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Abstract
Functionally graded material (FGM) is one kind of advanced material characterized by a
gradual change in properties as the position varies. The spatial variation of compositional and
microstructure over volume is aimed to control corresponding functional properties. In this
research, when 100% γ-TiAl was directly deposited on pure Ti substrate, cracks were formed
within the γ-TiAl layer. Then a six-layer crack-free functionally graded material of Ti/TiAl was
designed and fabricated by laser metal deposition (LMD) method, with composition changing from
pure Ti on one side to 100% γ-TiAl on the other side. The fabricated FGM was characterized for
material properties by a variety of techniques. The chemical compositions, microstructure, phases,
and hardness of the composite were characterized by Scanning Electronic Microscope (SEM),
Optical Microscope (OM), Energy Dispersive X-ray Spectroscopy (EDS), and hardness testing.
The microstructure and chemical compositions in different layers were studied.

1. Introduction
The origin of functionally graded material (FGM) is from the National Aerospace
Laboratory of Japan in 1984 during a spaceplane project. The proposed thermal barrier material is
capable of withstanding a surface temperature of 2000 K and a temperature gradient of 1000 K
across a 10 mm section [1]. FGM is one kind of advanced material characterized by a gradual
change in properties as the position varies. The spatial variation of compositional and
microstructure over volume is aimed at controlling corresponding functional properties, such as
mechanical properties, thermal properties, electrical properties, etc. In FGM research, various
methods to prepare and fabricate FGM materials are available. The fabrication methods include
powder metallurgy [2], [3], thermal spraying [4] [5], additive manufacturing [6], [7]. Additive
manufacturing is a manufacturing method that can create 3D objects. This method allows you to
produce complex products with minimal lead times directly from the 3D CAD models by adding
layers of materials on top of each other. The bind layers schematic could mix elemental powders
of variable ratios in separate layers to fabricate FGM parts with controllable gradients, no matter
the complexity [8].
There is a wide range of applications for FGM and different types of FGMs could be used
in different areas of application. In aerospace and automotive area, the space shuttle utilized the
FGM material made of ceramic and metal that can provide the thermal protection and load carrying
capability to replace the ceramic tiles that easily to crack [9]. FGMs are also used as dental implants
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in the biomedical area [10], vehicle armor in defense area [11], high-density magnetic recording
media in optical applications [9], cutting tools in the industry [12] etc.
Actually, compressors and turbine disks are two of the most significant parts in the
aerospace industry. Turbine disks require different material properties at different regions. The rim
region suffers from high temperature, requires good oxidation resistance. The core region has a
relatively low temperature but requires high strength. The rim and the core have different
requirements. The current approach is to use different treated nickel-based superalloys for each
part. Nickel-based alloys are widely used in jet engines because it could withstand hightemperatures. In aerospace applications, Ti has a combination of excellent properties but has
limitation for oxidation resistance. While, intermetallic titanium alloys such as γ-TiAl, Ti3Al can
have higher oxidation resistance and both of the two alloys can be used under high temperature.
Because the density for the γ-TiAl is much lower than the nickel-based superalloys and its specific
properties, γ-TiAl tends to replace them. In this way, the rim can be made of Ti3Al or γ-TiAl,
which have good high-temperature properties. And the core can be made of Ti with good strength
at relatively low temperatures. However, there are some problems to join them effectively. Thus,
the aim of this project is to manufacture Ti/γ-TiAl functionally gradient material (FGM) using
Laser Metal Deposition (LMD) method. LMD is one of the advanced additive manufacturing
technologies. It could fabricate complex near net shape metallic parts layer by layer directly from
computer-aided design (CAD) models. This technique could reduce cost by reducing the buy-tofly ratio and lead time of production.
The main goals of this work involved studying the microstructure and mechanical
properties of the fabricated alloys. In this study, commercially purified (CP) titanium plate was
used as the substrate material for all the depositions. The powder material was fabricated as thin
wall depositions and characterized for material properties using optical and Scanning Electron
Microscope (SEM) microstructure characterization, hardness testing, Energy Dispersive X-ray
Spectroscopy (EDS). The study investigated the material properties of γ-TiAl manufactured by
LMD method. And it showed the possibility to control properties and crack formation in the
deposits. Also, it demonstrated the approach to build a complex FGM system (Ti + γ-TiAl and/or
any intermediate FGM materials in between) by LMD method with hope to move to more exotic
material compositions in the future.

