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Table 1 Chemical compositions of TC4 alloy powder

Element Ti Al A\

Fe C H (0] N

Mass fraction /% Bal. 5.500—6. 800

3.500—4. 500

<0. 300 <0.100 <0.015 <0.200  =<0.050

B 1 &EBAEN SEM BME®R. (TC4:(HV
Fig. 1 SEM images of metal powder. (a) TC4; (b) V

#2 LAMEIETZSH
Table 2 LAM optimal process parameters

Powder No. Laser Scanning . Powder feed.ing ' Beam $canning
power /W speed /(mm/min) rate /(g/min) diameter /mm pitch /mm

TC4+0V 2000 720 7.0 3.4 2.0
TC4+2V 2100 720 7.0 L4 .0
TC4+4V 2200 720 7.0 3.8 2.0
TC4+6V 2300 720 7.0 3.8 2.0
TC4+8V 2400 720 7.0 4.0 2.0
TC4+10V 2500 720 7.0 4.0 2.0

o~

R A
R

B2 LAM RS
Fig. 2 Photographs of LAM specimen
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Fig. 3 Sampling method of test samples. (a) Selected location; (b) tensile sample size
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Fig. 4 X-ray diffraction patterns of as-deposited states

with different V additions
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Fig. 5 Macrostructures of as-deposited states with different V additions. (a) 0% ; (b) 2% ; () 4% ; (d) 6%; (e) 8% ;
(H 10%
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Fig. 6 Grain sizes of as-deposited states with different V additions. (a) Average bottom width of Z directional columnar

crystals; (b) average length of equiaxed crystals in XY direction at top of columnar crystals
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Fig. 7 Microstructures of as-deposited states with different V additions. (a) 0% ; (b) 2%; (¢) 4% ; (d) 6% ; (e) 8% ;
(h 10%
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Fig. 9 EBSD phase analysis results of Ti alloys with different V additions. (a) 0% ; (b) 2%; (¢) 4% ; (d) 6%; (e) 8% ;

) 10%
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Fig. 13 Effects of V addition on tensile properties of as-deposited state. (a) Stress-strain curves; (b) tensile strength and elongation
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Fig. 14 Fracture morphologies of Ti alloys with different V additions in Z direction. (a) 0% ; (b) 2% ; (¢) 4% ; (d) 6% ;

(e) 8% ; (D 10%
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Abstract

Objective TC4 (Ti-6Al-4V) alloy has high specific strength, corrosion resistance and excellent mechanical properties,
which is often used in the aerospace field as structural materials. However, titanium (Ti) alloy manufacturing by the
traditional methods has not only high cost and long cycle, but also low utilization rate of materials. In recent years, the
laser additive manufacturing (LAM) technology has been used to replace the forging process, and good results have been
achieved in the near net forming of Ti alloy structural parts in the aerospace field. The laser melting deposition (LMD)
technology usually takes metal powder as raw material and uses a high-energy laser beam to make the powder rapidly melt
and accumulate layer by layer, and thus the goal of fast near-net forming of dense and high-performance large complex
metal components is achieved. However, in the process of LMD manufacturing Ti alloy, there exists a large temperature
gradient between the molten pool and the substrate, and thus the thick columnar crystals grow through multiple
sedimentary layers along the direction of temperature gradient, resulting in poor mechanical properties and other
problems. Therefore, the deposited structure of TC4 can be regulated by alloying to improve its mechanical properties and
avoid problems such as high manufacturing cost, long production cycle, and difficulty in the heat treatment of large
structural parts. A large number of studies have shown that the composition, phase composition, grain size and phase
distribution of alloys have important effects on the mechanical properties of alloys. However, the effect of V on the
microstructure and properties of as-deposited TC4 in the additive manufacturing process is rarely reported so far. In this
paper, the effect of V content on the microstructures and properties of Ti alloys is studied, and the optimal addition
amount of V is discussed, which provides a theoretical basis for further improving the comprehensive properties of Ti
alloys by LDM.

