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Abstract: A novel Ti-6Al-6Mo alloy sample was fabricated by laser solid forming (LSF) using blended elemental powders as raw

material. The microstructure of the as-deposited sample was investigated, and the effects of solution and aging treatment on the

microstructure and microhardness of LSF Ti-6Al-6Mo alloy were discussed. The results show that the heat treatment conducted in

this study has no obvious effect on the morphologies of prior S grains of the alloy. The solution temperature, solution time, and

cooling method after solution treatment have a significant effect on the morphology and size of a phase in the prior S grains and the

microhardness of the LSF Ti-6Al1-6Mo alloy. When the aging time exceeds 4 h, the microstructure and microhardness of the alloy

change little with aging time. Based on the precipitation mechanism of the primary a laths and secondary o laths and their

strengthening effect on the  matrix in LSF Ti-6Al-6Mo alloy under different heat treatment conditions, the influence mechanism of

heat treatment on the microstructure and microhardness of LSF Ti-6Al-6Mo was revealed.
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Laser solid forming (LSF), also known as direct metal
deposition (DMD)'", laser melting deposition (LMD)" or laser
metal deposition (LMD)"**, is a promising free-form additive
manufacturing technology that combines the advantages of
rapid prototyping and laser cladding. With its unique capacity
of fabricating metallic components without using mold, LSD
provides the capability of fabricating geometrically complex
components that are difficult to fabricate via traditional
processing  techniques. These significant advantages
make LSF an ideal approach for fabricating complex
components with superalloys and refractory metals, which are
major structural materials and which can be used to fabricate
turbine blades in advanced aircraft engines. The LSF process
also allows for the flexibility of depositing a blend of
elemental powders and of creating an alloy in the process
since the powders can be injected into the melt pool
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synchronously. It can also be used to investigate new alloy
systems and to create functional structures and innovative
materials’™®.

Titanium and titanium alloys are extensively used in
aviation, aerospace, marine, and biomedical applications due
to their excellent properties such as high specific strength,
good corrosion resistance and excellent biocompatibility!*.
LSF technique has been widely used to manufacture titanium
alloy components, in which the LSF Ti-Al-V system alloys are
the most widely studied. Carroll et al” investigated the
anisotropic mechanical properties of a Ti-6Al-4V three
dimensional cruciform component fabricated using a directed
energy deposition additive manufacturing (AM) process, and
demonstrated that quasi-static uniaxial tensile mechanical
properties were similar to those of wrought Ti-6Al-4V. Qiu et

al'” prepared Ti-6Al-4V samples by direct laser deposition
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(DLD) under various processing conditions, and it was found
that the as-fabricated microstructure was characterized by
columnar grains together with martensite needle-like structure
and a small fraction of f phase, which led generally to high
tensile strength but low elongation. Banerjee et al'''
conducted the precipitation of grain boundary o in a laser
deposited and compositionally graded Ti-8Al-xV alloy for an
orientation microscopy study. Yan et al''? studied the direct
laser deposition of Ti-6Al-4V from elemental powder blends
to understand the effects of laser transverse speed and laser
power on the microstructure and Vickers hardness of initial
deposits.

Mo and V are all the most commonly used S phase stable
elements in titanium alloy and Mo is of low cost and low
toxicity, and these characteristics prompted us to conduct a
preliminary study on Ti-6Al-yMo prepared by LSF, and to
explore the application of such alloys!".. In fact, recent studies
indicate that Ti-6Al-6Mo is a kind of potential material for
biomedical application, and the preparation and heat treatment

1" synthesized the

of this alloy were studied. Senopati et a
Ti-6Al-6Mo by arc melting, and investigated the phase
stability, mechanical properties, and electrochemical behavior
of as cast Ti-6Al-6Mo alloy. Rokhmanto et al """ investigated
the influence of solution treatment cooling medium on
microstructure and elastic modulus of Ti-6Al-6Mo, and found
that the lowest elastic modulus of the alloy quenched in water
is 104.7 GPa. Sutowo et al " investigated the thermo-
mechanical treatment process of o/ Ti-6Al-6Mo alloy as new
alternative materials for biomedical application.

In the present study, we intend to research the heat treatment
system of the novel Ti-6Al-6Mo alloy prepared by LSF with
pure Ti, Al and Mo as raw materials, focusing on the effect of
solution and aging treatment parameters on the microstructure
evolution and micro-hardness of the alloy. The influence of the
heat treatment on the microhardness was also discussed.

