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Abstract: Laser powder bed fusion (LPBF) technology has a dominant position in the preparation of
titanium implants with a complex structure and precise size. However, the processing characteristics
of rapid melting and solidification lead to the low density and poor corrosion resistance of the alloy.
Hereby, the effects of the laser power and scanning rate on the density, hardness, compressive strength,
and corrosion resistance of the Ti6Al4V alloy prepared by LPBF technology have been investigated by
metallographic microscopy, a mechanical analysis, and electrochemical tests. The results show that
increasing the scanning rate and decreasing the laser power decreases the transformation power from
the B phase to o phase and changes the morphology of the o’ phase from lath shaped to acicular. The
hardness of the Ti6Al4V alloy reaches the maximum (480.53 HV) for a scanning rate of 1000 mm/s
and laser power of 280 W, owing to the sufficient precipitation of the o’ phase. Unfused holes occur
in the titanium alloy when the laser energy density is too low to melt the power. Pores occur when
the laser energy density is too high to vaporize the powder. Both defects reduce the compressive
strength of the alloy. The maximum relative density of the Ti6Al4V alloy is 99.96% for a scanning rate
of 1200 mm/s and laser power of 240 W, and the compressive strength (1964 MPa) and corrosion
resistance (3.16 MQ-cm?) both reached the maximum.

Keywords: selective laser melting; Ti6Al4V alloy; laser power; scanning rate; mechanical properties;
corrosion resistance

1. Introduction

According to the chemical composition and relative stabilities of the phases, titanium
alloys can be divided into «-Ti, (o + 3)-Ti, and -Ti alloys. Ti6Al4V, as a type of medium
strength o« + {3 titanium alloy, has been widely used in the medical sector due to its excellent
mechanical properties, outstanding corrosion resistance, and biological performance [1-4].
Traditional technology to manufacture titanium alloy components with complicated shapes
has the problems of low material utilization and a high cost. In recent years, additive
manufacturing technology has been used to fabricate a complex titanium alloy medical as-
sembly. Additive manufacturing (AM) technologies have been widely studied and applied
in important areas, such as the aeronautic, astronautic, and medical fields, with minimum
waste and excellent processing flexibility [5]. In contrast to traditional manufacturing, the
obvious advantage of AM is that it can directly fabricate complex and internal characteristic
components through line-by-line and then layer-by-layer processes from raw materials,
without the need for secondary machining, while achieving an optimized mechanical
performance, which cannot be accomplished by traditional processing methods [6]. Laser
powder bed fusion (LPBF) is an increasingly applied 3D AM technology that integrates
advanced laser technology, computer-aided design, manufacturing technology, and powder
metallurgy technology. Compared with traditional processing methods, LPBF omits the
manufacturing process of the mold, which has a great advantage in producing complex
shapes and personalized components [7-10].
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Generally, the quality of AM components is not ideal due to the micro-cracking and
residual stresses, which restrict the use of these parts in applications with high tolerance
and high fatigue strength requirements [11-13]. These shortcomings will endanger the
mechanical performance, as well as the corrosion resistance. It has been shown that AM
process parameters greatly influence the microstructure and mechanical properties of
titanium alloys. The process parameters of LPBF are complex, including the laser power,
scanning rate, layer thickness, and scanning spacing. These process parameters interact
and have a great influence on the microstructure and mechanical properties of the titanium
alloy, as well as a direct influence on the corrosion resistance of the material [14-16].
Among these parameters, the laser power and scanning rate are the most closely related to
the microstructure and properties of the alloy. Edwards et al. [17] compared the fatigue
properties of the Ti6Al4V alloy formed by LPBF with that of the forged titanium alloy
and found that the fatigue life of the Ti6Al4V alloy formed by LPBF was smaller, which
was related to the microstructure and density of the Ti6Al4V alloy. Dai et al. [18] studied
the corrosion behavior of the Ti6Al4V alloy and GRS titanium alloy formed by LPBF in
normal saline. They found that the microstructure of the GR5 titanium alloy was composed
of the typical o + 3 phase, while the Ti6Al4V alloy was composed of a large amount
of acicular martensite and less primary 3 phase. Thus, the corrosion resistance of the
Ti6Al4V alloy was lower than that of the GRS titanium alloy. Vandenbroucke et al. [19]
explored the effect of the LPBF process parameters on the microstructure of the Ti6Al4V
alloy. The results showed that when the laser power was 95 W and the scanning rate was
125 mm/s, the maximum density of the alloy was 99.8% and the hardness reached 410 HV.
Song et al. [20] pointed out that the hardness of the Ti6Al4V alloy increased to 450 HV
under the LPBF process with a laser power of 110 W and a scanning rate of 400 mm/s. Li
et al. [21] investigated the microstructure and mechanical properties of the Ti6Al4V alloy
manufactured by self-developed laser rapid-prototyping equipment. The results showed
that the microstructure of the Ti6Al4V alloy was most uniform with a laser power of 2.5 kW
and a scanning rate of 10 mm/s.