Methods The size of the test substrate TC4 is 200 mm X 100 mm X 20 mm. The mixing powder of TC4 and V is prepared
according to mass fraction. Before the test, the powder is put into the vacuum drying oven to dry, the drying temperature
is 120 C and the holding time is 4 h. The metallographic samples and tensile samples are cut parallel to the deposition
direction ( Z direction). The metallographic sample is ground, polished, and corroded. The microstructures and tensile
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fracture morphologies of the as-deposited samples are observed by the optical microscope (OM) and cold field emission
scanning electron microscope (SEM). The phases of as-deposited samples are analyzed by the transmission electron
microscopy (TEM). The electron backscattering diffraction (EBSD) analysis is performed on the samples by SEM with a
working voltage of 20 kV, an acquisition frequency of 22. 33 Hz and a step size of 0.4 pm, to analyze the phase
distribution and content of the samples. The phase compositions of the deposited samples are analyzed by the X-ray
diffraction (XRD) with a scanning speed of 4°/min and a scanning range of 20°-90°. The tensile properties of the samples
are tested by the electronic universal testing machine at a tensile rate of 1 mm/min. The grain size is measured by the
Digital Micrograph 3.7 measurement software.

Results and Discussions TC4 and TC4 + V samples are both composed of « phases with densely packed hexagonal
structures and 8 phases with body-centered cubic structures. The content of 3 phases increases obviously with the increase
of the addition of V element (Fig. 4). With the increase of V content, the columnar grain refinement is significant, and
the characteristics of columnar grains along the deposition direction are weaken, and columnar grains gradually transform
to equiaxed grains (Fig. 5). Comparing with the bottom average width of TC4 as-deposited columnar crystals (about
1 mm), the average width of TC4 + 10%V columnar crystals decreases to the lowest, about 0.24 mm [Fig. 6(a)]. With
the increase of V content, the morphologies of primary a phases of the original $ intragranular substructure gradually
change from the thick needle-like strip to the elongated needle-like strip, and finally to the short rod of near equiaxed
states (Fig. 7). The transmission electron microscope analysis shows that the addition of V element only affects the
morphologies, sizes and ratios of « and f3 phases, but does not produce other new phases. The EBSD analysis shows that
the addition of V significantly increases the content of 3 phase. The Vickers hardness of the samples with V element added
is higher than that of the TC4 samples (about 361.88 HV), but the overall change is not obvious (Fig. 12). The tensile
strength of the TC4 + 6%V deposition sample reaches 1018 MPa, which is 102 MPa higher than that of TC4 deposition
sample, but the elongation after fracture is 11.2% (Fig. 13). Its as-deposited properties have reached the national
standard of TC4 forgings.

Conclusions The macrostructure in the Z direction of the TC4 as-deposited state is composed of coarse original 8
columnar crystals that grow approximately parallel to the deposition direction, and the macrostructure in the XY direction
is composed of equiaxed crystals. With the increase of V content, the average width of the bottom of Z directional
columnar crystals decreases from 1 mm to 0.24 mm, and the average length of equiaxed crystals in the XY direction at
the top of columnar crystals decreases from 600 pm to 250 pm. The microstructure of the TC4 + V as-deposited state is
composed of a large amount of a phases with densely packed hexagonal structures and a small amount of 3 phases with body
center cube structures. With the increase of V content, the primary « is gradually refined with the gradual decrease of the
length-width ratio (lowest to 4.9) and width (lowest to 0.2 pm). Meanwhile, the content of 3 phase gradually increases
t0 30.91% (TC4 + 10% V). Thus, under the effect of solution strengthening, the Vickers hardness of the samples
slightly increases with the increase of V addition. The increase of equiaxed o phase decreases the microhardness slightly.
Under the effect of fine grain strengthening and solid solution strengthening, the overall tensile strength of the sample as-
deposited with V is higher than that of TC4. However, due to the increase of intragranular component segregation and the
thinning of the width of the secondary « photo layer, the elongation decreases gradually. The results show that the TC4 +
6%V as-deposited sample has the best comprehensive mechanical properties, with the maximum tensile strength (about
1018 MPa), yield strength (about 892 MPa), elongation (about 11.2%), and hardness (about 381.7 HV).

Key words laser technique; laser melting deposition; titanium alloy; as-deposited state; microstructure; mechanical
properties
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