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Abstract: Ti6Al4V specimens prepared by electron beam selective melting were heat-treated for 1, 3, 5, 7, and 9 h, and the Tafel and 
electrochemical impedance spectroscopy experiments were conducted to discuss the behavior and mechanism of electrochemical 
corrosion. Through the modification mechanism analysis of corrosion performance, it is found that the more the <111> crystal 
orientations, the greater the proportion of small-angle grain boundaries, the larger the grain diameter, and the better the corrosion 
resistance. The specimen after heat treatment for 5 h has the most uniform <111> crystal orientations. The proportion of small-angle 
grain boundaries is the highest of 56.2%, the grain intercept is 5.252 µm, and the corrosion resistance is optimal with corrosion 
current of 0.037 μA/cm2.
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Titanium is an indispensable structural metal developed in 
the 1950s[1–3]. Titanium alloys have high strength, good 
corrosion resistance, and non-toxic characteristic[4–5], which 
can be used under harsh conditions, such as outer space, and 
can be safely implanted into human body[6]. Ti6Al4V alloy has 
the advantages of both α and β titanium alloys, presenting 
high-temperature resistance and good seawater corrosion 
resistance[7], which is widely used in biomedical and aerospace 
fields[8].

Electron beam selective melting (EBSM) manufacturing 
technique uses the high-energy electron beams to selectively 
melt powder materials under high vacuum condition for rapid 
processing of pre-designed three-dimensional model[9–10]. 
Compared with the traditional production techniques, EBSM 
has the advantages of fast processing speed and high 
productivity[11–12], therefore attracting much attention[13–14]. 
Knapp et al[15] investigated the transient and spatial evolution 
of the fusion zone geometry, temperature gradient, and 
solidification growth rate during EBSM of powder bed. Lee et 
al[16] compared the biomechanical performance of EBSMed 
and conventionally machined Ti6Al4V ELI screws. 
Montelione et al[17] analyzed the EBSM powder particles after 
alpha-case heat treatment by the powder recovery system.

It is found that the materials processed by EBSM are prone 

to form cracks and pores, which degrades the performance of 

Ti6Al4V alloy[18–21]. Qiu et al[22] found that the Ti6Al4V alloy 

prepared by EBSM has worse corrosion resistance than those 

prepared by spark plasma sintering and selective laser melting 

techniques do. Chern et al[23] reported that the hot isostatic 

pressing cannot improve the fatigue life of Ti6Al4V alloy 

prepared by EBSM. Xiu et al[24] found that the EBSMed 

Ti6Al4V alloys after solution and aging treatments exhibit 

better mechanical properties and corrosion resistance than the 

commercial as-cast Ti6Al4V alloy does.

In this research, EBSM was used to prepare Ti6Al4V alloy, 

and the electrochemical corrosion performance and mechan-

ism of EBSMed Ti6Al4V alloy after heat treatment for 1, 3, 5, 

7, and 9 h were analyzed. The electrochemical corrosion 

performance of the specimen was studied by the Tafel and 

electrochemical impedance spectroscopy (EIS) experiments. 

The phases, internal defects, and grain diameters of the 

specimens were compared, and the effect and mechanism of 

the heat treatment on the corrosion performance were 

investigated, providing guidance to further improve the 

performance of alloys produced by EBSM.
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11  Experiment  Experiment

The additive manufacturing specimens were prepared by 
EBSM additive manufacturing equipment (Beihang Univer-
sity and the Astronautics and Aviation Industry Manufacturing 
Technology Research Institute). Ti6Al4V alloy powder was 
provided by AVIC Matt Additive Technology (Beijing) Co., 
Ltd. EBSM specimens were heat-treated in muffle furnace 
(SG-QF1400, Shanghai Sager Furnace Co., Ltd, China) for 
different durations. Firstly, the specimens were heated to   
600 °C within 1 h. Then, they were kept at 600 °C for differ-
ent durations (1, 3, 5, 7, and 9 h). Finally, the specimens were 
cooled in the furnace. The specimens after heat treatment for 
1, 3, 5, 7, and 9 h were named as HT1, HT3, HT5, HT7, and 
HT9 specimens, respectively. After cooling process, the speci-
mens were cut into small ones of 10 mm×10 mm×2 mm by wire 
electric discharge machine (MV series, Mitsubishi, Japan).