Ren et al. [22] reported that an appropriate scanning speed can not only increase the
density of Ti-23Nb alloys but also improve its wear and corrosion resistance. The specimen
produced at 2.6 mm/s possesses a lower corrosion potential (Ecorr) value owing to the
presence of more «” phase. Grain size is a critical factor in determining the corrosion
current density (icorr). The high scanning speed specimen with small grain sizes has a
high resistance and low corrosion current density. Jiang et al. [23] produced a ferritic
stainless steel by LPBF at scanning speeds ranging from 2300 to 2700 mm/s and found
that a scanning speed of 2300 mm/s produced materials with the lowest wear rate and
corrosion current density [24]. In order to utilize the low cost and flexibility afforded by
the powder mixture, a comprehensive understanding of the relationship between the laser
parameter and microstructure evolution is required. Furthermore, the effect of the LPBF
process on the corrosion resistance of titanium alloy in body fluids remains unclear.

Here, LPBF technology was used to investigate the influence of the scanning rate and
laser power on the microstructure, mechanical properties, and corrosion resistance of the
Ti6Al4V alloy. In addition, the mechanism was investigated at the microscale to achieve
the regulation of the mechanical properties and corrosion resistance of the Ti6Al4V alloy.
Moreover, the mechanical properties consisting of the Vickers hardness and compression
behavior were analyzed. This work lays a solid foundation for the wide application of the
Ti6Al4V alloy to reduce internal defects and improve the manufacturing efficiency.

2. Materials and Methods
2.1. Fabrication of Ti6Al4V by LPBF

The experimental equipment used for Ti6Al4V alloy preparation was an LPBF (EOS-
M290, EOS, Berlin, Germany) system equipped with a 400 W YD fiber laser. The diameter
of the laser beam was 10 um and the shielding gas was 99.99% argon. The raw material
was spherical Ti6Al4V alloy powder with an average particle size of 40 um which was
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obtained by electrowinning according to the patent No. US11180863B2, and its chemical
composition (mass fraction, %) was Al 5.67, V 4.21, 0 0.12, C 0.01, H 0.001, Fe 0.1, and Ti
balance. The scanning interval was 50 um; the layer thickness was 30 um; the laser power
was 160 W, 200 W, 240 W, and 280 W; and the scanning rate was 1000 mm/s, 1200 mm/s,
and 1400 mm/s. Before additive manufacturing, the Ti6Al4V powder was dried in an inert
gas heater at 200 °C to remove the moisture. Metallographic and compression specimens
with dimensions of 8 mm (diameter) x 15 mm (length) and samples for electrochemical
measurement with dimensions of 1 mm x 5 mm x 10 mm were prepared.

