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Abstract: The corrosion behavior of Ti−6Al−4V fabricated by selective laser melting (SLM) in simulated spent fuel 
reprocessing environment was investigated. The microstructure and corrosion resistance of SLM Ti−6Al−4V alloy were 
characterized by optical microscopy, X-ray diffraction, scanning electron microscopy, electron backscatter diffraction 
and electrochemical tests. It can be found that SLM Ti−6Al−4V alloy has a better corrosion resistance than the cast 
counterpart in 6 mol/L hot nitric acid with oxidizing ions. Further analysis indicates that SLM Ti−6Al−4V alloy exhibits 
αʹ+β microstructure with smaller grain size and higher grain boundary density in comparison to the cast counterpart, and 
a higher β-Ti phase content with uniform distribution is also observed in SLM alloy, which is conducive to enhancing 
its passivation ability in nitric acid with oxidizing ions, contributing to an improved corrosion resistance. It is indicated 
that SLM Ti−6Al−4V alloy has the potential to be used in spent fuel reprocessing process. 
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1 Introduction 
 

Spent fuel reprocessing refers to the chemical 
process through high-temperature nitric acid to 
dissolve spent fuel [1,2]. The nitric acid media 
containing a large amount of dissolved species such 
as oxidizing Ce4+, Cr6+ and Pu4+ can be strongly 
corrosive towards structural materials. Austenitic 
stainless steels with a low carbon content are 
extensively used as the structural materials in spent 
fuel reprocessing due to possessing good corrosion 
resistance and low cost [3−5]. However, under 
extremely harsh corrosive environment of high 

temperature and concentrated nitric acid with 
oxidizing ions, stainless steels are subjected to 
severe intergranular corrosion (IGC), which can 
bring potential safety hazard to spent fuel 
reprocessing plants [6,7]. Unlike stainless steels, 
titanium alloys do not encounter IGC in 
reprocessing environment due to their inherently 
high corrosion resistance. Accordingly, titanium 
alloys have been the choice of materials for some 
critical equipment, e.g., dissolver and evaporator, in 
reprocessing plants [8,9]. However, due to the poor 
fabricability of titanium alloys, it is difficult to 
manufacture fine and complex customized parts 
efficiently, which has become a bottleneck in the 
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further application of titanium alloys in the 
reprocessing plants. 

Fortunately, emerging additive manufacturing 
(AM) technology provides an admirable approach 
to solve the fabricability problem of titanium alloys 
since AM enables to produce diverse metal parts 
with complex configuration and high precision at 
relatively low cost [10−12]. As one of the important 
AM technologies, selective laser melting (SLM), 
which uses the computer-based laser beam to build 
the parts layer by layer through melting and 
consolidating the powder, is extensively employed 
to fabricate various key components in biomedical, 
aerospace and nuclear power fields [12−14]. By 
adjusting the fabrication parameters of SLM, the 
mechanical properties of SLM titanium alloys can 
approach or even surpass those of the traditional 
titanium alloys [15−17]. For instance, the 
biomedical Ti−24Nb−4Zr−8Sn alloy produced by 
SLM showed similar mechanical properties to the 
alloy with traditional processing methods [18]. 
Meanwhile, the SLM pure titanium displayed a 
better wear resistance in comparison to the cast 
counterpart [16,19]. The superiority in mechanical 
properties of SLM titanium alloys is mainly 
attributed to their unique microstructure. Due to the 
layered manufacturing characteristics of SLM 
technology, the rapid melting and solidification   
of powder promote the formation of fine 
microstructures, which is beneficial to the 
improvement in mechanical properties of SLM 
titanium alloys [20,21]. However, compared with 
the widely studied mechanical properties, the 
corrosion resistance of SLM titanium alloys has 
only been investigated recently [22,23]. It is well 
accepted that the special microstructure of SLM 
titanium alloys will result in different corrosion 
behavior compared with traditionally processed 
titanium alloys, and the subsequent heat treatment 
of SLM titanium alloys will significantly improve 
the corrosion resistance [23,24]. Consequently, due 
to the characteristics of SLM technology and the 
satisfactory comprehensive properties of SLM 
titanium alloys, SLM titanium alloys are widely 

applied in various fields and can be extremely 
promising structure materials in spent fuel 
reprocessing. Yet, to the best of the authors’ 
knowledge, the research on the corrosion behavior 
of SLM titanium alloys in the simulating 
environment of spent fuel reprocessing, which can 
contribute to a comprehensive and in-depth 
understanding of the corrosion mechanism of SLM 
alloy and promote its application in spent fuel 
reprocessing, is lacking. 

