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TC4 (Ti6Al4V) alloy is widely used in aerospace, medical equipment, food industry and other
fields. Laser powder bed fusion (LPBF) technology has a short production cycle and high precision
for formed parts, providing new ideas for the manufacturing of complex structures such as aerospace
and having great development prospects and manufacturing advantages. This paper took the TC4 heat
dissipation structure prepared by LPBF technology as the study object and established a numerical
simulation model to analyze the temperature field changes of the TC4 heat dissipation structure
prepared by LPBF. By adopting the annealing heat treatment process, it was found that with the
increase in annealing temperature and holding time, the microstructure coarsened, the hardness first
increased and then decreased, and the corrosion resistance improved. Among them, when the annealing
temperature was 900 °C, and the o’ phase was basically transformed into o phase, and the content of 3
phase increased. The grains and structure of the heat dissipation structure were uniform, and the most
significant was in the near inner-pore area. At this point, the hardness value significantly decreased,

and the difference in hardness around and outside the heat dissipation hole was 12.42 HV .
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1. Introduction

Laser powder bed fusion (LPBF) technology uses a
three-dimensional part design model and a high-energy laser
beam to melt metal powder. It feeds powder layer by layer
along a defined scanning path and solidifies and accumulates,
achieving near-net forming of parts'2. Rapid manufacturing,
high density of formed parts, good precision, and a high
material utilization rate’ have advantages that traditional
forging and casting do not have, providing a new way for
the production and manufacturing of complex structural
components of titanium alloys with great development
prospects*®.

TC4 (Ti6Al4V) alloy has the advantages of low density,
high specific stiffness, good corrosion resistance, fatigue
and creep resistance, and nontoxicity”. It is widely used
in industries such as aerospace, food industry, medical
equipment, nuclear power generation, and shipbuilding, and
is known as the rising “third metal” and “‘smart metal’™. It is
an important strategic metal material, and the application of
titanium alloys in aerospace has reached nearly 60% or more'’.
Especially in the past 50 years, the total usage of titanium
alloys has continued to steadily increase. Conventional
titanium alloy manufacturing often uses casting, forging, and
other processes, which have limitations such as high energy
consumption, long manufacturing cycles, and low material
utilization, which are not conducive to the manufacturing of
complex titanium alloy structural components and restrict
the application and development of titanium alloys'!.

*e-mail: liupeng1286@163.com

The components prepared using LPBF technology
undergo rapid heating and instantaneous condensation during
the production process. The components first expand due to
heat and then contract due to cold. Uneven thermal stress
accumulates inside the workpiece, which can easily lead
to high strength and poor plasticity of the components'?.
At the same time, due to the presence of phase change, the
formed components generate structural mismatch internally,
leading to phase change stress'. Thermal stress and phase
transformation stress result in residual stresses that cannot
be ignored in the processed components, which can easily
lead to cracks, damage, and other phenomena during service,
shortening the service life of the components'*. So post-
processing is essential, and due to the limitations of titanium
alloy materials, heat treatment has become the current low-
cost and most widely used treatment process. Choosing a
reasonable heat treatment process can effectively reduce the
residual stress caused by sudden cooling during workpiece
formation. By adjusting the process, the transformation
of o and B phase can be controlled, thereby controlling
the size and content of phases, making the microstructure
and mechanical properties of the workpiece better match
the working environment, and unleashing the potential of
titanium alloys".

During the heat treatment process, complex TC4 titanium
alloy components may exhibit differences in microstructure
and grain size in different regions due to the influence of
instantaneous temperature and other uncontrollable factors.
Therefore, exploring the influence of different heat treatment
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processes on the microstructure and properties of TC4 titanium
alloy components prepared by LPBF and selecting appropriate
heat treatment schemes has certain significance and value
for the popularization of LPBF-formed components and the
industrial promotion and application of TC4 titanium alloy.

For TC4 samples prepared by LPBF, there is a relatively
mature heat treatment process to improve the microstructure
and mechanical properties. Liu et al.' studied the effect of
heat treatment on microstructure and mechanical properties
of LPBF TC4 titanium alloy in detail. The results showed
that there were a large number of acicular a, o’ and  phase
in the LPBF TC4 titanium alloy. With the increase in aging
treatment temperature, the metastable o’ phase of LPBF
TC4 decomposed into (a+f) flat noodles. The effect of
heat treatment on the microstructure and basic mechanical
properties of TC4 alloy was studied in detail. The phase
transformation of o and § phase was coarse, and the strength
gradually decreased. The plasticity and hardness increased
and decreased, respectively. In the solution + aging treatment,
the B phase was transformed into o’ phase martensite during
the solution process, and the aging treatment resulted in the
decomposition of the metastable o’ phase into (a+f) flat
noodles. The strength and hardness of the TC4 alloy increased
with increasing temperatures. The best mechanical properties
could be obtained by quenching in water at 960 °C for 1 hour
and air cooling at 600 °C for 8 hours. Zhou et al.'” prepared
TC4 titanium alloy specimens using the variable parameter
forming process (VPFP) of LPBF technology and studied the
surface morphology, tensile properties, and microstructure
of TC4 titanium alloy specimens. The results showed that
in the range of 250-300W laser power, the tensile strength
of VPFP was greater than that of the quantitative parameter
forming process (QPFP), and the elongation was reduced.
By reducing the index of the hierarchical structure, the
tensile strength increased to 1190.84 MPa. Compared with
the untreated sample, the elongation increased to over
200%, with a maximum elongation of 13%. By increasing
the heat treatment temperature, the fracture gradually
transformed from a brittle fracture to a ductile fracture, and
the microstructure of the specimen gradually changed from
a needle-like martensite o’ phase to o phase.