2.2. Material Characterization

The metallographic specimens were polished and then corroded with Kroll etching
solution (HF:HNO3:H,O = 1:3:7 volume ratio). The microstructures of the specimens
were observed with an optical microscope (OM, DM4M, Leica, Wetzlar, Germany). The
densities of the samples were calculated by Image-Pro Plus software (version 6.0.0.260,
Media Cybernetics Inc., Rockville, MD, USA). A Vickers hardness tester (VMHT30M, Leica,
Wetzlar, Germany) was used to measure the surface hardness of the samples. The test
was carried out for 10 s under 4.9 N. An electronic universal testing machine (CMT5150,
Xinsansi, Shanghai, China) was used to measure the mechanical properties of the compres-
sion specimens. The strain rate was 0.005 s~! and each group of data was the average of
five measured specimens. Each group of data is the average of 5 measured specimens. A
composite lubricant of nickel anti-seize and tantalum foil (thickness of about 0.1 mm) is
attached to the contact surface between the specimen and the anvils to minimize friction
effects during hot deformation. Eliminate piston clearance after deformation temperature
is reached to prevent buckling.

2.3. Electrochemical Tests

In order to investigate the corrosion resistance of Ti6Al4V implants in the biological
environment, an electrochemical workstation equipped with the three-electrode system
was used to perform the electro-chemical tests in the simulated body fluid (SBF). In the
electrochemical test, the working electrode is the studied alloys with an exposed area of
1 cm?, the counter electrode was the platinum sheet, and the reference electrode was the
saturated calomel electrode (SCE). The concentrations of the ions in SBF were Na* 142.0, K*
5.0, Mg?* 1.5, Ca?* 2.5, C1~ 147.8 HCO®~ 4.2, HPO,?~ 1.0, and SO4%~ 0.5 mM. The system
was placed in a thermostatic water bath and kept at 37 °C for 24 h. The potentiodynamic
polarization measurements were conducted at a scanning rate of 0.5 mV /s, ranging from
—1V to 1 V. The self-corrosion potential and corrosion current density were analyzed at
the same time.

3. Results and Discussion
3.1. Influence of Laser Power and Scanning Rate on the Density and Microstructure of
Ti6Al4V Alloy

The factors affected by the technological parameters in the LPBF forming process are
relatively complex. During the forming process of the LPBF, the high-energy-density laser
beam acts on the powder in the form of a body heat source. Therefore, the influence of
the laser power and scanning rate on the forming thermodynamics of the specimen can be
characterized by the laser energy density (E;) [25]:

P
B = oxIxs W
where P is the laser power (W), v is the laser scanning rate (mm/s), L is the thickness of the
alloy powder (mm), and S is the scanning interval (mm).
The variation in the density and laser energy density of the titanium alloy with a
different laser power and scanning rate is shown in Figure 1. It can be seen that when the
scanning rate is fixed, the increase in the laser power will cause the laser energy density
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to increase continuously. Under the same laser power, the laser energy density decreases
with the increase in the scanning rate. At the same time, it can be seen that when the
scanning rate is 1400 mm/s, the density of the samples increases with the increase in the
laser energy density. When the scanning rate was 1000 or 1200 mm /s, the density of the
specimens showed a peak, and the morphology of the specimen at the peak showed a
uniform structure and fewer porosity defects, as shown in Figure 1a. It is suggested that
when E, is higher than 155.55 ] /mm?, the input energy of the titanium alloy powder results
in severe convection in the micro-molten pool and the vaporization of the liquid alloy,
forming round pores, as shown in Figure 1b. Gao et al. [26] also believe that the circular
pore defect caused by powder gasification is the main reason for the low density of the
parts when the laser energy is high. When E, is lower than 76.19 ]/mm?, the energy of the
micro-molten pool is not sufficient to completely melt the titanium alloy powder. The high
viscosity of the molten metal leads to the formation of the irregular shape of the incomplete
defects, as shown in Figure 1c. These two types of pore defects both affect the mechanical
properties of the sample.
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Figure 1. Volume energy density and relative density of Ti6Al4V alloy for different laser power and
scanning rate. The inserts show metallographs of the specimens at (a) v = 1000 mm/s, P = 200 W;
(b) v=1200 mm/s, P = 280 W; and (c) v = 1400 mm/s, P = 160 W.