Herein, the corrosion behavior of SLM 
Ti−6Al−4V alloy and the cast counterpart in 
6 mol/L hot nitric acid with oxidizing ions was 
investigated. Microstructure, corrosion morphology 
and passive film characteristics of both SLM 
Ti−6Al−4V alloy and the cast counterpart were 
characterized by various methods. This work can 
provide an important insight for the material 
manufacturing of reprocessing equipment and 
reveal the corrosion mechanism of SLM alloys in 
spent fuel reprocessing. 
 
2 Experimental 
 
2.1 Materials and sample preparation 

SLM Ti−6Al−4V alloy and the cast 
counterpart were used in this work, and their 
chemical composition is listed in Table 1. SLM 
Ti−6Al−4V alloy was produced by Concept Laser 
M2 machine in high purity Ar atmosphere. Small 
rods with a diameter of 12 mm and a length of 
60 mm were manufactured using laser power of 
370 W, laser energy density of 208 J/mm3 and laser 
scan speed of 1500 mm/s. The specially prepared 
T-shape samples were cut for the electrochemical 
measurements, where the front part was cuboid 
with a size of 8 mm × 8 mm × 3 mm, and the rear 
part was a cylinder with a diameter of 3 mm and a 
length of 10 mm. It should be pointed out that a 
Teflon sleeve was heated to seal the rear part of the 
samples before the electrochemical measurements. 
Samples with a dimension of 5 mm × 5 mm × 2 mm 
were cut for mass loss tests. Prior to experimental 
measurements, all the samples were wet ground 

 
Table 1 Chemical composition of SLM Ti−6Al−4V alloy and cast counterpart (wt.%) 

Sample C H O N Fe Al V Ti 

SLM Ti−6Al−4V 0.017 0.002 0.12 0.02 0.16 5.89 4.06 Bal. 

Cast counterpart 0.025 0.002 0.14 0.05 0.36 6.02 4.08 Bal. 
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with SiC emery paper up to 2000 grit size. Afterward, 
all the samples were ultrasonically cleaned with 
deionized water and ethanol, respectively, and then 
dried by cold wind using a blower. 
 
2.2 Microstructural characterization 

The microstructure of SLM Ti−6Al−4V alloy 
and the cast counterpart was observed by using 
optical microscopy (OM, Observer Z1m, Zeiss, 
Germany), scanning electron microscopy (SEM, 
Inspect F50, FEI, USA) and electron backscatter 
diffraction (EBSD, Quattro S, Thermo Scientific, 
USA). The samples used for OM and SEM were 
polished to 2000 grit using SiC paper, then etched 
in a Kroll’s solution, and finally cleaned in ethanol 
and deionized water by ultrasound. Afterwards, the 
samples for EBSD were wet ground with SiC paper 
up to 5000 grit, followed by vibration polishing   
to remove the surface stress. Furthermore, the 
microstructural constituents of the samples were 
investigated by means of X-ray diffraction (XRD, 
Bruker, Karlsruhe, Germany). 
 
2.3 Electrochemical measurements 

High-temperature nitric acid electrochemical 
measurements were conducted at 95 °C in a glass 
cell with a three-electrode configuration using    
an electrochemical workstation (Reference 600+, 
Gamry Instruments, Inc. USA), as shown in Fig. 1. 
Ti−6Al−4V samples, platinum sheet and saturated 
calomel electrode (SCE) corresponded to working 
electrode, counter electrode and reference electrode, 
respectively. The experiment electrolyte was 
6 mol/L nitric acid containing Cr6+, Ce4+ and V5+ 
(the corresponding additives were CrO3, metallic V 
and Ce(NH4)2(NO3)6, respectively) to simulate   
the environment of spent fuel reprocessing. The 
solution preparation principle and the specific 
composition of the solution could be referred to our 
previous work [25]. 
 