In terms of process methods, Waqas et al.'® studied the
density, cross-sectional morphology, microstructure, and
mechanical properties of Ti6Al4V alloy parts formed by
LPBF before and after heat treatment under laser power,
exposure time, and line spacing. The results showed
that as the laser power increased, the defects in the parts
decreased. In addition, when the laser power was 400W
and the exposure time was 30us, the tensile strength of the
part reached 1203 MPa, which was nearly 300 MPa higher
than that of ordinary forged Ti6AI4V titanium alloy after
annealing. The continuous variation of line spacing within a
certain limit (50-65 um) could increase the relative density to
99.59%, which was much better than the results previously
reported. The tensile fracture of the specimen exhibited
brittle cracks. Ji et al."” investigated the effect of hatch
space (HS) on the roughness, fracture morphology, tensile
performance, and structural refinement of single layer, top,
and side surfaces of LPBF TC4 parts. The results showed
that, due to the scanning strategy and stacking effect, the
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roughness variation trends of single-layer and block-shaped
parts were different. Under optimized process parameters,
the total tensile elongation could be further increased to over
15%, while the tensile strength only needs to be increased to
210um, with an overlap rate of about 23%. After 2 hours of
heat treatment at 800 °C, due to the low temperature gradient
and solid-state phase transition, the texture was lower and
the content of B-phase increased, resulting in the highest
total elongation. It led to a decrease in columnar grains and
an increase in interfacial spacing and lattice parameters.
The fracture mechanism was based on the accumulation of
pores generated during the additive manufacturing process.

Domestic and foreign scholars have also conducted
relevant research on finite element simulation of different
components. Manvatkar et al.** simulated the temperature field
of thin-walled parts formed by powder-feeding laser-selective
melting and analyzed the changes in peak temperature, melt
pool width, and cooling rate with the number of forming
layers. The results showed that the top area of multi-layer
cladding parts had a high temperature, a low cooling rate,
and a wider melt pool size. However, the cooling rate of
the bottom area of the cladding was faster than that of the
top layer, the width of the melt pool was smaller, and the
workpiece presented a shape of a wider top and a narrower
bottom. Manvatkar et al.?! established a transient temperature
field model for laser near-net forming of thin-walled parts
based on the finite element method. In this paper, the variation
patterns of the highest temperature and cooling rate of the
melt pool were summarized. By studying the relationship
between cooling rate and workpiece hardness, the hardness
distribution of thin-walled parts was predicted. The lower
cooling rate at the top of the workpiece resulted in a decrease in
its hardness, while the higher cooling rate at the bottom of the
workpiece resulted in a higher hardness. Tavlovich et al. 2 used
laser additive manufacturing technology with direct metal
deposition to rapidly shape and manufacture complex
parts. For the straight-walled model of multi-layer powder
deposition, the results showed that the width of the cladding
layer can become larger than the width of the melt pool on
the substrate surface. An expression for the elongation of the
melt pool with increasing lateral velocity was proposed, and
the trend of the width and height of the cladding layer was
obtained. Moreover, LPBF is a highly dynamic and intricate
physical process where individual defects often accumulate
into significant internal flaws, subsequently impacting material
formation, microstructure, and performance. Addressing
potential defects in the LPBF process, Zhang? employed
real-time monitoring and recording of plume and splashing
behaviors through image recognition and tracking. This study
elucidated the impact of melt flow evolution on splashing
and plume behaviors across three distinct melting modes,
introducing a novel method for gathering statistical data on
splash-related physical parameters within melting modes.
Dai et al.* utilized a combined approach of laser shock
peening and annealing to fine-tune the microstructure of an
additive-manufactured Al-Mg4.5Mn alloy, thereby enhancing
its mechanical properties.

Although the aforementioned scholars have conducted
research on LPBF-formed components for aviation, the
performance of the components they prepared is still unstable



Effect of Annealing on Microstructures and Properties of TC4 Heat Dissipation Structure Prepared by LPBF 3

and cannot meet the needs of large-scale industrial production
applications. Through in-depth analysis, the main reason for
this is the lack of in-depth understanding and exploration of
key fundamental issues such as the formation law of internal
structure and internal defect formation mechanism, the stress
evolution law of parts, and later part processing in laser rapid
prototyping of titanium alloy parts both domestically and
internationally. This study mainly used TC4 heat dissipation
structures prepared by LPBF for aviation as experimental
materials. Adopting the annealing heat treatment process, the
process parameters will be designed and optimized, which
conducting research on differences in different regions of
components. Through microscopic and mechanical analysis
testing methods, the microstructure, mechanics, and corrosion
performance of the TC4 heat dissipation structure near the
inner hole and outer side were observed and analyzed. Then,
by analyzing the characteristics, a heat treatment process
was optimized and established, analyzed and explored
the influence mechanism of the heat treatment process on
microstructure and performance of different areas of the
TC4 heat dissipation structure, and provided an experimental
and theoretical basis for the annealing process of LPBF
technology to prepare TC4 components.