Consequently, the increase in the laser energy density strengthens the fluidity and
improves the density of Ti6Al4V. With a continuous increase in the laser energy density, it is
easy to produce circular pores and decrease the density of the alloy. In contrast, a low laser
energy density leads to the appearance of the incomplete penetration of the pore defects,
resulting in a decrease in the density of the Ti6Al4V alloy. In this experiment, the maximum
density of the titanium alloy was 99.96% at a scanning rate of 1200 mm/s and laser power
of 240 W.

The metallographs of the Ti6Al4V alloy produced with a different laser power and
scanning rate are shown in Figure 2. The microstructure of the samples consisted of the
acicular o phase and a small amount of the 3 phase. Considering that the principle of the
LPBF process is layer-by-layer superposition to form a repeated heating cycle and waste
heat transformation, the matrix contained unfused  columnar crystals and acicular of
martensite. The heat output increases with an increasing laser power, which enhances the
transformation of the 3 phase to the o’ phase, resulting in a more extensive transformation
of the 3 phase and the disappearance of the grain boundary (Figure 2a,b). The heating
time of the alloy powder is prolonged under a slow scanning rate and is easier to form the
acicular o’ phase. When the scanning rate increases, the increase in the cooling rate leads
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to the incomplete transformation of the  phase to the «’ phase, resulting in a decrease in
the acicular o’ phase (Figure 2c,d). Previous studies have shown that with an increasing
cooling rate, the nucleation mechanism of the &’ phase changes from short-range diffusion
to the shear mode [27,28]. In this study, a similar conclusion was obtained, where increasing
the scanning rate changed the precipitation mechanism of the o’ phase, and the structure
of the o’ phase changed from lath shaped to needle shaped (Figure 2e,f).

Figure 2. Metallographs of Ti6Al4V alloy prepared with the process parameter of (a) v = 1200 mm/s,
P =160 W, (b) v =1200 mm/s, P =280 W, (c) v = 1000 mm/s, P = 200 W, (d) v = 1400 mm/s, P =200 W,
and SEM micrographs of the Ti6Al4V alloy prepared with the process parameter of (e) v = 1000 mm/s,
P =200W, and (f) v = 1400 mm/s, P = 200 W.
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3.2. Influence of Laser Power and Scanning Rate on the Mechanical Properties of Tic A4V Alloy

The average hardness values of the Ti6Al4V alloy prepared with different laser power
and scanning rates are shown in Figure 3. The hardness of the Ti6Al4V alloy increases
with an increasing laser power at the scanning rate, and the maximum hardness value
is 480.53 HV (280 W, 1000 mm/s). The hardness of the Ti6Al4V alloy decreases with an
increasing scanning rate at the same laser power, and the minimum hardness value is
305.90 HV (160 W, 1400 mm//s). The titanium alloy powder undergoes repeated heating in
the process of melting and reforming. A high laser power input slows down the residual
heat emission and promotes the precipitation of the «’ phase. The acicular martensite
structure of the o phase contributes to the improvement in the hardness. Conversely, the
heating time and the total heat input of the micro-molten pool decrease with an increasing
scanning rate, which is adverse for the precipitation of the o’ phase and reduces the
hardness of the Ti6Al4V alloy.
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Figure 3. Vickers hardness of Ti6Al4V alloy prepared with different LPBF parameters.