Before the corrosion test, the surfaces were polished by 
sandpaper from 300# to 1000#, rinsed, and soaked in 
polarized test environment. Electrochemical corrosion tester 
(Versastat 4 Potentiostat Galvanostat, AMETEK, USA) was 
used to obtain Tafel curves in the range from −1 V vs. SCE to 
1.5 V vs. SCE when the open circuit potential was stable, and 
the scan rate was 1 mV/s. For EIS measurements, the 
frequency range was from 0.01 Hz to 10 kHz with E=Eopen circuit.

The phase of the specimen surface was measured by X-ray 
diffraction (XRD, PANalytical Empyrean, Malvern 
Panalytical, UK) with 2θ =30°–65° and step size of 2°/min. 
The surface morphology was observed by scanning electron 
microscope (SEM, MIRA LMS, TESCAN, Czech Republic). 
The electron backscattered diffractometer (EBSD, Hikari Plus, 
EDAX, USA) was used to characterize the crystal 
microstructure and characteristics.

22  Results and Discussion  Results and Discussion

2.1  Tafel curve
Fig.1 shows the Tafel curves of HT1, HT3, HT5, HT7, and 

HT9 specimens. It can be seen that HT5 and HT9 specimens 
have lower corrosion current densities, HT1 and HT3 speci-
mens have similar corrosion current densities, and the 
corrosion current density of HT7 specimen is the largest. HT5 
specimen shows the optimal corrosion resistance, whereas the 
HT7 specimen shows the worst corrosion resistance[25]. The 

potential at the current intersection point is denoted as the 
corrosion potential Ecorr, and the corrosion current density Icorr 
can be correspondingly obtained[26–27]. The mean value and 
standard deviation of corrosion potential and corrosion current 
density are shown in Table 1. It can be seen that the corrosion 
current density of different specimens can be arranged from 
the smallest to the largest as follows: HT5<HT9<HT3<HT1<
HT7. The optimal corrosion current density is 0.037 µA/cm2, 
indicating that HT5 specimen has the optimal corrosion 
resistance.
2.2  EIS test

The corrosion mechanism was evaluated through Nyquist 
and Bode diagrams, as shown in Fig. 2. Fig. 2a shows the 
Nyquist plots of different specimens. The arc radius of 
different specimens can be arranged from the largest to the 
smallest as HT5>HT9>HT3>HT1>HT7. The larger the arc 
radius of the Nyquist curve, the better the corrosion 
resistance[28]. Thus, the corrosion resistance of HT5 specimen 
is optimal, which is consistent with the Tafel curve results. 
Fig.2b and 2c show the Bode plots of different specimens. At 
high frequencies, the lg|Z| values tend to be constant, 
indicating that all specimens in the solution form a protective 
film, namely passivation layer[29–30]. The phase angle value 
gradually decreases at high frequencies, and it is close to 90°
in the middle- and low-frequency regions[31]. The stronger the 
protective passivation film formed on the surface, the greater 
the phase angle value. From this perspective of view, HT5 
specimen has the strongest passivation film, indicating the 
optimal corrosion resistance.

Fig. 2d shows the equivalent circuit diagram based on the 
Nyquist plot. Rs represents the electrolyte resistance; Rp is the 
passivation layer resistance; CPE1 represents the constant 
phase angle element; Rct is the interfacial transfer resistance; 
CPE2 represents the electric double layer capacitance. The 
constant phase element (CPE) matches the rough surface 
characteristics of the electrode. The relevant circuit impedance 
parameters are shown in Table 2. The electrolyte resistance 
(Rs) of different specimens is similar to each other, regardless 
of the specimen type and test setup, indicating the good 
reproducibility of the tests[32–33]. The magnitude order of Rp and 
Rct values of different specimens can be arranged from the 
largest to the smallest as HT5>HT9>HT3>HT1>HT7. The 
resistance of passivation layer and interface transfer resistance 
obviously increase. The stronger the passivation film, the 