2. Experimental

2.1. Materials and process methods

This experiment used TC4 titanium alloy powder prepared
by the atomization method and formed TC4 aviation radiator
components (see Figure 1a) prepared by LPBF technology.
The actual components and prepared samples are shown in
Figure 1b. The chemical composition (mass fraction, %)
of the alloy is shown in Table 1, and the sample size was
®80 mm x 5 mm. This experiment utilized LPBF-280HL
additive manufacturing equipment equipped with an Nb-YAG
laser with a rated laser power of 400 W and a scanning speed
of 1000 mm/s. The printing work was carried out under an
Ar gas protection atmosphere.

Using the method of controlling variables, the changes
in the structure and performance of TC4 heat dissipation
under different process parameters were explored. Under
the condition of air cooling and insulation for 2 hours, an
experiment was conducted within the temperature range of
700 °C~1050 °C, with an interval of 50 °C, to explore the
effect of different annealing temperatures on the material.
Then, the most representative 750 °C/2 h/AC and 900 °C/2 h/
AC were selected for the analysis of the internal and external
structure of the heat dissipation structure and the discussion of
the difference in performance. Under annealing temperatures
of 850 °C, 1000 °C, and air-cooling conditions, holding
times of 2 hours and 5 hours were selected as experimental
variables to explore the effect of different holding times on
materials under annealing processes. Finally, 1000 °C/2h/
AC and 1000 °C/5h/AC with significant changes were
selected for discussion of the differences in microstructure
and properties of the internal and external sides of the heat
dissipation structure.

2.2. Experiments and characterization methods

A Nikon Epiphoto 300U/200 horizontal metallographic
microscope was used to observe the morphology characteristics
of alloys. The preparation of metallographic samples mainly
included steps such as sampling, embedding, grinding
and polishing, corrosion, etc. The metallographic etching
solution for LPBF TC4 alloy was Kroll etchant, with a ratio
of 3:1:16 for nitric acid: hydrofluoric acid: water. Then, the
surface of the sample was corroded for about 25 seconds.
The prepared sample surface had no scratches or other
impurities, and the metallographic structure of the sample was
clear and obvious. Using the Zeiss Gemini SEM300 scanning
electron microscope to observe the microstructure around and
outside the heat dissipation holes under high magnification,
the phase composition through EDS elemental scanning was
analyzed. The experimental process includes: the height of
the embedded sample to be observed should be less than
Smm; using conductive adhesive to connect the embedded
sample to the stage; and sequentially placing multiple

Figure 1. (a) Cross section diagram of TC4 heat dissipation structure prepared by LPBF; (b) Partial heat dissipation structure and

schematic diagram.

Table 1. Chemical composition of TC4 alloy (mass fraction, %).

Element Fe C

N

Al Ti

Wt.% 0.1 33

0.01

2.5 Bal.
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samples to be scanned and analyzed. Before observation,
the observation chamber needed to be vacuumed, and then
the microstructure of each area of the joint was observed.
Performed EDS quantitative analysis on the microstructure of
different regions of the heat dissipation structure, combined
with SEM analysis of the microstructure.

XRD testing was conducted using a D/max-2500/PC X-ray
diffractometer. The equipment parameters were as follows:
scanning angle of 20~90 °, step size of 2 °/min, current of
200 mA, acceleration voltage of 40 kV, Cu target and Si
powder as internal standards, graphite monochromatic filter.

In hardness testing, a diamond pyramid indenter with a
136°angle opposite the top two phases was pressed into the
surface of the specimen using a specified test force. After
maintaining the specified time, the test force was removed, and
the surface indentation area of the specimen was measured.
The Vickers hardness value was the quotient obtained by
dividing the experimental force by the indentation area.
The equipment used for this hardness measurement was a
HV-1000 microhardness tester, which used Vickers hardness
to test the experimental samples of TC4 titanium alloy. Each
sample was tested for microhardness at 20 points. The test
pressure was 0.2 kg, the holding time was 10s, and the step
was 500 um. The actual marking positions are shown in
Figure 2a. To avoid measurement errors caused by uneven
microstructure, 10 points were taken near the inner hole and
outer side of each sample, and the average value was taken.
The hardness measurements mentioned below all use this
method and will not be repeated. Measure the hardness of
heat treatment processes at different annealing temperatures,
and the actual spot position is shown in Figure 2b.

Using the CHI-660D electrochemical workstation,
electrochemical corrosion tests were conducted on samples
of different heat-treated heat dissipation structures to analyze
their corrosion resistance performance. The working electrode
was a 0.25 mm? TC4 sample; the auxiliary electrode was
a platinum electrode; and the reference electrode was a
saturated calomel electrode. Using wire cutting to cut
corrosion samples after different heat treatments, samples
with a size of 10 mm x 5 mm were prepared. The preparation
process of electrochemical corrosion specimens included
connecting wires to the back of the specimen, immersing
the specimen and wires in dissolved paraffin, retaining the
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test area on the surface of the specimen, and immersing the
wax-sealed specimen in a 3.5% mass fraction NaCl solution.
Electrochemical testing parameters: the potential range was
relative to the open circuit potential (OCP) =200 mV, and
the scanning speed was 1 mV/s. The polarization curves
and AC impedance of samples with different heat treatment
processes were tested separately.