The compressive strength values of the specimens prepared with different laser power
and scanning rates, as well as the relationship between the density and compressive
strength, are shown in Figure 4. The failure in the compression behavior of the Ti6Al4V
alloy manufactured by LPBF is mainly caused by internal defects [29,30]. In general, the
defects in additive manufacturing specimens mainly include pores, unfused holes, and
cracks. Unfused holes occur in the titanium alloy when the laser energy density is low and
the powder is not completely melted. Pores occur when the laser energy density is high and
the powder is vaporized. The compressive strength of the Ti6Al4V alloy shows the same
trend with the relative density. When the scanning rates are 1000 mm/s and 1200 mm/s
(Figure 4a), the compressive strength of the specimen shows a trend of first increasing and
then decreasing with the increase in the laser power. When the scanning rate is 1400 mm/s,
the compressive strength of the specimen increases with an increasing laser power. The
reason is that the hexagonal «’ phase is densely arranged with a strong interatomic bonding
force, which is higher than that of the § phase. There is a direct proportional relationship
between the density and the compressive strength (Figure 4b). When the density increases
from 85.2% to 92.2%, the compressive strength of the titanium alloy increases significantly,
and as the density keeps increasing, the compressive strength growth of the titanium alloy
slows down.
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Figure 4. (a) Compressive strength of Ti6Al4V alloy and (b) the relationship between the compressive
strength and the relative density.

3.3. Influence of Laser Power and Scanning Rate on the Corrosion Resistance of Ti6Al4V Alloy

The potentiodynamic polarization curves of the Ti6Al4V alloy manufactured by LPBF
in SBF are shown in Figures 5 and 6. Usually, the corrosion current density (Icorr) and
self-corrosion potential (Eqorr) are used as important parameters to evaluate the corrosion
resistance of materials, in which the corrosion current density determines the corrosion rate
of the material [31]. The obtained .oy and Ecorr values are shown in Tables 1 and 2. From
the corrosion thermodynamics perspective, it can be seen from Figure 5 that the Eqorr value
gradually increases with the increase in the laser power at the range of 160 W to 240 W,
implying that the anodic corrosion tendency of Ti6Al4V alloys gradually reduces. From a
corrosion kinetics perspective, the corrosion resistance derived from the Iorr exhibited a
similar corrosion behavior with that obtained from the Ecorr. As the laser power increased
from 160 W to 240 W, the increasing laser energy density and heat input promote the
formation of the anisotropic « acicular martensite and homogenize the microstructure,
which inhibits the corrosion by the electrolyte and enhances the corrosion resistance of the
specimen. Moreover, the grain size is a critical factor affecting the corrosion behavior [32].
The passivation ability correlates with active sites on the alloy surface, and a high density
of the grain boundaries can promote the formation of passive films. Ralston et al. [33]
established a Hall-Petch kind of relationship between the .o+ and the average grain size,
which means that a decreased grain size leads to a reduction in the I.orr. When the laser
power is increased to 280 W, the density of the Ti6Al4V alloy decreased, making it easier
to cause pitting corrosion. The self-corrosion potential of the sample decreased, and the
corrosion rate increased. The Ry, value is the largest when the laser power is 240 W, i.e.,
approximately 3.16 MQ-cm?, indicating that the corrosion resistance is the best. This is
consistent with the analysis results of the polarization curve.
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Figure 5. Polarization curves of Ti6Al4V alloy at scanning rate of 1200 mm/s.
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Figure 6. Polarization curves of Ti6Al4V alloy at laser power of (a) 160 W and (b) 280 W.

Table 1. Corrosion potential and current density of Ti6Al4V alloy in SBF at scanning rate of
1200 mm/s.

Laser Power/W Ecorr/V Icore/(NA-c—2) Rp (MQ-cm?)
160 —0.28 25.37 1.25
200 —0.09 12.21 2.73
240 —0.04 7.94 3.16
280 —-0.17 9.88 2.41

Table 2. Corrosion potential and current density of Ti6Al4V alloy in SBF at laser power of 160 W and
280 W.

