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Abstract: Ti−6Al−4V alloy was fabricated via selective laser melting (SLM) to improve its corrosion resistance for 
implant. The microstructure and electrochemical corrosion behavior were investigated using scanning electron 
microscopy (SEM), electron backscatter diffraction (EBSD), transmission electron microscopy (TEM), electrochemical 
test and contact angle test. It can be found that the as-selective laser melted (as-SLMed) Ti−6Al−4V alloys show β 
columnar microstructure in building direction and nearly circular checkerboard microstructure in scanning direction, 
while the wrought and wrought+HT samples exhibit equiaxed microstructure. The as-SLMed Ti−6Al−4V alloy exhibits 
better corrosion resistance than the wrought and wrought+HT samples due to hydrophobicity, high grain boundary 
density and uniform distribution of alloying elements in simulated artificial saliva at 37 °C. 
Key words: Ti−6Al−4V alloy; selective laser melting; microstructure; electrochemical corrosion behavior 
                                                                                                             

 

 

1 Introduction 
 

Ti−6Al−4V alloy is widely considered as a 
promising material in medical fields due to its good 
workability, excellent biocompatibility, low elastic 
modulus and high strength, etc [1,2]. However, the 
undesirable corrosion resistance limits its 
application in dentistry. APARICIOA et al [3] 
reported that titanium oxide film broke easily in 
acid, fluoride and saliva. The complexity of food 
intake can drastically change pH values of human 
saliva, which deteriorates the oral environment for 
teeth [4]. 

The conventional manufacturing methods, i.e., 
casting and forging, have many disadvantages such 
as low utilization rate, long preparation periods and 
high manufacturing costs. Moreover, it is difficult 
to fabricate the parts with complex shapes and 
excellent properties, which limits the application of 
Ti−6Al−4V alloys in medical fields [5,6]. Many 
researchers improved the corrosion resistance of the 
Ti−6Al−4V alloy by surface modification using 
micro-arc oxidation (MAO) [7], shot peening   
(SP) [8], plasma electrolytic oxidation (PEO) [9], 
and laser cladding (LS) [10]. For example, a cortex- 
like microstructure with irregular vermiform slots 
on surface of Ti−6Al−4V alloys was fabricated by 
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micro-arc oxidation, which can significantly 
improve their corrosion resistance [11,12]. However, 
these methods usually improve the corrosion 
resistance of Ti−6Al−4V alloys at the cost of a 
sharp decrease of their strength and modulus. The 
bonding strength between the coating and substrate 
is also difficult to guarantee. 

Selective laser melting (SLM) is one of the 
advanced additive manufacturing (AM) methods, 
which can be used to prepare the parts through 
layer-by-layer controlled by the CAD model [13]. 
This technique has superior advantages compared 
with conventional manufacturing methods, such as 
near net shape, high shaping accuracy, short 
shaping cycle, and high material utilization and 
customization [14]. However, the microstructure in 
scanning direction and built direction show obvious 
anisotropy [15]. To date, although the mechanical 
properties of the as-SLMed Ti−6Al−4V alloys were 
widely concerned [16], rare studies were reported 
on the corrosion resistance of the as-SLMed 
Ti−6Al−4V alloys in simulated artificial saliva. 

In this work, the SLM parameters were 
adjusted appropriately compared with those in 
previous studies [17−19]. Wrought and wrought + 
heat-treated (HT) Ti−6Al−4V alloys were 
conducted under the same experimental conditions 
for a comparative purpose. The microstructure and 
electrochemical corrosion behaviour of Ti−6Al−4V 
alloys fabricated using various processes were 
investigated in simulated artificial saliva. The 
results can provide basis on the corrosion 
mechanism of Ti−6Al−4V alloys fabricated using 
various processes, and give the direction for the 
process control and optimization of Ti−6Al−4V 
alloys. 

