAl
alloys usually contain two phases (y and a,) and a small
amount of third phase strengthening precipitatesm].

Among all kinds of materials, TiAl intermetallic com-
pound coating is a promising method to improve the high
temperature oxidation resistance and tribological properties
of titanium alloys!*"'"). This is due to the co-existence of
metal bonds and covalent bonds in TiAl intermetallic com-
pounds, which provide both the toughness of metals and the
high temperature properties of ceramics!'®'”). In order to
improve the wear resistance of titanium alloys, many re-
searchers prepared various TiAl intermetallic compound
composite coatings by laser surface treatment. For example,
Li et al® reported the Al coating was prepared by laser
cladding Ti6Al14V alloy with the mixture of pure Ti;Al/TiAl
powder. The results show that the wear resistance of the
Ti;Al/TiAl coating is about 2 times of that of the original
TC4 substrate. The appearance of cracks in the coatings of-
ten lead to the serious degradation of the coating proper-
ties”' !, For example, Li et al®™ observed that cracks ap-
peared on the surface of Ti;Al/TiAl ceramic layer, and the
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ceramic layer partly fell off during the wear process, which
resulted in the decrease of wear resistance of the coating. It
is considered that the crack is caused by the fact that the
thermal stress is greater than the limit of the yield strength
of the ceramic layer.

Laser cladding is an advanced technology to improve the
wear and oxidation properties of titanium alloys. Compared
with chemical vapor deposition (CVD), physical vapor
deposition (PVD) and thermal spraying, laser deposition
manufacturing (LDM) has the advantages of short process-
ing time, flexible operation and high precision*?". It has
been widely used in the surface modification of metals and
alloys. LDM technology has the advantages of high density,
good metallurgical bond between coating and substrate,
controllable coating thickness, high efficiency, high flexi-
bility and so on.

LDM has broad application prospects in the preparation
of TiAl intermetallic compound sample. However, there are
few reports on the preparation of y-TiAl alloy by LDM
technology, and systematic research results are urgently
needed. Therefore, this work concentrates on investigating
the influence of substrate material on the microstructure,
crystallographic texture, phase transition and microhardness
of a Ti-48A1-2Cr-2Nb alloy processed by LDM.

1 Experiment

The powder material is Ti-48Al-2Cr-2Nb alloy (the par-
ticle size is 53 mm~150 pm), and chemical composition of
Ti-48A1-2Cr-2Nb alloy powder is Al 32.5 wt%, Cr 2.64
wt%, Nb 4.62 wt%, O 0.06 wt%, N 0.005 wt%, Ti Bal. The
alloy powder was dried at 150 °C for 1.5 h. The substrate
material was TC4 titanium alloy. The size of the substrate
was 100 mm x 100 mm % 20 mm. Oxide film and oil stains
on the substrate surface were removed by a grinding ma-
chine and acetone. The printing equipment was LDM8060
produced by Nanjing Zhongke Yuchen Laser Technology
Co., Ltd of China. Semiconductor laser LDF4000-100 was
produced by Shenzhen Keyi Instrument Co., Ltd of China.
During the test, the diameter of laser focal spot was 3 mm,
the defocus is 0 mm, argon gas flow rate of powder feeding
gas was 8 L/min, the preheating temperature of substrate
was 350 °C. The protective gas in the sealed work box is
99.99% argon gas, and the content of water and oxygen in
the sealed work box is <50 pL/L.

The deposited samples were cut into 10 mm x 10 mm X
10 mm blocks by wire-cutting machine for microstructure
analysis. Then the blocks were ground with sandpaper
(sandpaper type was 800#, 100#, 150#, 200#), and then
polished with ET-500 environment-friendly spray polishing
agent (particle size is 2.5, 1.5, 0.5 um). The corrosion solu-
tion is Kroll solution (volume ratio is HF:HNO;:H,O=
2:3:10) and the corrosion time was about 15 s. After corro-
sion, the corrosion solution was washed with alcohol and

dried with air tube. The microstructure and composition of
the deposited layers were analyzed by Hitachi SUS010N
field emission scanning electron microscope (SEM). The
deposited layers were analyzed by EBSD with Gemini
SEM300 model, and the phase composition of deposited
layers was analyzed by X-7000 X-ray diffractometer. The
Vickers hardness distribution was measured by HVS-5
Vickers hardness tester (load is 200 g, duration is 10 s).