1 Experiment

The deposited materials used in the experiments were
commercially pure Ti, Al and Mo powders with particle sizes
of 100~150 pum, 150~250 um, and 75~125 pm, respectively.
The purity of the Ti powder is higher than 99.5%, while that
of Al powder and Mo powder are higher than 99.7%. Prior to
the experiments, the elemental powder particles were mixed in
a ratio of 88wt%Ti+6wt%Al+6wt%Mo and mechanically
mixed using a ball mill for 20 min, and then dried at 350 K in
vacuum for 24 h to reduce the impact of moisture absorption
on the formation quality. The substrate was pure titanium plate
with a size of 200 mm x 50 mm x 12 mm, which was polished
using abrasive paper, and its surface was washed with absolute

ethanol and acetone.

The experiments were carried out with a Prime CP4000 fast
axial-flow CO, laser, a numeric controlled working table, a
high precision powder feeder and a coaxial nozzle with four
symmetrical powder nozzle tips. The forming process was
conducted in an inert atmosphere processing chamber, where
the oxygen content of the forming atmosphere was less than
100 pg/g. During the forming process, the laser beam was
directed onto the substrate surface to form a moving molten
pool. The metal powder particles were delivered into the
molten pool synchronously via the powder feeder and coaxial
nozzle, and experienced the melting and solidification process
to form a deposition layer. The experimental process
parameters are shown in Table 1.

A block specimen with 140 mmx=12 mmX10 mm in size was
prepared, and 10 block samples (10 mmx10 mmx5 mm) were
cut from the deposition specimen using the wire cutting
method, which were used for the heat treatment. The solution
and aging treatment were carried out in an SCR box-type high
temperature furnace. In order to define the representative
solution and aging treatment parameters, the «/f phase
transition temperature of Ti-6Al-6Mo was calculated using
Thermo-calc (by inputting the composition of the Ti-6Al-6Mo
alloy and using the TTTI database, and the o/f phase
transition temperature can be directly outputted via the
Thermo-calc software). The results confirmed that the
theoretical phase transition temperature for Ti-6Al-6Mo is
940.97 °C. The temperatures of solution treatment were set at
850 and 920°C, and its respective impacts were examined at
1000 °C which is above the phase transition temperature.
Moreover, parameters for solution and aging treatments are
shown in Table 2. After the deposition and heat treatment, the
metallographic specimens were prepared via standard
mechanical polishing means. A solution of HF:HNO;:H,O,
with a ratio of 1:3:20, was used as an etching agent for all
specimens. The microstructure was analyzed using an
OLYMPUS-PMG3 metallographic microscope and a Hitachi-
S4800 SEM, and the microhardness of these alloy samples
was determined using the HX-1000 microhardness tester.

2 Results

2.1 Microstructure of as-deposited Ti-6Al-6Mo

Fig.1 shows the microstructure of as as-deposited
Ti-6Al-6Mo. As seen in Fig.1a, the as-deposited Ti-6Al-6Mo
is dominated by some big columnar grains and some
near-equiaxed grains with a width of 200~500 um. The grains
grow alternately in brightness and darkness, and no
metallurgical defects such as lack of fusion were detected in
the deposited layer, indicating excellent metallurgical quality.

Table 1 Process parameters of LSF Ti-6Al-6Mo alloy

Laser power/W Scanning speed/mm-s’  Spot diameter/mm Powder feed rate/g'min”  Carrier gas flow rate/L-h” Overlap/% AZ/mm

2300 6 3.0

10 200 40 0.25
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Table 2 Heat treatment parameters of LSF Ti-6Al-6Mo alloy

No. Solution temperature/°C  Solution time/h  Cooling method Aging temperature /°C  Aging time/h  Cooling method

Al 850 2 Air
A2 920 2 Air
A3 1000 2 Air
Bl 920 4 Air
B2 920 8 Air
Cl 920 2 Water
Cc2 920 2 Furnace
D1 920 2 Air
D2 920 2 Air

540 4 Air
540 4 Air
540 4 Air
540 4 Air
540 4 Air
540 4 Air
540 4 Air
540 8 Air
540 16 Air

Intensity/cps
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Fig.1
(c~f) microstructures of prior S grains