Scanning 160 W 280 W
Rate/(mm/s)  E,./V  Ion/(nA-cm~2) R, (MQ-cm?) Ecore/V. Ion/nA-em=2)  Rp/(MQ-cm?)
1000 —0.06 15.89 2.57 -0.25 9.30 1.98
1200 -0.28 25.37 1.25 -0.17 9.88 241
1400 —0.41 28.76 0.87 —0.04 9.74 2.94

From Figure 6, it can be seen that when the laser power is 160 W, the Ecor value
gradually decreases with an increasing scanning rate owing to the increase in the unfused
holes in the alloy. The I¢orr value increases with the increase in the scanning rate accordingly.
When the laser power is 280 W, the data showed that the I.orr values are approximately
equal, and the E.r value increases with an increasing scanning rate that indicates that the
anodic corrosion tendency of the Ti6Al4V alloys gradually reduces. Because the Ecr is an
indicator of the energy of the corrosion reaction, the highest value of the Ecorr (—0.04 V) for
the scanning rate of 1400 mm/s had higher energy to be oxidized. Under the condition of
the laser energy density exceeding the melting temperature of the Ti6Al4V alloy powder,
an increase in the scanning rate increases the density of the specimens, which enhances
the corrosion resistance. The R, of the Ti6Al4V alloys increases from 1.98 to 2.94 MQ-cm?
with an increasing scanning rate, demonstrating the greater difficulty of the electric charge
to transfer through the passive film. Thus, when the laser energy density is not high
enough, increasing the scanning rate cannot reduce the grain size and enhance the corrosion
resistance of the alloy. The laser power is the primary parameter to be considered.

Therefore, the influence of the laser power and scanning rate on the corrosion resistance
of the Ti6Al4V alloy in the process of the LPBF preparation is a dynamic adjustment process,
and it is necessary to comprehensively consider the results of the interaction of the two
types of parameters. Table 3 shows the contrastive analysis of the corrosion parameters in
this work with the literature data for the Ti6Al4V alloy. The LPBF Ti6Al4V alloy has a better
corrosion resistance than the NiTi alloy and the Ti-23Nb alloy. Meanwhile, the Ti6Al4V
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alloy showed the best corrosion resistance when the scanning rate is 1200 mm/s and the
laser power is 240 W.

Table 3. Corrosion parameters observed from potentiodynamic polarization for LPBF titanium alloys
in the SBF at 37 °C.

Alloys Ecore/V Icore/(nA-cm—2) Reference
Ti6Al4V —0.04 7.94 this work
Ti6Al4V —0.369 + 0.008 15.47 + 4.40 [34]
Ti6Al4V - 73.8 [35]
Ti6Al4V —0.144 41 [36]

NiTi —0.220 + 0.004 4109 £+ 67.7 [37]
Ti-23Nb - 13.2 [22]

4. Conclusions

The microstructure, mechanical properties, and corrosion resistance in the SBF of
the Ti6Al4V alloy manufactured by LPBF under different laser power and scanning rate
conditions have been investigated by the electrochemical corrosion method and mechanical
tests. The main conclusions are as follows:

(1) The microstructure of the TibAl4V alloy is composed of o’ martensite and the f
phase. Increasing the scanning rate and decreasing the laser power decreases the
transformation power from the 3 phase to the ' phase and changes the morphology
of the o phase from lath shaped to acicular. The hardness of the TibAl4V alloy reaches
the maximum (480.53 HV) for a scanning rate of 1000 mm/s and a laser power of
280 W, owing to the sufficient precipitation of the o’ phase.

(2) Unfused holes occur in the titanium alloy when the laser energy density is too low
to melt the power. Pores occur when the laser energy density is too high to vaporize
the powder. Both defects reduce the compressive strength of the alloy. The maximum
relative density of the Ti6Al4V alloy is 99.96% for a scanning rate of 1200 mm/s and
laser power of 240 W, and the compressive strength reached the maximum (1964 MPa).

(3) The influence of the laser power and scanning rate on the corrosion resistance of the
Ti6Al4V alloy in the process of the LPBF preparation is a dynamic adjustment process.
The corrosion resistance of an alloy can be improved effectively by increasing the
scanning rate and laser power in a certain range. However, when the laser energy
density is not high enough, simply increasing the scanning rate cannot reduce the
grain size and enhance the corrosion resistance of the alloy. The laser power is the
primary parameter to be considered. The Ti6Al4V alloy showed the best corrosion
resistance when the scanning rate is 1200 mm/s and the laser power is 240 W.
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