2 Results and Discussion

2.1 Appearance of the deposited sample

Fig.1 shows the appearance of the deposited layers. The
technological parameters of LDM are as follows: laser
power 1400 W, scanning speed 7 mm/s, powder feeding
speed 5.67 g/min (0.8 r/min), lap ratio 50%, layer thick-
ness 0.4 mm. The length and width size of the deposited
layers is 40 mm x 40 mm. During printing, the laser path is
shown in Fig.la. Five layers of TiAl alloy were deposited
on TC4 titanium alloy substrate, and the results are shown
in Fig.1b. The cross print route can reduce the stress value,
which can reduce the formation of cracks.
2.2 Microstructure of deposited sample

Fig.2 shows SEM images of different deposited layers.
Fig.2a~2f shows the morphologies from substrate to the
fifth layers. It can be seen from Fig.2 that the microstructure
of the first layer of TiAl alloy is net basket structure. The
microstructure of the second layer TiAl alloy is needle-like
structure. From the microstructure of the third layer TiAl
alloy, it can be seen that the needle-like structure is partly
formed into block structure. From the microstructure of the
fourth layer TiAl alloy, it can be seen that the needle-like
structure is all transformed into bulk structure. From the
microstructure of the fifth layer TiAl alloy, it can be seen
that most of the bulk microstructure is transformed into
lamellar structure. As can be seen from Fig.2, the micro-
structure of TC4 alloy is basket structure, and y-TiAl is
lamellar structure. During the laser melting deposition of
y-TiAl alloy, the transition of transition layer will occur
between the substrate and the y-TiAl alloy due to the di-
lution of the substrate TC4 alloy. From the experimental
results, it can be seen that the transition process is from the

Fig.1 Schematic (a) and physical image (b) of deposited layers
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Fig.2 SEM image of deposited layers: (a) substrate, (b) the first layer, (c¢) the second layer, (d) the third layer, (e) the fourth layer, and

(f) the fifth layer

basket to the isometric last to the lamellar transition

process. The transformation process is mainly controlled

by the content of Al elements.

2.3 Phase structure and element distribution of de-
posited layers

Fig.3 is the XRD patterns of substrate and deposited lay-
ers. It can be seen that the TC4 substrate is mainly com-
posed of a phase, and the first layer is mainly composed of
a, phase. The phase composition of the third layers and first
layer does not change obviously. The phase composition of
the fifth layers is mainly y phase and a small amount of a,.
The effect of TC4 titanium alloy substrate on the deposited
layers can be seen from the analysis results of surface scan
in Fig.4.

The crystal structure of a, phase is DO19 type, which is
an ordered hexagonal a phase. The a, phase is characterized
by high hardness and poor plasticity.

From the EDS results in Fig.4b, 4c, it is evident that
with the increase of the number of deposited layers, the
content of Al element increases gradually, while the con-
tents of Ti element gradually decreases, due to the most
prominent changes in the contents of Al and Ti elements in
the first three layers. The results show that the substrate
material has a great influence on the first three layers of
the deposited samples.

2.4 Crystal orientation, phase distribution and tex-
ture direction of the deposited layers

The orientation scale is shown in Fig.5a, representing
the relationship between colors in the EBSD images
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Fig.3 XRD patterns of substrate and deposited layers
and crystal orientations of the LMD-processed sample!*®!.
The EBSD orientation image map of the sample first, third
and fifth layers from the top view are illustrated in Fig.5b,
5c and 5d, respectively. The applied substrate material
significantly influences the crystal morphology and ori-
entation of the LMD-processed Ti-48 Al-2Cr-2Nb alloy. In
the first layer, the majority of the crystal have a purple-red
color as shown in Fig.5b. The crystal at (0110) and (0001)
orientations are present. The morphology of the crystal is
the structure of the net basket. In the third layer, the ma-
jority of the crystal have a green-blue color as shown in
Fig.5c. The crystal at (0110) and (1270) orientations are
present. It can be easily found that the blue areas increase
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Deposited direction

(0001)