Fig.1　Tafel curves of specimens HT1, HT3, HT5, HT7, and HT9

Table 1　Corrosion current densities and corrosion potentials of  

specimens HT1, HT3, HT5, HT7, and HT9

Specimen

HT1

HT3

HT5

HT7

HT9

Corrosion current 

density, Icorr/µA·cm−2

0.245±0.015

0.188±0.010

0.037±0.008

0.364±0.013

0.143±0.009

Corrosion potential, 

Ecorr/V

−0.335±0.027

−0.331±0.031

−0.461±0.022

−0.429±0.037

−0.481±0.028
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greater the interface transfer resistance, and the better the 
corrosion resistance[34–35]. The results all suggest that HT5 
specimen has the optimal corrosion resistance, whereas HT7 
specimen has the worst corrosion resistance.
2.3  Surface morphology before and after electrochemical 

corrosion 

SEM surface morphologies of HT1, HT3, HT5, HT7, and 
HT9 specimens before and after electrochemical corrosion are 
shown in Fig. 3. The surface after the corrosion tests has 
obvious irregular corrosion pits and grooves, and the surface 
becomes rough[36]. The corrosion degree of HT5 specimen 
surface is the lightest, whereas severe corrosion occurs on the 
surface of HT1 and HT7 specimens. This result is also 
consistent with the abovementioned results.
2.4  Phases of Ti6Al4V alloy

The crystal phase structures of the surface of HT1, HT3, 
HT5, HT7, and HT9 specimens are shown in Fig. 4. After 
polishing, the β -phase is bright. The specimens all show a 
basket microstructure with distinct titanium flakes and the 
microstructural fineness slightly varies[37]. The boundary of the 
β-phase crystal of HT7 specimen is blurry, compared with that 

of other specimens. The microstructures of all other 
specimens are similar. The microstructure is composed of 
elongated α-grain and intergranular β-grain, which shows the 
typical microstructure of Ti6Al4V alloy under heat treatment 
conditions.

XRD patterns of HT1, HT3, HT5, HT7, and HT9 
specimens are shown in Fig.5. The same phases with different 
intensities exist in all specimens. These specimens are mainly 
composed of hexagonal Ti (α) and a little β -phase (110) [38]. 
According to Fig.5, there is no obvious orientation difference 
between the main phase peaks of different specimens. HT1 
and HT5 specimens barely have β-phase, whereas HT3, HT7, 
and HT9 specimens have a little β-phase.

To further investigate the differences in crystal structure, 
the phase composition of different specimen was measured by 
EBSD. Fig. 6 shows the proportion of α -phase (close-packed 
hexagonal-Ti, hcp-Ti) and β -phase (body-centered cubic-Ti, 
bcc-Ti) in HT1, HT3, HT5, HT7, and HT9 specimens. The 
proportion of α -phase in all specimens is obviously higher 
than that of β-phase. The proportion of β-phase is quite low to 
0.6%, 0%, 0.1%, 0.3%, and 0.2% for the HT1, HT3, HT5, 
HT7, and HT9 specimens, respectively. Because of the limita-
tion of instrument measurement, the results deviate slightly 
from XRD results. Since the proportion of β-phase is really low, 
the effect of β-phase on corrosion performance can be ignored.
2.5  Crystal structure

Inverse pole figure maps, misorientation angle maps, 
rotation angle maps, and grain size distributions of HT1, HT3, 
HT5, HT7, and HT9 specimens are shown in Fig.7. According 
to the inverse pole figure maps, the crystal orientation 
distribution of HT5 specimen is the most uniform, and HT5 
specimen mainly consists of <111> crystal orientations[39]. 
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Fig.2　Nyquist diagram (a), Bode diagrams (b–c), and equivalent circuit diagram (d) of specimens HT1, HT3, HT5, HT7, and HT9

Table 2　Equivalent circuit impedance parameters of different 

specimens

Specimen

HT1

HT3

HT5

HT7

HT9

Rs/Ω·cm2

7.596

7.994

6.565

6.979

6.904

Rp/Ω·cm2

12 278

16 058

157 530

4 782

55 574

Rct/Ω·cm2

158 940

512 030

912 020

114 830

632 020

Error/%

3.79

2.47

2.62

3.98

2.09
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There is also a trace of <001> crystal orientation. Other 
specimens are crystal-oriented along all directions. HT1 

specimen has the most <101> crystal orientations, followed by 
HT7 specimen. There is no discernible change in the 