 
2 Experimental  
 
2.1 Sample preparation 

The spherical Ti−6Al−4V powder fabricated 
by gas atomization method was used in this work. 
The average particle size of powder was 45 µm, 
measured using a laser particle size analyzer, as 
shown in Fig. 1. The Ti−6Al−4V samples were 
fabricated using an EOS M290 equipment, and the 
scanning strategy was rotating 60° between layer 
and layer. The chamber pressure was set to be 
0.57 GPa. The Ti−6Al−4V substrate was preheated  

 

 
Fig. 1 Morphology and size distribution of Ti−6Al−4V 

powder 
 
to 200 °C before printing. The laser power, spot 
diameter, power thickness and hatching pace   
were 280 kW, 100 µm, 0.05 mm and 0.06 mm, 
respectively. The comparative samples were the 
conventional wrought Ti−6Al−4V alloys and the 
wrought Ti−6Al−4V alloys heated at 960 °C for 4 h 
and then water cooling. The samples along built 
direction and scanning direction were named as 
XOY and XOZ, respectively. 
 
2.2 Electrochemical corrosion test 

The electrochemical corrosion tests were 
conducted in simulated artificial saliva at 37 °C 
using Gamry electrochemical workstation, a 
conventional three-electrode cell, as shown in Fig. 2. 
The Ti−6Al−4V sample, Ag/AgCl and platinum 
wire were used as working electrode, reference 
electrode and counter electrode, respectively. The 
chemical compositions of the simulated artificial 
saliva (pH=6.8) are given in Table 1. All samples 
with an exposed area of 1.0 cm2 were prepared 
using wire cutting, then grinding, polishing, 
cleaning with alcohol and drying in turn. Firstly, the 
samples were immersed in simulated artificial 
saliva for 60 min before testing to stablize the open 
circuit potential (OCP). Then, the potentiodynamic 
polarization (Tafel) curves were conducted in the 
potential range from −2 to 0.5 V at a scan rate of 
10 mV/s. Finally, the EIS was conducted using   
an AC amplitude of 10 mV versus the OCP in   
the frequency range of 10−2−105 Hz. The relevant 
values were calculated from fitting the EIS using 
Zview software. 
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Table 1 Chemical compositions of simulated artificial saliva 

NaCl KCl CaCl2ꞏ2H2O Na2HPO4ꞏ2H2O Na2Sꞏ2H2O CH4N2O Distilled water 

0.4 g 0.4 g 0.795 g 0.78 g 0.005 g 1 g 1 L 

 

 

Fig. 2 Typical diagram of three-electrode system 

 
2.3 Characterization 

Microstructures were observed using scanning 
electron microscope (SEM, Mira) and transmission 
electron microscope (TEM, JEOL JEM2100F). The 
samples were etched for 60 s with Kroll’s reagent  
(1 mL HNO3 + 2 mL HF + 97 mL distilled water). 
Electron back-scattered diffraction (EBSD) was 
carried out to detect grain orientation and grain size. 
The hydrophilic and hydrophobic properties of 
Ti−6Al−4V alloys were detected using contact 
angle analyzer (DSA100). 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 3 presents the morphologies of 
Ti−6Al−4V samples fabricated using different 
processes. From Fig. 3(a), the microstructure of 
wrought sample is composed of the α phase and  
the stick-bone-shaped β phase with the length of 
1−4 µm. The stick-bone-shaped β phase distributes 
along the grain boundary, which has been reported 
in previous study [20]. After heat treatment, the 
stick-bone-shaped β phase at the grain boundary 
disappears and the primary equiaxial α phase and 
secondary fine acicular α phase can be clearly 
observed [21]. The quenching at temperature lower 
than the α+β/β phase transition point induces some 
α phases to dissolve into the β matrix. The α phase 
remains in the matrix during sequent water cooling. 
It is very difficult for β phase to transform into α 
equilibrium phase by diffusion, only forming the 
supersaturated solid solution (α martensite) through 

the collective migration of atoms in β phase [22]. 
From Figs. 3(c−f), the microstructure of the 
as-SLMed Ti−6Al−4V alloy shows distinct 
anisotropy. The typical columnar prior β grains 
passing through several layers are generated due to 
temperature gradient along the building direction, 
which is mainly dominated by the formation of the 
martensite α/α′ needle-shaped phases due to the 
high cooling rate. WANG et al [23] reported that the 
width of the columnar prior β grains is related with 
the laser spot size. The scanning strategy of a 60° 
rotation of each layer results in a formation of 
suborbicular chessboard patterns in XOY sample, as 
shown in Fig. 3(f). 