3. Results and Analysis

3.1. Establishment of physical field models

The research object of this work was the heat dissipation
structure for aviation, prepared using LPBF technology.
The material was TC4 metal powder, which mainly played a
role in cooling and increasing the heat dissipation area. For the
convenience of observation, the heat dissipation structure
was modeled. Figure 3 is a three-dimensional diagram of
the heat dissipation structure. After measurement, the inner
ring diameter was about 80 mm, the outer ring diameter was
about 90mm, the height was 10mm, and the size of the heat
dissipation hole was 3 mm x 1.1 mm.

The solid heat transfer equation used in the simulation is:

or
PCp—+ PCPUVT+Veq =0+ Oy )]

Where p is the density of TC4 (kg/m?), C,, is the constant
pressure heat capacity of TC4 (J/kg - K), T is the thermodynamic
temperature (K), V is the gradient operator, u is the velocity
field, the thermal conductivity of k is TC4 (W/m? - K), and
0 is the heat (KJ).

g=-kVT )
Where ¢ s the Fourier thermal conductivity law, k is the thermal

conductivity (W - m™ - K1), and T is the temperature (K).
The heat source equation used is:

—nq =0 3)

Where 7 is the normal vector of the boundary surface, and
¢ is the external input heat flux per unit area (J/m?).
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Figure 2. Schematic diagram of different hardness measurement location: (a) Along the annular direction of the sample; (b) Perpendicular

to the annular direction of the sample.
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Op=—+ “

Where P, is pressure drop, A is the cross-sectional area of
the heat dissipation structure (m?).

The initial temperature is 25 °C, and the parameters
involved in the simulation, such as elastic modulus, Poisson’s
ratio, thermal conductivity, and specific heat capacity, are
from reference?. The specific values are shown in Table 2.
Simulate the heat dissipation structure using COMSOL
software for different temperature processes. The specific
simulation parameters used are shown in Table 3.

In order to improve efficiency and reduce unnecessary
workload, an encrypted mapping grid was used in the heat
sink area when dividing the grid. A relatively sparse mapping
grid was used in the area far from the heat sink on the outside,
and a free grid transition was used in the middle. The inner
and outer diameters of the heat dissipation structure were
relatively small, so the unit size in the heat dissipation hole
area was controlled at 0.1 mm x 0.1 mm X 0.1 mm, and
the outer unit size was controlled at 0.2 mm x 0.2 mm X
0.2 mm. A total of 37741 units and 8897 grid vertices were
generated. The finite element model after partitioning is
shown in Figure 4.

40 40

Figure 3. 3D diagram of heat dissipation structure.

Table 2. Physical parameters of TC4 alloy®.

The temperature changes in different parts of the heat
dissipation structure during the cooling moment of simulated
samples at 550 °C, 700 °C, 920 °C, and 1000 °C are shown
in Figure 5. In order to further clearly see the temperature
changes at different positions, a three-dimensional cross-
sectional analysis was selected through the outer side, heat
dissipation holes, and inner side to analyze the temperature
changes at different positions. The results are shown in
Figure 6. From the cloud map, it could be seen that the trend
of instantaneous temperature change was the same: the outer
side was the first to reach the predetermined temperature, and
the heat dissipation structure formed a significant temperature
difference on the outer side and near the heat dissipation holes.
By selecting the cutoff line shown in Figure 5, further analysis
could be conducted on the temperature changes between
the outer side, heat dissipation hole, and inner side. It was
found that at 550 °C, the temperature difference between
the inner and outer sides was small, but as the temperature
increased, the temperature difference increased. At the same
time, the cooling rate at 1000 °C was better than at 550 °C.
There was relevant literature? that proved that cooling rate
affects grain size. It was speculated that with the change in
temperature, the evolution of grain size had certain regularity.
The instantaneous temperature on the outer side was greater
than that on the inner side, which means that the size of
the outer grain may be larger than that on the inner side.
The phase transformation products could be varied under
different temperatures and cooling times. The material used
in this experiment is a TC4 titanium alloy prepared by LPBF,
which mainly existed in the densely packed hexagonal o
phase and body-centered cubic 3 phase. The transformation
products also varied under different heating treatments and
cooling rates.

The TC4 heat dissipation structure prepared by LPBF
technology had relatively small grains and mainly underwent
martensitic transformation, which was also the main part
of the solid-state transformation of a dual-phase titanium
alloy. According to the crystal structure, martensite was
mainly divided into four types: hexagonal martensite,

Temperature (°C) Unit 0 500 700 800 1000
Elastic modulus [GPa] 112 92 76 56 32
Poisson’s ratio - 0.34 0.37 0.39 0.41 0.42
Yield strength [MPa] 887 508 212 89 38
Thermal conductivity [W-m'-K'] 6.6 10.3 13.8 14.7 16.9
Specific heat capacity [J-kg' k'] 606 691 726 736 754
Table 3. Simulation parameter settings.
Parameter Number Unit Meaning
d_TC4 40 [mm] Inner diameter of heat dissipation structure
D TC4 45 [mm)] Outer diameter of heat dissipation structure
H TC4 10 [mm] Height of heat dissipation structure
1 TC4 3 [mm] Length of heat dissipation hole
w_TC4 1.1 [mm)] Width of heat dissipation holes
h TC4 10 [mm] Height of heat dissipation hole
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Figure 4. Finite element model after grid partitioning: (a) Overall grid; (b) Local magnification of the grid in the heat dissipation hole area.
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Figure 5. Temperature distribution cloud map under different processes: (a) 550 °C; (b) 700 °C; (c) 920 °C; (d) 1000 °C.