2. Materials and Methods
2.1 Material Preparation
Under the current study, commercially purified gas atomized γ-TiAl (Ti-48Al-2Cr-2Nb)
powder and pure Ti powder were used as precursor materials. For this kind of γ-TiAl powder, the
addition of Cr element can increase the ductility of the material. The addition of Nb element is to
enhance the oxidation resistance. Blends of the two kinds of powder with different composition
were made to achieve layers in functionally graded materials (FGM). The particle size distributions
of γ-TiAl and Ti powder are listed in Table 1 and Table 2 individually. The chemical compositions
of the two kinds of powder are given in Table 3 and Table 4. Commercially purified (CP) titanium
plate was used as the substrate material for these depositions, and substrates were prepared to the
dimensions of 2 × 0.5 × 0.25 in.
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Table 1. Particle size distribution of Ti-48Al-2Cr-2Nb powder (% Under).
Particle Size (µm) 150 106 75
63 53 Apparent Density (g/cc)
By Mass
99.9 66.2 25.5 14.7 4.0
2.20
Table 2. Particle size distribution of Ti powder (% Under).
Particle Size (µm) 150 53 Apparent Density (g/cc)
By Mass
98.9 0.9
2.64
Table 3. Chemical analysis of Ti-48Al-2Cr-2Nb powder (wt.%).
Elements
Ti
Al
Cr Nb Fe
Si
C
O
Measured Balance 34.4 2.38 4.75 0.04 0.016 0.014 0.128
Table 4. Chemical analysis of Ti powder (wt.%).
Elements
Ti
C
O
N
H
Fe
Other
Measured Balance <0.01 <0.16 <0.01 <0.001 <0.12 <0.4
2.2 Deposition System
In this study, a 1 kW continuous wave fiber laser with a wavelength of 1064 nm was used
to deposit the elemental powder blends. A melt pool spot size of approximately 2 mm was obtained
through a lens of 750 mm focal length. A ceramic tube nozzle was used in conjuncture with a CNC
(Computer Numerical Control) table to facilitate movement and perform deposition. Argon gas
was used to implement an inert atmosphere and was also used as a carrier gas to deliver the powder
mixture to the melt pool.
The schematic layout of the LMD system is shown in Figure 1. LMD deposition is an
additive manufacturing technique capable of fabricating complicated structures with superior
properties [13]. The applications of this technique include coatings, rapid prototyping, tooling,
repair, etc. LMD uses a focused laser beam as a heat source to create a melt pool into which powder
feedstock is injected. The powder material is metallurgically bonded to the substrate through
solidification [14].

Figure 1. Schematic layout of the LMD (Laser Metal Deposition) system [15].
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2.2 Experimental Procedure
In this research, three kinds of experiments have been designed in order to get crack-free
Ti/γ-TiAl deposit.
In the first kind of experiment, set-up 1 has been used to deposit Ti-48Al-2Cr-2Nb powder
on CP Ti substrate directly, as Figure 2 (a) showed below. In this set-up, the substrates were
directly connected with the fixture. Thin wall depositions were fabricated by performing single
melt pool layer by layer. Before deposition, a preheat scan of running the laser across the substrate
surface at 1 kW power without powder was performed, in order to ensure perfect bonding. The
preheating process was also used to heat up the substrate and rid the surface of the substrate from
oxide scale buildup, surface impurities, and, surface imperfections. Laser transverse speed was set
at 600 mm/min for all the depositions. The laser power was set at 600 W. The initial 2 layers of
deposition carried out a duty cycle of 100% to ensure perfect bonding with the substrate. The next
4 layers keep the duty cycle of 80% and then drop to 60% for another 4 layers. The rest of the
deposition was carried at a duty cycle of 40%. The actual laser power is calculated by multiplying
the laser power by the duty cycle. The same deposition scheme and parameters were used for all
the depositions. This was expected to ensure an unbiased comparison between different
depositions. The second kind of experimental design used the set-up 2 as shown in Figure 2 (b).
The insulating refractory bricks were inserted between the substrate and the fixture.