Fig.4　SEM crystal phase structures (a‒e) and magnified rectangular areas (f‒j) of specimens HT1 (a, f), HT3 (b, g), HT5 (c, h), HT7 (d, i), and 

HT9 (e, j) 

Fig.3　SEM surface morphologies of specimens HT1 (a, f, f1–f2), HT3 (b, g, g1–g2), HT5 (c, h, h1–h2), HT7 (d, i, i1–i2), and HT9 (e, j, j1–j2)   
before (a–e) and after (f–j, f1–j1, f2–j2) electrochemical corrosion
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proportion of <001> crystal orientation. According to the 
corrosion resistance results, HT5 specimen has the optimal 
corrosion resistance, thus inferring that the <111> crystal 
orientation possesses better corrosion resistance. With 
prolonging the heat treatment duration, the misorientation 
angle is decreased firstly and then increased. When the 
orientation angle is large, the grain boundary increases, 
leading to flaws or impurities and resulting in localized 
corrosion or electrochemical process. Small misorientation 
angles lead to strong corrosion resistance[40]. The minimum 
misorientation angle is 18.61° for the HT5 specimen, and HT3 
specimen has the second smallest misorientation angle.

The red lines in the rotation angle maps represent the grain

boundaries with misorientation angle of 2°–5°, the green lines 
represent the grain boundary with misorientation angle of 5°‒
15° , and the blue lines represent the grain boundaries with 
misorientation angle over 15° . The grain boundary may 
become a corrosive site, and it is more likely to be corroded or 
electrochemically react with corrosive medium than the grain 
interior. Furthermore, broader grain boundaries may result in 
more flaws or pores, promoting the permeation of corrosive 
medium into the material interior[41]. HT5 specimen contains 
the most small-angle grain boundaries (56.2%), indicating that 
HT5 specimen has the optimal corrosion resistance, followed 
by HT3 specimen. The grain intercept length of HT5 
specimen is the largest (5.252 µm), followed by that of HT9 
specimen (4.491 µm). The larger the grains, the less the grain 
boundaries, and the less the corrosion channels, thereby 
enhancing the corrosion resistance[42]. As a result, HT5 
specimen has the optimal corrosion resistance, followed by 
HT9 specimen from the perspective of intercept length.

Typical textures for metals with hcp crystal structure are 
located at φ2=0° or φ2=30° section. Thus, in this research, the 

φ2 section is fixed as φ2=0° or φ2=30° for analysis[43]. Fig. 8 
shows orientation distribution function (ODF) diagrams of the 
α-phase in HT1, HT3, HT5, HT7, and HT9 specimens. When 
φ2=0° , the two-dimensional diagram of each specimen is 
presented; when φ2=30° , the three-dimensional diagram is 
presented. The Euler angles (φ1, Φ, φ2) and {hkil} <uvtw> in 
ODF diagrams of the Bunge system are as follows.

The strong texture of HT1 specimen at φ2=0° is          
{1̄21̄4̄}<1̄007> texture with the Euler angle of (90°, 90°, 0°), 
and its intensity is 56.467. For the HT1 specimen at φ2=30° , 
the strong texture can be divided into {0001}<1̄02̄0> texture 
with Euler angle of (0° , 0° , 30°) and {0001}<0010> texture 
with Euler angle of (60°, 0°, 30°), and its intensity is 14.718. 
For the HT3 specimen at φ2=0° , the strong texture can be 
divided into {0001} <1̄02̄0> texture with Euler angle of     
(30° , 0° , 0° ), {0001} <0010> texture with Euler angle of   
(90° , 0° , 0° ), {1̄21̄0} <1̄013> texture with Euler angle of   
(35°, 55°, 0°), and {1̄21̄4̄}<1̄007> texture with Euler angle of 
(90°, 90°, 0°). The texture intensity is 50.174. At φ2=30°, the 
strong texture of HT3 specimen is identical to that of HT1 

2θ/(°)

Fig.5　XRD patterns of specimens HT1, HT3, HT5, HT7, and HT9

Fig.6　Proportions of α-phase and β-phase in specimens HT1 (a), HT3 (b), HT5 (c), HT7 (d), and HT9 (e)
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specimen, but its intensity is only 50.174.