body centered cubic martensite, rhombic martensite, and
face-centered cubic martensite. In the preparation of LPBF,
hexagonal martensite o’ phase and rhombic martensite
o’ phase were prone to occur. The hexagonal martensite
o’ phase appeared in a sheet-like shape without twinning
inside, while the rhombic martensite a.” phase appeared in
a needle-like shape with possible twinning inside. In the
microstructure of TC4, owing to the extremely high cooling
rate of the LPBF process, very fine needle-like martensite o’
with minor 8 and o’ structures is formed. Microstructural
observations confirm that the fine needle-like martensite

o’ fully decomposes in the post-heat treatment cycle,
transforming into a, B, and o’ phases, and generating some
nanoscale f particles during the cooling stage, thereby
necessitating post-treatment for the TC4 alloy following
LPBF fabrication?’. Martensite is a metastable phase that
decomposes into a stable phase with increasing temperature
during heat treatment. The o’ phase could be directly
decomposed into o’ phase, which underwent a transition
phase. In addition, the formation conditions of martensite
were also influenced by the elemental composition and
content of titanium alloys, as well as the heat treatment
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process, especially the instantaneous temperature changes
after heat treatment, which were closely related. Therefore,
further experimental analysis and verification is needed
for the specific phase transformation and microstructure
evolution.

3.2. Microstructures

Figure 7 shows the microstructure morphology at forged,
As-build and 700~1050 °C state, maintained at a constant
temperature for 2 hours, and cooled to room temperature
with air. The microstructure of the TC4 specimen in forged
state was composed of coarse equiaxed (o+f) phases, with
the primary o phase mainly being ellipsoidal and short
rod-shaped. The microstructure was relatively uniform,
and no gradual change was observed. Different from the
microstructure of forged samples, TC4 samples prepared
by LPBF technology had a short laser action time and fast
cooling rate, and the microstructure was composed of fine
needle like martensite o’ phase and a small amount of f
phase. When the annealing temperature was 700~800 °C,
the microstructure was a clear, layered structure composed
of secondary a phase and a small amount of § phase. With
the increase in annealing temperature, the layered structure
gradually decomposed, and the § phase was clearly visible.
At 850 °C, the secondary a phase had transformed into
various forms of o phase, and there were obvious structural
differences in the near inner and outer sides of the heat
dissipation structure: the near inner-pore area was mainly
composed of a “clusters” with tightly arranged grains and
smaller sizes. The outer tissues appeared to be spherical,
rod-shaped, flat noodles, and other forms of a phase, which
were loosely arranged and anisotropic.

When the annealing temperature was 900~1050 °C,
the structure was dominated by (o+f) phase, and the 3
phase was clearly visible. The grain size increased slightly
compared with the annealing temperature of 850 °C, and

the morphology changed little. The structure near the inner
hole also had a variety of o phase morphologies, such as
spherical and flat-noodle-shaped. The grains grew around
the edge of the heat dissipation hole, and the arrangement
was relatively loose. The pattern obtained from annealing
samples at different temperatures was as follows: with the
increase in annealing temperature, the transformation from
secondary o phase to o phase occurred, the content of 8
phase increased, various forms of o phase appeared, the
grain size increased, and the difference in microstructure
between the inner and outer sides of the heat dissipation
structure increased.

To further observe the differences in the near inner
pore and outer microstructure of TC4 prepared by LPBF,
annealing processes at 750 °C and 900 °C with significant
tissue changes were selected. After roughly distinguishing
between the near inner pore and the outer microstructure,
scanning electron microscopy was used for further observation.
The analysis is as follows.

Figure 8 shows the microstructure of LPBF heat dissipation
structure at 750 °C and 900 °C, maintained at a constant
temperature for 2 hours, and cooled to room temperature
with air. As shown in Figure 8, when the temperature was
750 °C, the microstructure of the heat dissipation structure
was not significantly different from the as-build state, and
it was needle-like martensite o’ phase and (o+f) phase.
The distinction between the inner foramen and the outer
side was not clear, and there were many layered tissues on
the outer side. As the heat treatment temperature increased,
o’ phase gradually decomposed into a phase, while 3 phase
was scattered in o phase and its content increased. When
the temperature was 900 °C, a phase grew from fine needle
to coarse lath and spherical, while the grain boundary of
phase was clearly visible. By comparing the area around
the heat dissipation hole, it can be observed that the grains
and structure around the inner hole of the heat dissipation
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Figure 7. Preparation of TC4 samples at different states: (a) forge; (b) LPBF; (c) 700 °C; (d) 750 °C; (e) 800 °C; () 850 °C; (g) 900 °C;
(h) 950 °C; (i) 1000 °C; (j) 1050 °C; (c-j) Different annealing temperatures by LPBF.
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component were more uniform. This was because the area
around the heat dissipation hole was the first to receive heat,
resulting in a higher degree of heat accumulation and a faster
heat dissipation rate compared to the external position.

In order to further explore the microstructure transformation
of'the heat dissipation structure of LPBF-formed TC4 under
different annealing temperatures, SEM was used for analysis.
Figure 9 and Figure 10 show the microstructure near the inner
and outer pores of the heat dissipation structure at 750 °C and
900 °C, respectively. According to Figures 11a and 11b, it could
be seen that when the annealing temperature reaches 750 °C,
the size of the needle-shaped o’ phase increases compared

Near inner foramen area

Figure 8. LPBF TC4 annealing samples: (a) 750 °C; (b) 900 °C.

to the untreated sample, and it is short and disorderly with
no directionality in distribution. The distribution of § phase
was spherical and scattered, with an extremely low content.
Near the inner pore, o’ phase intersected and was more
numerous than the outer one, while the protruding o’ phase
on the outer side decreased and a layered o phase appeared.