The TEM examinations are conducted to 
clarify the microstructures of the XOZ and XOY 
samples, as shown in Fig. 4. From the bright field 
micrographs in Figs. 4(a, b, e, f), it is clear that the 
α/α′ phase in XOZ and XOY samples has a 
hexagonal close-packed (hcp) structure according 
the selected area diffraction (SAD) patterns of A 
and B zones with plate-like and twin morphology. 
Meanwhile, the β phase with cubic (bcc) structure  
is also determined corresponding to the SADs in 
Figs. 4(d, h). 
 
3.2 Electrochemical corrosion property 

The electrode potential at the metal− 
electrolyte interface can be used to estimate the 
tendency of metal corrosion [24]. Figure 5 depicts 
the OCP (open circuit potential) curves for the 
Ti−6Al−4V samples fabricated by different 
processes immersed into simulated artificial saliva 
at 37 °C. The OCP values of the as-received 
samples gradually stabilize with an increase of 
immersion time, which demonstrates that the 
electrochemical process is mainly controlled by the 
anodic reaction, and a protective oxide film begins 
to grow on the electrode surface [25]. The OCP 
values of wrought, wrought+HT, XOZ and XOY 
samples gradually approach a constant of about 
−0.05, −0.01, 0.035 and 0.052 V, respectively. In 
general, the alloy has better corrosion resistance at 
higher OCP value. Therefore, it can be determined 
that the as-SLMed Ti−6Al−4V alloys (XOY and 
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Fig. 3 Phase morphologies of Ti−6Al−4V samples fabricated by different processing: (a) Wrought sample; (b) Wrought+ 

HT sample; (c, e) XOZ sample; (d, f) XOY sample 

 
XOZ samples) have better corrosion resistance than 
the wrought and wrought+HT Ti−6Al−4V alloys. 
Furthermore, it can be seen that the corrosion 
resistance of the XOY sample is larger than that of 
the XOZ sample. which is mainly related to the 
density of grain boundary [26]. 

Figure 6 shows potentiodynamic polarization 
(Tafel) curves of the Ti−6Al−4V samples fabricated 
by different processes. The corresponding values of 
corrosion potential (φcorr), corrosion current density 
(Jcorr) and polarization resistance (Rp) for tested 
samples were calculated by Chi 760E software, and 
the results are listed in Table 2. Among them, the 
φcorr value and the Jcorr value can describe the 

tendency to corrode and the corrosion rate. As seen 
from Fig. 6, the XOZ and XOY samples show 
obviously passivated behaviour in the corrosion 
potential range from −450 to 150 mV in simulated 
artificial saliva, which demonstrates that the formed 
passive film can work as a protective film to inhibit 
the corrosion of Ti−6Al−4V alloy. What is more, 
the as-SLMed Ti−6Al−4V sample shows broader 
corrosion potential range (Δφ2) for the passive film 
compared with that of wrought and wrought+HT 
samples (Δφ1) [27,28]. Moreover, the more stable 
and protective passive film can be formed on the 
surface of metal when the the Jcorr is lower [29]. As 
shown in Table 2, the XOY sample presents lower  
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Fig. 4 TEM micrographs for XOZ (a, b) and XOY (e, f) samples and corresponding selected area diffraction patterns of 

α/α′ phase (c, g) and β phase (d, h) 
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Fig. 5 Open circuit potential as function of time for 