(a) Set-up 1

(b)Set-up 2
Figure 2. Two experimental set-ups

The third experimental design was used to manufacture the crack-free functionally gradient
material (FGM) from Ti to γ-TiAl. The FGM study included material design, material preparation,
and evaluation of material properties. The FGM path was developed as shown in Figure 3. The
atomic percentage of each element and possible phase composition of every layer in the FGM
deposit are also listed in Table 5. Powders were weighed for desired compositions in a glove box
under an argon atmosphere and sealed in bottles before starting the deposition process. In this
study, γ-TiAl powder and pure Ti powder were used. The as-blended powder mixtures can be used
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to form the layers in the functionally graded materials. These bottles were then shaken using a
Turbula® mixer (Glen Mills Inc., Maywood, NJ, United States) for 20 min to obtain thorough
mixing and homogeneity within the powder blends. During the process, there is no insulating brick
used here by taking use of the first experimental set-up (set-up 1).

Figure 3. The designed functionally graded material (FGM) path
Table 5. Particle size distribution of Ti-48Al-2Cr-2Nb powder (% Under).
Weight Percentage
100% γ-TiAl
10% Ti + 90% γ-TiAl
30% Ti + 70% γ-TiAl
50% Ti + 50% γ-TiAl
70% Ti + 30% γ-TiAl
90% Ti + 10% γ-TiAl

Ti at.%
48.00
52.30
61.40
71.28
82.01
93.73

Al at.%
48.00
44.03
35.63
26.51
16.60
5.79

Cr/Nb at.%
2.00
1.83
1.48
1.10
0.69
0.24

Possible Phase Composition
α2 + γ
α2 + γ
α2 + γ
α2
α2 + α
α

After deposition, vertical transverse sections were cut using a wire Electro-Discharge
Machine (wire-EDM, Hansvedt Industries Inc., Rantoul, IL, United States) and mounted in
Bakelite for grinding and polishing. Kroll’s reagent containing 30 ml H20, 10ml HNO3, and 10 ml
HF was used for etching the samples. Hirox optical microscope was used to perform microstructure
imaging. Helios Nanolab 600 SEM (FEI Company, Hillsboro, OR, United States) equipped with
an Oxford Energy Dispersive Spectrometer was used to get the chemical compositions. The
Vickers hardness measurements were performed using a Struers Duramin micro-hardness tester
(Struers Inc., Cleveland, OH, United States). Press load of 9.81 N and load time of 10 s were used
during the hardness tests.

3. Results and discussion
3.1 Deposit Profile
Figure 4 shows the deposited samples in the first experimental design. The image of the γTiAl deposit made by using set-up 1 in the first design has been shown in Figure 4 (a). It could be
seen that there are some cracks in the deposit. Then with the same setup, another deposited sample
was made from the powder blend of 80 wt.% γ-TiAl +20 wt.% Ti. Figure 4 (b) demonstrates the
80 wt.% γ-TiAl +20 wt.% Ti sample deposited by using set-up 1. It has been found that it is
possible to make crack-free deposits with the blend. It is theorized that the cracks that mainly exist

152

in the vertical direction are caused by residual stress. It is known that there exists a great difference
in the thermal expansion coefficient between Ti and γ-TiAl. Ti has the thermal expansion
coefficient of 8.9 × 10−6 𝐾 −1 , while γ-TiAl shows 14.4 × 10−6 𝐾 −1 . Due to the high residual
thermal stresses between the Ti and γ-TiAl layers, it would result cracks during the cooling process
after deposition. However, the layer of Ti + γ-TiAl deposits could play a role in reducing the
interfacial residual thermal stresses. Therefore it could cause some cracks in the deposit by directly
depositing γ-TiAl powder on Ti substrate, however crack-free γ-TiAl deposit could be made on
the Ti substrate by using the powder blend of γ-TiAl and 20 wt.% Ti.

(a) γ-TiAl sample without insulating bricks

(b) 80 wt.% γ-TiAl +20 wt.% Ti sample
without insulating bricks
Figure 4. Deposited samples in the first experimental design

Then in order to get a crack-free γ-TiAl deposit, the set-up 2 has been used in the second
experimental design, as shown in Figure 2 (b). The image of the γ-TiAl deposit made by using setup 2 has been shown in Figure 5. It has been found that the deposited sample has no cracks. In this
set-up, the insulating bricks were inserted between the substrate and the fixture. Because these
materials thermally isolate the substrate, the bricks could retain more of the input laser energy and
decrease cooling rate. Then many conditions, such as boundary conditions, thermal insulation, and
post-process heat treatment, may affect the mechanical properties of deposits.