It can be seen from Figs. 10a and b that when the annealing
temperature reached 900 °C, the acicular martensite o’ phase
transformed into the fractured coarse lath o phase, which may
be caused by the following factors: The flat noodle o phase
would truncate the grain boundary o phase during the growth
process®. At the same time, the dislocation rearrangement

Near inner foramen area

N

Needle-shaped a phase

Figure 9. SEM morphology and EDS analysis of TC4 prepared by LPBF under 750 °C annealing process: (a) Proximal foramen; (b)

Lateral; (c) EDS analysis in zone A; (d) EDS analysis in zone B.
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Sphei‘ical a phase

Figure 10. SEM morphology and EDS analysis of TC4 prepared by LPBF under 900 °C annealing process: (a) Proximal foramen; (b)

Lateral; (c) EDS analysis in zone A; (d) EDS analysis in zone B.

formed a plane dislocation array, and a subgrain boundary was
formed during the heat preservation process. The existence
of the subgrain boundary made o phase of the flat noodles
fracture. In addition, near the inner hole, due to the initial
heating and relatively high temperature, part of the flat noodles
in o phase broke, and a small amount of equiaxed o phase
(grains with a small size difference in each direction) was
generated at the grain boundary. The lath and spherical o phases
at the outer side were relatively intact, and the boundaries
between a phase and o phase were obvious. The grain size
was slightly larger than that near the inner hole. Analysis of
the EDS graph revealed that at an annealing temperature of
750 °C, the needle-like martensite o’ phase near the inner
and outer pores was composed of elements such as O, Ti, C,
ALV, Fe, etc. Compared with the as-build state, the content
of O elements on both the inner and outer sides increased.
It was speculated that this may be due to the increase in
the size of the secondary o phase, which adsorbed more O
elements to form oxides. At 900 °C annealing temperature,
two different forms of a phase were analyzed. Near the inner
hole area, the fractured lath o phase was analyzed. It was
found that at this time, the proportion of Ti elements was
the largest, reaching 47.9%. On the outside, the composition
of the spherical a phase was analyzed, and at this time, the
proportion of the Ti element was 46%. In summary, as the
annealing temperature increased, the content of Ti atoms
in o phase continuously increased and was not affected by
the grain morphology.

Figure 11a shows the XRD patterns at different annealing
temperatures. Through analysis, it was found that the
diffraction peak representing the B phase in the as-build
state was not displayed due to its extremely low or non-
existent content. As the annealing temperature increased,
the intensity of the diffraction peak representing the 3 phase
continued to increase. The diffraction peaks in the as-build
state and annealing processes at 700 °C and 750 °C were
mainly o’ phase. A diffraction peak of o phase appeared at
800 °C, and the intensity of the diffraction peak gradually
increased. When the annealing temperature reached 850 °C,
no diffraction peak characterizing o’ phase was detected.
Combined with metallographic analysis, it was believed
that with the increase in annealing temperature, o’ phase
transformed into o phase. Further phase analysis was performed
on XRD annealed at 750 °C and 900 °C to determine other
diffraction peaks. Figure 11b shows the X-ray diffraction
spectra under annealing treatment at 750 °C and 900 °C in
the as-build state. Combined with SEM, it could be seen that
the TC4 heat dissipation structure prepared by LPBF consists
of o’ phase and very little B phase. The detected diffraction
peaks were (100) o’-Ti, (002) o’-Ti, (101) o’-Ti, (102)
o’-Ti, (110) @’-Ti, (112) «’-Ti, (201) a’-Ti, and (211) B-Ti.
Combining SEM and metallographic analysis, it was found
that after annealing treatment, as the heating temperature
increased, the o’ phase gradually transformed into the (o+f3)
phase. The crystal structures of o’ phase and o phase were
the same, and their positions in the diffraction pattern were
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Figure 11. XRD characterization of LPBF TC4 samples: (a) Different annealing temperatures; (b) magnified image.

the same?*. The main diffraction peaks detected were (100)
o’/o-Ti, (101) ’/0-Ti, (102) o’ o-Ti, (110) o’a-Ti, (112) o0
Ti, and (110) B-Ti, (211) B-Ti. By comparing the diffraction
peaks of the original and annealed states, the phase diagram
of the alloy showed that under the annealing process, as the
temperature increased, the o’ phase decomposed, the grain
size increased, and the B phase content increased. Among
them, the grain size of phase A and the content of § phase
at 900 °C were significantly higher than those at 750 °C.
Through XRD, it can be seen that the diffraction peak of o’
phase narrowed and the half width of the diffraction peak
decreased at 900 °C. The relationship between grain size
and the half width of the diffraction peak can be obtained
through Scherrer’s formula®. The average grain size of o
phase was inversely proportional to the half width, so the grain
size increased with the increase in annealing temperature.

KA

- Pcosd )

where D is grain size, B is Half peak width, K is constant
(usually 1), » is X-ray wavelength, 6 is Cape Prague.