Fig.1b shows the typical XRD pattern of as-deposited
Ti-6Al-6Mo in the 26 range of 25°~80° to analyze the phase
presented in prior S grains. The as-deposited Ti-6Al-6Mo
consists of the hexagonal o-Ti phase and cubic £-Ti, without
martensite in prior £ grains due to the multiple thermal cycles
in multi-layer deposition process. Fig.lc and 1d show the
microstructure of prior £ grains, which is composed of the
basketwave a laths with an average width of ~0.5 pm and a
length of 2~10 pm and the retained S phase between « laths.
Some a laths were arranged parallelly to form a a colony with
a width of 1~5 um, which was randomly distributed on the
retained S matrix (Fig.1c). It should be pointed out that the
grain boundaries of as-deposited Ti-6Al-6Mo are continuous
and definite, and these parallel o laths precipitate along the
grain boundaries to form o colonies (Fig.le). As shown in
Fig.1f, little precipitation of the secondary o laths was
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Microstructures of as-deposited Ti-6Al-6Mo fabricated by laser solid forming: (a) morphology of prior f grains, (b) XRD pattern and

observed on the retained £ matrix under high magnification
SEM observation.

2.2 Influence of heat treatment on microstructure

2.2.1 Influence of solution temperature (A1~A3)

Fig.2a~2i show the microstructures of LSF Ti-6Al-6Mo
after solution treatment at 850, 920, and 1000 °C, followed by
air-cooling and aging treatment at 540 °C for 4 h, which
reveals the influence of solution temperature on the
microstructure. It can be seen in Fig.2a~2c that the
morphology and size of the prior £ grains are similar to those
of as-deposited sample. However, compared with the
as-deposited sample, the grain boundaries are somewhat
coarsened after the solution aging treatment at 850 and 920°C,
and the brightness/darkness alternation between the different
grains was weakened, indicating the improved microstructure
uniformity between the different grains. When the solution
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treatment temperature reaches 1000 °C, the local grain
boundaries are significantly coarsened to form a large grain
boundary a, as shown in Fig.2c. Fig.2d~2i show the
microstructure of prior £ grains of the samples after solution
and aging treatment (A1~A3 in Table 2). The microstructure
of the prior S grains are mainly composed of basketwave
primary « laths, the retained £ matrix, and very fine secondary
o laths precipitated from the S matrix. As seen in Fig.2d, when
the solution temperature is 850°C, the size of the primary o
laths changes little compared to that of as-deposited sample,
and a small amount of secondary a laths are precipitated on
the retained f matrix. When the solution temperature rises to
920 °C (Fig. 2e and 2h), numerous secondary o laths
precipitate on the £ matrix with an average width of ~0.02 um
and a length of 0.1~0.5 um, and the size of the primary « laths
increases to ~1.2 pm. It is worth noting that when the solution
temperature reaches 1000 °C, both the primary a laths and
secondary a laths are coarsened significantly, and a few
primary o laths are transformed into globular a with an
average diameter of ~10 um, as shown in Fig.2f and 2i.

Fig.3 shows that the microhardness HV of the solution and

)kV 15.0mm x50.0k SE(M)

aging treated sample increases from 4210 MPa to 4340 MPa
when the solution temperature rises from 850 °C to 920 °C,
and the microhardness reaches the highest value at 920 °C.
When the solution temperature rises to 1000 °C the
microhardness decreases to 3870 MPa. The results show that
the solution temperature has a significant effect on the
microhardness of the alloy.

2.2.2 Influence of the solution time (A2, B1, B2)

Fig.4a~4f show the microstructures of LSF Ti-6Al-6Mo
after solution treatment at 920°C for 4 and 8 h, followed by
air cooling and aging treatment at 540 °C for 4 h. As seen from
the microstructure of the A2, B1 and B2 samples, the
morphology of prior £ grains changes little with increasing the
solution time from 2 h to 8 h, but the local grain boundaries
are considerably coarsened, forming a large grain boundary a,
as shown in Fig.4a and 4b. Meanwhile, when the solution
time increases from 2 h to 8 h, the size of the primary a laths
and the amount of secondary a laths increase gradually, and
some « laths are coarsened with a tendency to transform into
globular a at the solution time of 8 h (as indicated by the arrows
in Fig.4c and 4d). From Fig.4e and 4f, it can be found that the

Fig.2 Microstructures of LSF Ti-6A-6Mo after solution treatment at different temperatures, followed by air-cooling and aging treatment:

(a, d, g) 850°C, (b, e, h) 920°C, and (c, f, i) 1000°C
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Fig.3 Microhardness of as-deposited and solution treated samples at

different temperatures

amount of the secondary a laths in the sample solution treated

for 4 and 8 h increases obviously compared to in the sample
solution treated for 2 h.