Ti−6Al−4V samples fabricated by different processes 

immersed into simulated artificial saliva 

 

 
Fig. 6 Tafel curves for Ti−6Al−4V samples fabricated by 

different processes immersed into simulated artificial 

saliva at 37 °C 

 
Table 2 Fitting parameters of Tafel measurements of 

Ti−6Al−4V samples fabricated by different processes in 

simulated artificial saliva at 37 °C 

Sample 
φcorr 

(vs Ag/AgCl)/V

Rp/ 

104 Ω 

Jcorr/ 

(10−3 mAꞏcm−2)

Wrought −0.55±0.02 2.08±0.05 2.08±0.06 

Wrought+HT −0.57±0.04 1.73±0.04 2.56±0.05 

XOZ −0.55±0.03 2.58±0.06 1.98±0.05 

XOY −0.54±0.02 2.78±0.05 1.75±0.04 

 

Jcorr value of (1.75±0.04)×10−3 mA/cm2 than XOZ 
((1.98±0.05)×10−3 mA/cm2), wrought ((2.08±0.06)× 
10−3 mA/cm2) and wrought+HT samples ((2.56± 
0.05)×10−3 mA/cm2). The XOY sample also 
exhibits the highest Rp value of (2.78±0.05)×104 Ω, 
while the φcorr value is in the order of XOY>XOZ> 

wrought>wrought+HT. The corrosion potential for 
as-SLMed Ti−6Al−4V samples is shifted to be 
more positive, and the corresponding Jcorr value 
decreases compared with that of wrought sample. 
According to the Faraday’s law, the corrosion    
rate can be calculated using the following  
equation [30,31]: 
 
Pi=22.85Jcorr                              (1) 
 

It can be seen that the corrosion rate is 
positively correlated with the Jcorr, which suggests 
that the XOY sample displays the lowest corrosion 
rate, and the most corrosion resistance in simulated 
artificial saliva. 

The electrochemical impedance spectroscopy 
was carried out to investigate more details about the 
corrosion behavior of tested samples. Figure 7(a) 
shows the Nyquist plots of Ti−6Al−4V samples 
manufactured by various processes in the simulated 
artificial saliva at 37 °C. As shown in Fig. 7(a), all 
the Nyquist plots present the incomplete capacitive 
resistance arcs. It is clear that the curvature radius 
of the XOY sample is larger than that of the XOZ 
sample, wrought and wrought+HT samples. This 
suggests that the charge-transfer resistance of XOY 
sample is the highest, as shown in Table 3. The 
charge-transfer resistance of the XOY sample is  
 

 

Fig. 7 EIS results in form of Nyquist curve (a) and 

equivalent circuit used for impedance spectra analysis (b) 

for Ti−6Al−4V samples fabricated by different processes 

immersed in simulated artificial saliva at 37 °C 
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Table 3 Resistances obtained by EIS spectra fitting 

Sample Rp/(104 Ωꞏcm2) Rpor/(106 Ωꞏcm2) 

Wrought 2.87±0.06 0.94±0.03 

Wrought+HT 0.92±0.02 0.41±0.02 

XOZ 4.50±0.07 1.35±0.06 

XOY 9.62±0.07 1.61±0.05 

 

(1.61±0.05)×106 Ωꞏcm2 which is 1.19, 1.71 and 
3.91 times that of the XOZ sample, wrought and 
wrought+HT samples, respectively. This also 
suggests that the XOY sample displays better 
corrosion resistance. 