3.3. Microhardness

In order to further analyze the difference in mechanical
properties between the forged state and the LPBF-prepared
heat dissipation structure near the inner hole and outer
side, micro-Vickers hardness was used for testing. The test
results are shown in Figure 12a, and it can be seen that the
hardness of the forged TC4 titanium alloy was relatively
uniform, with an average value of 330.142HV  ,. The original
TC4 prepared by LPBF had an average hardness value of
380.552 HV , near the inner hole and 436.075 HV , on the
outer side, respectively. Among them, during the measurement
of TC4 in its as-build state near the inner hole, it was found
that the numerical changes were relatively large. Based on
the microstructure, it may be due to the presence of a large
number of “clusters” composed of sheet-like o’ phases in
the near inner hole area, with the dot position precisely
on the “clusters”. The internal and external hardness of

the as-build state was higher than that of the forged state
because the as-build state structure was mainly composed
of needle-like martensite o’ phase, while the forged state
structure was mainly composed of a phase. The needle-like
martensite o’ phase was a supersaturated solid solution with
lattice distortion, and the hardness is much higher than that
of o phase?.

Measure the hardness and calculate the average value, as
shown in Figure 12b. As the annealing temperature increased,
the overall hardness showed a trend of first increasing, then
decreasing, and then slowly increasing again. Among them,
the hardness at 750 °C annealing temperature was slightly
higher than that at 800 °C annealing temperature, and the
hardness of the sample at 900 °C annealing temperature
was lower than that in the as-build state and other annealing
processes. Combined with metallographic and XRD analysis,
this was because, as the annealing temperature increased,
the secondary o phase in the structure gradually transformed
into a phase. According to relevant literature, the hardness
of secondary o phase was the highest, followed by o phase
and B phase. At 700 °C, although the organization was
mainly composed of secondary a phases, the content was
relatively low, resulting in low hardness. As the temperature
increased, the size and content of secondary o phase increased,
indicating an increase in hardness. At 900 °C, almost all of
the secondary a phase was transformed into a phase, and
some o phases were affected by temperature to fracture.
At the same time, the content of B phase increased, which
affected the overall average hardness value, resulting in lower
process hardness at this temperature. The hardness of the
samples at temperatures ranging from 950 °C to 1050 °C
was not significantly different. This was because the growth
rates of the generated o phase size slowed down at this time
while the content of § phase increased.

Further analyze the hardness under the annealing
processes of 750 °C and 900 °C, use the actual measurement
positions mentioned in Figure 12¢ to mark the near inner
hole and outside of these two annealing temperature
processes separately, and record the hardness values.
Figure 13 shows the internal and external hardness changes
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Figure 13. Polarization curve: (a) As-build and forged state; (b) As-build and annealing state.

of'the heat dissipation structure under annealing processes ~ 451.16 HV,
at 750 °C and 900 °C. The internal and external hardness

02>

respectively. The internal and external hardness
under the 900 °C/2 h/AC process was 272.901 HV , and

under the 750 °C/2 h/AC process was 389.8 HV , and  260.481 HV ,, respectively. At 750 °C, the hardness of
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both the inner and outer sides was higher than the as-build
state. Based on metallographic analysis, it was speculated
that this may be due to the growth of grains with increasing
temperature, which generated a large amount of needle-
like martensite o’ phase at 750 °C, and the content of the
inner side was lower than that of the outer side, resulting
in lower hardness near the inner hole and higher hardness
on both the inner and outer sides than the as-build state.
At 900 °C, the internal and external hardness was lower
than that of the as-build state because the acicular martensite
o’ phase was transformed into a lath and spherical a phase
with the increase in temperature and coarsens, resulting
in internal dislocation stress*. The grain size of o phase
near the inner hole was lower than that of the outer side,
and the content of B phase increased slightly compared to
750 °C, while the content of § phase near the inner hole
was higher than that of the outer side. Because the hardness
of B phase was lower than that of o phase and o’ phase®!,
the hardness on the outer side was lower than that near the
inner hole at 900 °C.

3.4. Electrochemical corrosion

In order to investigate the effect of LPBF and different
annealing processes on the corrosion resistance of TC4 alloy,
electrochemical corrosion tests were conducted. Polarization
is a phenomenon where static current flows through the
electrode and the potential deviates. The polarization curve
reflects the relationship between potential and current/
density, and by judging the polarization curve, passivation
and corrosion can be obtained. Corrosion potential and
corrosion current density are two important factors that
characterize the corrosion resistance of materials: corrosion
potential reflects the dissolution process of materials, and
the smaller the current and the less material dissolution,
the more corrosion-resistant the material is*'. The corrosion
current density is manifested as the corrosion rate of the
material, and the higher the corrosion current density, the
greater the corrosion rate. In addition, when titanium alloys
are exposed to air, they are prone to adsorbing oxygen-
containing particles on the surface, forming a dense oxide
film that causes passivation. Therefore, to determine the
corrosiveness of titanium alloys, it is necessary to consider
the corrosion potential at the beginning of passivation
comprehensively.

Figure 13a shows the relationship between corrosion
current density and corrosion voltage in the forged and as-
build states. The relevant electrochemical parameters are
shown in Table 4. It could be seen that both the forged and
LPBF-prepared TC4 alloys exhibited metal passivation curve
characteristics, resulting in the passivation phenomenon. When
the potential of the forged sample reached around -0.13 V,
a plateau appeared on the curve, indicating the appearance

Table 4. TC4 electrochemical corrosion test results.

of a passivation film on the surface of the sample. When
the potential reached around -0.1 V, the corrosion current
increased, indicating that the passivation film on the surface
of the sample was destroyed and the reaction rate increased.
When the potential reached around 0.1 volts, The growth rate
of'the corrosion current was slow, and it was speculated that
the formation of a new passivation film at this time would
reduce the reaction rate. The TC4 as-build state sample
prepared by LPBF exhibited a passivation phenomenon at
around -0.37V.