From Fig.5, it can be seen that when the solution time
increases from 2 h to 8 h, the microhardness HV of the alloy
firstly reaches a maximum value of 4670 MPa at 4 h and then
decreases very slightly to 4640 MPa at 8 h. The results show
that the solution time has no significant effect on the
microhardness of the alloy when the solution time exceeds 4 h.
2.2.3 Influence of the cooling method (C1, A2, C3)

After the solution treatment, the cooling method may
markedly impact the formation of the alloy microstructure.
Based on this conjecture, the impact of three different cooling
methods (water cooling, air cooling, and furnace cooling) on
the alloy microstructure was systematically studied after the
solution treatment at 920 °C for 2 h. Fig.6a~6f show the
microstructures after air cooling, water cooling, and furnace
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Fig.4 Microstructure of LSF Ti-6A-6Mo after solution treatment at 920 °C for different time, followed by air cooling and aging treatment:

(a,c,e)4hand(b,d, f)8h
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Fig.5 Microhardness of as-deposited and solution treated samples at
920 °C for different time

cooling after the solution treatment at 920 °C for 2 h, followed
by air cooling and aging treatment at 540 °C for 4 h. Local
large grain boundary a is also found in the sample after the
solution + furnace cooling and aging treatment. The average
width of primary « laths after solution+water cooling is ~0.8
pm, which is much smaller than that of the air cooled samples.
A highly dispersed secondary a laths are precipitated on the S
matrix with an average width of 0.08 pum. In addition, the
microstructure of the sample treated by solutiont+furnace
cooling is very different from that treated by solution+air
cooling and solutiontwater cooling. The large-sized primary a
laths with an average width of ~1.5 pm are distributed on the
retained £ matrix while no obvious secondary o laths are
detected.
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Fig.6 Microstructures of LSF Ti-6A-6Mo after solution treatment at 920 °C for 2 h, followed by different cooling methods and aging treatment:

(a, ¢, e) water cooling and (b, d, f) furnace cooling

It can be seen from Fig.7 that the microhardness of the
sample after water cooling is the highest, and that of the
sample after the furnace cooling is the lowest, indicating that
the cooling method has a great influence on the microhardness
of the alloy.

2.2.4 Influence of the aging time (A2, D1, D2)

Fig.8a~8f show the typical microstructures of the Ti-6Al-
6Mo sample prepared by LSF after solution treatment at 920
°C for 2 h, followed by aging treatment at 540 °C for different
time (4, 8 and 16 h). After being aged for 2 h, the grain
boundary a is significantly coarsened, while the micro-
structure of prior S grains is still composed of the retained S
matrix, the primary o laths with an average width of ~1 pm,
and the secondary a laths with an average width of ~0.02 um.
This indicates that the aging time has a relatively small
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Microhardness, HV/X 10 MPa

0 As-deposited WC AC FC

Fig.7 Microhardness of as-deposited sample and solution treated
sample at 920 °C for 2 h followed by different cooling methods

(AC: air cooling, WC: water cooling, FC: Furnace cooling)

influence on grain boundaries and the microstructure of
Ti-6Al-6Mo when the aging time exceeds 4 h.

As can be seen from Fig.9, the microhardness HV of
Ti-6Al-6Mo reaches a maximum value of 4340 MPa at 4 h of
aging time and remains almost constant with an increase in
aging time. The results show that prolonging the aging time
has little effect on the microhardness of the alloy.

3 Discussion

The microhardness of the alloy is closely related to the
morphology, size, and distribution of the primary a phase and
the secondary a phase. In particular, the secondary a laths
significantly hinder the dislocation movement and increase the
hardness and strength of the sample due to their small size and
randomly distributed orientations. As shown in the micro-
structure of as-deposited sample and heat treated samples in this
study, a large amount of secondary « laths are precipitated in
retained £ matrix except the as-deposited sample and the sample
that undergoes solution and furnace cooling followed by aging.
Firstly, the mechanism of the microstructure formation will be
discussed combining the heat treatment process. Fig.10 presents
the schematic of the microstructure formation during a typical
heat treatment process in this study. It can be seen that as a
result of rapid cooling during the LSF process, supersaturated
basketwave « laths are formed in as-deposited sample and large
residual stress and deformation energy are generated in the
sample. During the solution and aging treatment, when the
sample is heated to a temperature close to the phase transition
temperature, some primary « laths are dissolved and the number
of the primary « laths is reduced due to higher diffusion
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Fig.8 Microstructures of LSF Ti-6A-6Mo after solution treatment at 920 °C for 2 h, followed by aging treatment at 540 °C for different time:

(a,c,e)8hand (b,d, f) 16 h
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Fig.9 Microhardness of as-deposited and heat treated samples at
920 °C for 2 h followed by aging treatment at 540 °C for
different time

coefficients and increased atomic activity. When the
temperature of the solution is very close to or slightly higher
than the temperature of the phase transition temperature, some
primary « laths begin to become spheroids because of the
release of residual stress at high temperatures.