Figure 5. Deposited sample in the second experimental design
However, it is not very flexible to fabricate some big and complex parts with insulating
bricks in the industry area. It is necessary to develop a gradient path to realize the same target of
depositing crack-free γ-TiAl deposit on Ti substrate. Then an FGM path has been designed, as
shown in Figure 3. The objective of the designed FGM is to meet the expected requirements by
eliminating the obvious interface between composite materials in different layers, just the same as
bones, teeth, etc. in nature. Also, the FGM is also designed to accommodate materials for specific
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applications. During the FGM deposition process, there was no insulating brick used. From Figure
3, the FGM parts were made with five different powder blends and the top layer is 100% γ-TiAl.
Along the deposit, there are six regions with different chemical composition. The gradients
between different layers could smooth transition to reduce the opportunity of failure. The transient
layer of Ti + γ-TiAl deposits could gradually reduce the residual thermal stresses. Figure 6 showed
the image of the FGM deposit and its transverse section after cutting.

(a) FGM sample

(b) Transverse section of the
FGM deposit
Figure 6. Deposited sample in the FGM design

3.2 Vickers hardness
Figure 7 shows the Vickers hardness distribution of the deposited samples without using
insulating bricks in the first experimental design. By applying post heat treatment during the
deposition process, the Vickers hardness values of the deposits could also be compared in this
Figure. It was observed that the Vickers hardness values of the γ-TiAl layers varied around 375
HV in the middle part of the deposit zone, then increased to 450 HV as it progressed into the top
of the deposit. While the deposit by using the powder blends of 80 wt.% γ-TiAl +20 wt.% Ti had
a Vickers hardness of around 420 HV. The literature reported γ-TiAl Vickers hardness was 425
HV. And when comparing the two kinds of deposits under different conditions of performing post
heat treatment or not, it has been found that the post heat treatment on deposit would increase the
hardness values, but could not make significant changes.
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Figure 7. Vickers hardness distribution of the deposited samples in the first experimental
design.
Figure 8 shows the hardness distribution of the deposited samples under different laser
power with using insulating bricks in the second experimental design. It can be observed that when
other parameters stayed the same, the higher the laser power, the lower the Vickers hardness. The
reason should be the increase of the energy input. It would decrease the cooling rate, and then
cause coarser microstructure and get lower hardness values. Therefore with insulating bricks to
decrease the cooling rate, it is much easier to get crack-free γ-TiAl deposits.
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Figure 8. Vickers hardness distribution of the deposited samples in the second experimental
design.
Functionally graded materials (FGM) is one kind of advanced material. They have a
gradual change in properties as the position varies. As shown in this Figure 3, the volume fraction
of one material will change from 100% on one side to zero on another side, and another constituent
will change in the other way around. Their composition and microstructure vary in space by
following a predetermined law. This change also leads to a gradient of properties and performance,
such as mechanical properties, thermal properties. Figure 9 shows the Vickers hardness
distribution of the FGM sample. The 100% TiAl layer is harder than previous composition layers.
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Figure 9. Vickers hardness distribution of the FGM sample
3.3 Microstructure & EDS test
The microstructures of γ-TiAl deposits from Set-up 1 and Set-up 2 are shown in Figure 10.
It shows that most prevalent microstructure for both is lamellar.

(a) Microstructure of the γ-TiAl from set-up 1 (b) Microstructure of the γ-TiAl from set-up 2
Figure 10. Microstructures of the γ-TiAl from two set-ups
And Figure 11 shows the EDS result of the FGM deposit. Line scan was performed along
the deposit, it differentiated six regions with different compositions listed in Table 5. The designed
length for each region is 5 mm. Region height difference can be attributed to the powder capture
efficiency.
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Figure 11. EDS result of the FGM deposit

4. Conclusions
The current research was implemented to investigate the feasibility of combining Ti with
γ-TiAl via the LMD process. The fabricated material was characterized using techniques such as
scanning electron microscopy, hardness testing, EDS. The conclusions from the analyses include:
•
•
•
•

Crack-free γ-TiAl deposits could be fabricated by using insulating bricks to control the cooling
rate during LMD process.
Proposed an FGM path to successfully join titanium alloy with γ-TiAl.
Mechanical properties of γ-TiAl would be affected by are affected by processing parameter.
Increasing energy input would decrease the cooling rate and decrease the Vickers hardness.
The microstructure in the γ-TiAl deposit is lamella.
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