Figure 7(b) shows the equivalent circuit for 
fitting the EIS data. The model consists of 
resistances for the solution (Rs), porous layer (Rpor), 
and charge-transfer resistance (Rct), CPE1 
corresponding to the capacitance of the outer 
surface and the double-layer capacitance (Cdl). The 
passive film formed on the surface of metal can 
determine the corrosion behavior, and the 
protectiveness of the passive film is related to its 
chemical compositions and the crystallography of 
the surface oxide film [32]. It is reported that the 
Ti-rich oxide film is formed through a continuous 
reaction in pure Ti [32]: 
 
Ti+H2O=TiO+2H++2e                     (2) 
 
2TiO+H2O=Ti2O3+2H++2e                 (3) 
 
Ti2O3+H2O=2TiO2+2H++2e                 (4) 
 

For dual-phase Ti−6Al−4V alloy, the β phase 
is rich in V, while the α phase is rich in Al [33]. 
LONG and BACK [34] found that the Al oxides are 
often embedded in the Ti matrix. However, there 
inevitably exist some defects and pores in the test 
samples and the formed oxide film. The pore 
resistance of alloy is the important parameter, 
which reflects the resistance of corrosive species 
through pores, cracks and pinholes in the alloy and 
oxide film. The simulated artificial saliva can 
permeate into the substrate of the Ti−6Al−4V alloy 
through the defects and pores. It is noted that the 
contributions of the oxide film and Ti−6Al−4V 
substrate to the electrochemical results should also 
be taken into account. The electrolyte Rs is related 
to the ohmic distribution between the working and 
reference. The Rct is associated with the electro- 
chemical reaction at the interface of Ti−6Al−4V 
alloy and simulated artificial saliva. The CPE1 can 

be used to describe the capacitive properties of the 
Ti−6Al−4V alloy, and the Cdl can be used to 
describe the capacitance characteristics of double 
layers formed at the interface of Ti−6Al−4V alloy 
and simulated artificial saliva. From Table 3, it can 
be seen that the XOY sample has the Rp value of 
(9.62±0.07)×104 Ωꞏcm2, which is higher than that of 
wrought sample ((2.87±0.06)×104 Ωꞏcm2) and 
wrought+HT sample ((0.92±0.02)×104 Ωꞏcm2). 
According to the above analysis, the XOY sample 
has excellent corrosion resistance. 

The chemical elements and the phase 
morphology have a significant effect on the 
formation and destruction of the passivation film 
during corrosion process in simulated artificial 
saliva [35]. All the tested Ti−6Al−4V alloys contain 
the same chemical elements (Ti, Al and V) and 
phases (α and β), and easily form Al2O3, V2O5 and 
TiO2 on the surface [36]. The chemical elements 
have minimal effect on corrosion resistance of the 
tested samples. Hence, the difference of corrosion 
resistance for the tested samples may be mainly 
related to the phase boundary distribution, the 
density of passivation film and the uniformity of 
microstructure. It was reported that if the current 
density is lower than 0.1 μA/mm2, the higher grain 
boundary density promotes the formation of oxide 
film, which can improve the corrosion resistance of 
the alloy [37,38]. From Fig. 6, the current density 
does not exceed 0.1 μA/mm2 in all processes. The 
grain boundary density (denoted by the ratio of total 
length of grain boundary to total counting point) of 
the tested samples was calculated by EBSD, as 
shown in Fig. 8. It can be seen that the grain 
boundary densities of wrought, wrought+HT, XOZ 
and XOY samples are 2.99×10−4, 7.99×10−4, 
1.35×10−3 and 1.38×10−3 mm−1, respectively, which 
indicates that as-SLMed samples have better 
corrosion resistance in simulated artificial saliva. 
From Fig. 3, the coarse grains in wrought sample 
can concentrate impurities at grain boundaries, 
which can reduce the corrosion resistance of the 
wrought sample [39]. After heat treatment, the 
grains are obviously refined. A large number of 
primary equiaxed α grains precipitate in the 
wrought+HT Ti−6Al−4V alloy. The potential 
difference is formed between the Al-rich α phase 
and V-rich β phase, which causes the primary α 
phase to be corroded first, thus damaging the 
corrosion resistance [40]. For the XOZ and XOY 
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Fig. 8 Content of β-Ti and number of crystal boundaries and total length: (a) Wrought sample; (b) Wrought+HT sample; 