In the subsequent cooling process, when furnace cooling is
conducted after solution treatment at 920 °C, the primary « is
coarsened due to the slow cooling rate, forming the relatively
large basketwave primary « laths or primary « laths and some
spherical o distributed on the £ matrix. When the water
cooling or air cooling is carried out after solution treatment,
the cooling rate is quite high (air cooling can also achieve a
very high cooling rate because of the very small sample size
used in this study), and the Mo content in retained f phase is

close to its critical concentration in titanium, so a large
amount of dispersed @ phase will be precipitated on the
retained S matrix after the water or air cooling process. In the
next step, during the aging treatment, the dispersed w phase
will transform into the very small secondary o laths and
retained S, and thus the microstructure, which is composed of
primary « laths, a large quantity of very small secondary «
laths and the retained f, is obtained after the solution followed
by air or water cooling and aging treatment.

In order to correlate the microhardness with the micro-
structure of the samples after heat treatment, the strengthening
effect of the primary o laths and secondary o laths will be
further discussed, as shown in Fig.11. During the deformation
process, due to the enrichment of dislocations in the &/ phase
boundary, the dislocation density increases as the size of the «
laths decreases and the orientation of the « laths increases. So
the strength and hardness of the alloy increase with the
decrease in the size of « laths due to the increase in local
dislocation tangles and dislocation densities, as shown in
Fig.11a and 11b. When the size and number of primary « are
constant, and the secondary « precipitates on the retained [
matrix, the dislocation density can be significantly increased
due to the very small size of the secondary « and the random
distribution of the orientation, which leads to local dislocation
intersection and dislocation multiplication. Therefore,
secondary « will definitely increase the strength and hardness
of the alloy as a strengthening phase. Moreover, it can be
concluded that the strengthening effect of the secondary «
laths is stronger than that of the primary « laths.

By combining Fig. 10 and Fig. 11, the effects of the solution
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time, solution temperature, cooling method and aging time on
the microhardness of the alloy can be easily explained. As the
solution temperature increases from 850 °C to 920 °C, the
microhardness reaches the highest. This can be explained by
the fact that the secondary a laths precipitated on the retained
S matrix at 920 °C are more than at 850 °C, and when the
temperature reaches 1000 °C, both the primary a laths and the
secondary « laths are coarsened and lead to the decrease of the
microhardness. Since the amount of secondary o laths
increases firstly and then keeps almost constant as the solution
time increases from 2 h to 8 h, the microhardness increases
first and then keeps constant with increasing the solution time.
When the alloy is water cooled, the smaller primary a laths are
obtained and a highly dispersed secondary a laths are
precipitated on the retained S phase compared to air cooling,
and the highest microhardness of the alloy is achieved. Since
no obvious secondary a phase is detected on the retained /3
matrix after furnace cooling treatment, the microhardness of
the sample after furnace cooling is the lowest. When aging
4 h,
homogeneous. Therefore, the microhardness keeps almost

time exceeds the microstructure becomes more

constant when the aging time exceeds 4 h.
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Fig.10 Schematic of the precipitation of primary a and secondary a
phases of LSF Ti-6Al-6Mo alloy sample after solution and
aging treatment

Primary o Dislocation Secondary a
. a I b I c
Fig.11 Schematic of the influence mechanism of primary a and

secondary a laths on the dislocation movement

4 Conclusions

1) When LSF Ti-6Al-6Mo samples is solution treated at
temperatures of 850~1000 °C for 2~8 h followed by air
cooling or water cooling and aging treatment, the
microstructure of prior S grains is composed of primary «
laths, secondary « laths and retained £ matrix. The size of
primary « laths and secondary « laths increases with solution
temperature. It also increases with the solution time at first,
and then keeps almost constant. The finest primary « laths and
secondary « laths are obtained after solution treatment at 920
°C for 2 h, followed by water cooling and aging treatment,
while no secondary « lath is found after solution treatment
followed by furnace cooling.

2) The microhardness of LSF Ti-6Al-6Mo decreases with
the increase of the size of primary « laths. It also increases as
the amount of secondary « laths increases and the size of
secondary « decreases. The strengthening effect of the

secondary « laths is stronger than that of primary « laths.
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