By comparing the forged state with the as-build state,
it was found that the corrosion potential in the forged state
was -0.14 V, which was higher than that in the as-build
state, indicating that the forged sample was less prone to
corrosion. At the same time, the polarization curve of the as-
build state prepared by LPBF was located below the forged
state, indicating that when the potential was the same, the
corrosion current density in the as-build state was smaller
and more corrosion-resistant.

Figure 13b shows the relationship between corrosion
current density and corrosion voltage in the as-build state and
heat treatment. The relevant electrochemical parameters are
shown in Table 4. By comparing the as-build state, it could
be seen that the corrosion potential of the samples treated
with annealing at 750 °C and 900 °C was higher than that
of the as-build state, indicating that the samples were less
prone to corrosion after annealing. Among them, the corrosion
resistance under annealing at 900 °C was better than that of
the as-build state. Based on metallographic analysis, it was
speculated that the presence of a large amount of o’ and
phases in the as-build state was the reason for the deterioration
of electrochemical performance, and the uneven layered
structure led to an uneven and dense passivation film?®2.
Compared to the annealing process at 900 °C, the corrosion
resistance of the a’ phase in the structure was slightly lower
at 750 °C due to the lower annealing temperature, and the
o’ phase was not fully transformed into o phase. As the
annealing temperature increased, o’ phase transformed into
o phase, and the microstructure was mainly composed of
(0-+B) phase. The disappearance of layered structure and grain
growth made the microstructure more uniform, resulting in
a denser passive film and improved corrosiveness.

In summary, regarding electrochemical corrosion
resistance, the TC4 alloy fabricated by LPBF process was
more susceptible to corrosion than its forged counterpart,
with annealing further aggravating this issue. However, as the
annealing temperature rose, corrosion resistance improved.
Microhardness showed the opposite trend. The average
microhardness of the LPBF specimens was higher than that
of the forged specimens. Following annealing, the average
microhardness of the LPBF-prepared samples initially
increased and then significantly decreased.

Process Corrosion potential (V) Corrosion current density (A/cm?)  Corrosion potentiometer (V)
Forge -0.14 3.211x107 -0.13
As-build -0.346 5.751x107 -0.33
750°C/2h/AC -0.074 1.292x10° -0.05
900°C/2h/AC -0.117 1.422x10¢ -0.1
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4. Conclusions

The TC4 alloy heat dissipation structure prepared by LPBF

was analyzed using the controlled variable method and different
annealing processes. The main research content included
the differences in microstructure and hardness properties
in different regions of the heat dissipation structure, XRD
phase analysis, and electrochemical performance analysis.
The following conclusions were obtained:

(1) By establishing a numerical simulation model,
the temperature field changes of the TC4 heat
dissipation structure prepared by LPBF were
analyzed. The instantaneous temperature changes
of the heat dissipation structure passing through
the outer side, heat dissipation holes, and inner
side were measured. At the same time, it provided
temperature change parameters and the basis for
subsequent experiments, facilitating specific research
on microstructure evolution and grain growth laws.
The TC4 prepared by LPBF was different from the
forged TC4, with a microstructure composed of a
small o’ phase and a small amount of § phase. The
near inner pore region was mainly composed of o’
phase clusters, while the outer region was mainly
composed of slender and randomly distributed o
phases. With the increase in annealing temperature,
o’ phase gradually decomposed into a phase, and
the grains grew continuously, appearing spherical,
short rod, flat noodles, and other forms. The a
phase near the inner hole area was greatly affected
by temperature, resulting in grain fracture. The
volume fraction of B phase continued to increase,
with rapid growth occurring between 700 °C and
900 °C and slowed growth occurring between 900
°C and 1000 °C.

The hardness of TC4 prepared by LPBF was about
50 HV  , higher than that of the forged state, and the
hardness distribution on the surface of the sample
was uneven, with the outer side having a higher
hardness than the inner side. After annealing treatment,
the hardness of the inner and outer sides showed
a trend of first increasing and then decreasing: at
750 °C~900 °C, the hardness increased slightly,
and the hardness of the outer side was greater than
that of the inner side. At 900 °C, the grains within
the organization fractured, resulting in a hardness
of about 100 HV , lower than the as-build state.
At 900 °C~1050 °C, the broken grains grew, the
hardness increased, and the values were closer to
the as-build state.

The electrochemical performance of TC4 prepared
by LPBF was not significantly different from that of
TC4 in the forged state: TC4 in the forged state was
less prone to corrosion, while TC4 prepared by LPBF
was more corrosion-resistant. The composition of
the internal phase of the organization was the main
reason affecting its electrochemical performance.
The uneven distribution of the o’ phase prevented the
formation of a dense passivation film on the surface
of the workpiece, resulting in weak corrosiveness.
The large size and uniformly dispersed (o+f)

@

3)

“)
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phase of a phase were conducive to the formation
of passivation film and hindered the progress of
corrosion. Therefore, as the annealing temperature
increased, the electrochemical performance improved.
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