(c) XOZ sample; (d) XOY sample 

 

samples, the pores and cracks are not observed from 
Fig. 3. CVIJOVIC-ALAHIC et al [41] pointed out 
that the grain refinement can effectively restrain the 
aggregation of elements at grain boundary, and  
the decrease of grain size from 10 to 0.3 μm 
corresponds to a dilution of segregated element 
contents by about 1/30. The distributions of Al and 
V elements in XOZ and XOY samples were 
detected using the electron probe micro-analyzer 
(EPMA), as shown in Fig. 9. The ultrafine-grained 
lamellar α and β phases generated in XOZ and 
XOY samples reduce the segregation of elements at 
grain boundaries, which decreases the galvanic 
influence caused by uneven distribution of alloying 
elements in various phases. From Figs. 9(b−e), the 
distribution of Al in XOY sample is more uniform 

than that in XOZ sample. Hence, the Jcorr value of 
XOY sample is slightly lower than that in XOZ 
sample, as listed in Table 2. 

In addition, WANG and KANEKO [42] found 
that the corrosion resistance of alloys is also closely 
related to hydrophobicity and hydrophilia. A 
hydrophobic surface generally brings about high 
corrosion resistance in a metal [43]. Therefore, the 
contact angles of various Ti−6Al−4V samples were 
tested in simulated artificial saliva and the results 
are shown in Fig. 10. It can be seen that that the 
wrought and wrought+HT samples show 
hydrophilia in simulated artificial saliva. However, 
the XOZ and XOY samples present hydrophobicity 
in simulated artificial saliva, exhibiting excellent 
corrosion resistance. 
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Fig. 9 EPMA results in different planes of Ti6Al4V alloy: (a−c) XOZ sample; (d−f) XOY sample  
 

 

Fig. 10 Hydrophilic and hydrophobic properties of Ti−6Al−4V alloys fabricated by different processes: (a) Wrought 

sample; (b) Wrought+HT sample; (c) XOZ sample; (d) XOY sample 

 
 
4 Conclusions 
 

 (1) The microstructure of the wrought 
Ti−6Al−4V alloy is composed of α phase and 
stick-bone-shaped β phase distributing along grain 
boundaries. The stick-bone-shaped β phase at the 
grain boundary disappears, whereas the primary 
isoaxial α phase and secondary fine acicular phase 
can be clearly observed after heat treatment. 

(2) The as-SLMed Ti−6Al−4V alloys show 
typical columnar microstructure in the building 
direction and nearly circular checkerboard 
microstructure in scanning direction, which are 
mainly composed of α′ phase with hcp structure and 
β phase with bcc structure. 

(3) The corrosion resistance of as-SLMed 
Ti−6Al−4V alloys in simulated artificial saliva is 
better than that of wrought and wrought+HT 
samples. 
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激光选区熔化制备 Ti−6Al−4V 合金的显微组织及 
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4. 清华大学 机械工程系 摩擦学国家重点实验室，北京 100084 
 

摘  要：为了进一步提高植入体的耐腐蚀性，通过激光选区熔化制备 Ti−6Al−4V 合金。借助扫描电镜、电子背散

射、透射电镜、电化学腐蚀试验和接触角试验对其显微组织和在人工模拟唾液中的电化学腐蚀行为进行研究。结

果表明：激光选区熔化制备 Ti−6Al−4V 合金在堆积方向呈现典型的 β柱状晶，在扫描方向呈近圆形棋盘状组织，

而锻造和锻造+热处理样品呈现典型的等轴晶形貌。在 37 °C 模拟人工唾液中激光选区熔化制备 Ti−6Al−4V 合金

比锻造和锻造+热处理样品具有更好的耐腐蚀性能，这是由于其具有疏水性、更高的晶界密度和分布均匀的合金

元素。 

关键词：Ti−6Al−4V 合金；激光选区熔化；显微组织；电化学腐蚀行为 
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