The texture distributions of HT5 specimen at φ2=0° and φ2=

30° are similar to those of HT3 specimen, but the intensity is 

higher of 56.841. The texture distributions of HT7 and HT9 

specimens at φ2=0° and φ2=30° are basically the same as those 

of HT3 and HT5 specimens. HT7 specimen has the highest 

texture intensity of 62.401, whereas the HT9 specimen has the 

lowest texture intensity of 42.907. Higher texture strength 

leads to more constant crystal orientations, which enhances 

the overall corrosion resistance by homogenization of grain 

distributions inside the material, preventing localized 

corrosion and reducing the corrosion risk. Simultaneously, 

increasing the texture intensity can lower the tendency of 

directional corrosion and improve the corrosion resistance of 

0    10    20    30    40    50    60

0     10    20    30    40    50    60
Misorientation Angle/(°)

0     10   20   30    40    50    60

f

g

h

i

j

p

q

r

s

t

0.8

0.6

0.4

0.2

0.0

0     10   20   30    40    50    60

0     10   20   30    40    50    60

0       10     20     30      40      50
Intercept Length/μm

F
re

qu
en

cy

0.8

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.8

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.8

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.8

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0       10      20     30      40      50

25.81°

19.36°

18.61°

25.17°

23.90°

4.438 μm

3.155 μm

5.252 μm

3.791 μm

4.491 μm

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.6

0.4

0.2

0.0

F
re

qu
en

cy
0.6

0.4

0.2

0.0

F
re

qu
en

cy

0.6

0.4

0.2

0.0

F
re

qu
en

cy

0       10     20     30      40      50

0       10     20     30      40      50

0       10     20     30      40      50

Fig.7　Inverse pole figure maps (a–e), misorientation angle distributions (f–j), rotation angle maps (k–o), and intercept length distributions (p–t) 

of specimens HT1 (a, f, k, p), HT3 (b, g, l, q), HT5 (c, h, m, r), HT7 (d, I, h, s), and HT9 (e, j, o, t)
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materials[44–45]. These results show that HT5 specimen has the 
optimal corrosion resistance, whereas HT7 specimen has the 
worst corrosion resistance. Additionally, it is also found that 
the texture intensity does not have significant influence on the 
corrosion performance.

33  Conclusions   Conclusions 

1) Different heat treatment durations result in different 
electrochemical corrosion properties of Ti6Al4V alloys 
prepared by electron beam selective melting (EBSM) additive 
manufacturing.

2) The proportion of β-phase is very low, which can hardly 
influence the corrosion performance.

3) Small-angle grain boundaries can reduce corrosion 
degree, and large grains mean less corrosion channels.

4) The EBSMed Ti6Al4V alloy after heat treatment for 5 h 
has the most uniform <111> crystal orientation, the most 
small-angle grain boundaries (56.2%), the largest grain 
intercept length (5.252 µm), and the smallest corrosion current 
density (0.037 μA/cm2), which all indicate that this specimen 
has the optimal corrosion resistance.
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热处理时间对电子束制造Ti6Al4V合金腐蚀性能的影响

黄俊媛，张 伟

(北京航空航天大学  机械工程及自动化学院，北京  100191)

摘 要：通过1、3、5、7和9 h的热处理加工电子束制备的Ti6Al4V样品，进行Tafel和电化学阻抗谱实验，讨论样品电化学腐蚀行为及

机理。通过分析腐蚀性能的变化机理，发现<111>晶向越多，小角度晶界占比越大，晶粒直径越大，耐腐蚀性能越好。热处理5 h的样

品呈现最均匀的<111>晶向，小角度晶界占比最大为56.2%，晶粒截距5.252 µm，此时耐腐蚀性能最好，腐蚀电流为0.037 µA/cm2。

关键词：Ti6Al4V；电子束选区熔化；耐腐蚀性能；晶相；晶体结构
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