Fig.5 Crystal orientation of deposited layers at the top view: (a) orientation scale, (b) first-layer orientation map, (c) third-layer orienta-

tion map, and (d) fifth-layer orientation map

while the purple regions decrease in the EBSD map in
Fig.5c compared with that in Fig.5b, indicating that the
(0170) orientation is strengthened on the top view of
sample. The morphology of the crystal is the structure of
the block. In the fifth layer, the majority of the crystal have
a blue-white color as shown in Fig.5d. It can be easily
found that the white areas increase while the blue regions

decrease in the EBSD map in Fig.5d compared with that in
Fig.5c. The morphology of the crystal is the structure of
the lamellar. Because the structure of the first layer is most
seriously affected by the substrate material, the mor-
phology of the structure is a net basket structure. From the
microstructure of the fifth layer, it can be seen that the
influence of substrate material on the deposited layer ba-
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sically disappears. Therefore, the substrate material not
only has an effect on the microstructure, but also has an
effect on the crystal orientation.

Fig.6 shows the distribution of SEM images of the first,
third and fifth layers. The blue area represents the a, phase
and the red region represents the y phase. It can be seen
from the phase figures that almost all the structures of the
first and third layers are composed of a, phase. The per-
centage of a, phase and y phase in the fifth layers is 10.7%
and 89.3%, respectively. The results show that the effect of
TC4 titanium alloy substrate on the deposited layers is
mainly concentrated in the front of the fifth layers.

Fig.7 is a polar figures of the first, third, fifth layers. With

the increase of the number of deposited layers, the orienta-
tion of crystal texture of a, phase is enhanced. The polar fig-
ures in Fig.7c and 7d show that the distribution of the crystal
texture directions of a, and y phases in the fifth layers is ap-
proximately center-symmetric.
2.5 Hardness distribution of deposited layers

The Vickers hardness test results of the deposited layers
are shown in Fig.8a and 8b. Fig.8a shows the transverse
hardness distribution of TC4 substrate, first, third and fifth
layers. It can be seen from the results of hardness test that the
hardness of TC4 substrate is the lowest. In addition, with the
increase of the number of deposited layers, the hardness
value decreases. The average hardness (HV,,) of TC4 sub-
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Fig.7 Polar figures of deposited layers in the top view: (a) a> phase of the first layer, (b) a, phase of the third layer, (c) a, phase of the

fifth layer, and (d) y phase of the fifth layer
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Fig.8 Hardness distribution of deposited layers: (a)transverse

distribution and (b) longitudinal distribution

strate is 3760 MPa, and the average hardness (HV,,) of the
first, third and fifth layers is 5750, 5280 and 4310 MPa, re-
spectively. There are several main reasons for the different
hardness of the deposited layers, one of which is that the mi-
crostructure of first and third layers is composed of a, phase,
but the microstructure of first layer is finer grains than that of
the third layers. The microstructure of the five layers is
composed of a, and y phases, and the hardness value of y
phase is lower than that of a, phase, so the hardness value of
five layers is the smallest.

The second reason is that the maximum residual stress of
the deposited sample is mainly distributed in the bottom of
the sample and in the middle of the sample, and there is a
trend of decreasing from the substrate to the top layer,
which can be inferred from the conclusion in the refer-
ences”’).

The third reason is that the microhardness value of the
same deposited layer increases with the increase of cooling
rate within a certain range, because the layer spacing de-
creases with the increase of cooling rate. Thus, the hardness
value of the deposited layer is affected, which can be in-
ferred from the references”®”).

Fig.8b shows the results of the longitudinal hardness
distribution of the deposited layers. It can be found that the
hardness distribution of the deposited layers is consistent
with the transverse hardness distribution.

3 Conclusions

1) Crystal microstructure, orientations, texture, phase
composition and microhardness can be tailored by control-
ling the dilution rate of substrate materials during LDM. Be-
cause the deposited layers are diluted by the substrate mate-
rial, the a, phase in the deposited layers increases, a, phase
belongs to the dense hexagonal structure, the brittleness is
large, and it is sensitive to cracks, so it is of great signifi-
cance to reduce the dilution rate for the manufacture of TiAl
alloy.

2) The hardness distribution characteristics of the depos-
ited layers are mainly related to the a, phase content. The
higher the content of o, phase in the deposited layers, the
higher the microhardness value. The microhardness value
may also be affected by the residual stress and cooling rate.

3) The findings would be a valuable reference to the op-
timization of the dilution rate for fabricating TiAl compo-
nents with acceptable crystal microstructure, phase com-
positions and microhardness by LDM.
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