 
Fig. 1 High-temperature nitric acid electrochemical 
measurement apparatus (RE−Reference electrode; 
WE−Working electrode; CE−Counter electrode) 

Before electrochemical tests, the working 
electrode was immersed into experiment solution at 
95 °C for 24 h to approximate the stable potential  
in nitric acid. Electrochemical impedance spectro- 
scopy (EIS) measurements were carried out in   
the frequency range from 100 kHz to 0.1 Hz at OCP. 
Potentiodynamic polarization measurements were 
carried out from −500 mV (vs OCP) to 2200 mV 
(vs SCE) at a scanning rate of 0.5 mV/s. The 
potentiostatic polarization measurements were 
performed at a potential of 1300 mV (vs SCE), and 
the response of the current versus time was 
recorded. Moreover, Mott−Schottky measurements 
were conducted at a frequency of 1000 Hz with a 
scanning rate of 20 mV/s. And the initial potential 
of Mott−Schottky measurements was −500 mV (vs 
OCP), while the final potential was +2000 mV (vs 
OCP). All electrochemical measurements were 
conducted three times to ensure the reproducibility. 
 
2.4 Mass loss measurements 

Samples of SLM Ti−6Al−4V alloy and the cast 
counterpart were immersed in 6 mol/L nitric acid 
with oxidizing ions at 95 °C for 120 h, and the 
corrosion mass loss was measured for each sample 
in order to compare the corrosion resistance of 
these two titanium alloys. The corrosion rate was 
determined by using equation as follows:  
Vcorr=8.76×104W/(StD)                     (1) 
 
where Vcorr is corrosion rate (mm/a), t is the time of 
immersion (h), S is the total surface area of samples 
(cm2), W is mass loss (g), and D is the density    
of samples (g/cm3). Additionally, the corrosion 
morphologies of SLM Ti−6Al−4V alloy and the 
cast counterpart after immersing were observed by 
SEM. 
 
2.5 Surface analysis 

The samples with a dimension of 5 mm × 
5 mm × 2 mm after immersing in 6 mol/L hot nitric 
acid containing oxidizing ions for 48 h were rinsed 
with deionized water and ethanol, and then dried 
with cold wind. Subsequently, X-ray photoelectron 
spectroscopy (XPS, ESCALAB250, Waltham, USA) 
tests were conducted immediately to avoid the 
oxidation of air. High-resolution spectra of Ti 2p, 
Al 2p and V 2p were obtained at a pass energy of 
50 eV with an energy step size of 0.1 eV. The 
binding energy was calibrated by C 1s with the 
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standard value of 284.6 eV. XPSPEAK 4.1 software 
was used to fit those spectra, where the commonly 
used Gaussian−Lorentzian mix function and Shirley 
background subtraction were applied. 
 
3 Results 
 
3.1 Microstructure and phase composition 

Figure 2 shows the microstructure of SLM 

Ti−6Al−4V alloy and the cast counterpart. For SLM 
Ti−6Al−4V alloy, a fine acicular αʹ martensitic 
microstructure which is produced by the rapid 
melting and solidification of powder during SLM 
fabricating process is observed, as shown in 
Fig. 2(a) [20,26]. In addition, prior columnar β 
grains with remarkable layer boundaries are 
observed in Fig. 2(c). The existence of prior β 
grains is mainly attributed to the absence of the 

 

 
Fig. 2 SEM images (a, b), OM images (c, d), IPF maps of EBSD (e, f), and phase maps of EBSD (g, h) for SLM 
Ti−6Al−4V alloy (a, c, e, g) and cast counterpart (b, d, f, h) 
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nucleation barrier during the SLM solidification 
process [27]. However, for the cast counterpart, 
Figs. 2(b, d) indicate a lamellar α+β microstructure. 
It should be pointed out that the grain size of    
the cast counterpart is larger than that of SLM 
Ti−6Al−4V alloy. To better investigate the 
microstructure of SLM Ti−6Al−4V alloy and    
the cast counterpart, EBSD measurements are 
conducted. Figures 2(e, f) show the IPF map for 
SLM alloy and the cast counterpart. Obviously, 
SLM alloy displays a fine microstructure with the 
small grain size, while the cast counterpart presents 
a large grain size. Moreover, a uniform distribution 
and a selective distribution of β-Ti phase are 
recorded in SLM alloy and the cast counterpart, 
respectively, as shown in Figs. 2(g, h). Furthermore, 
the contents of α-Ti (αʹ-Ti) and β-Ti in both SLM 
Ti−6Al−4V alloy and the cast counterpart are 
obtained from the phase map, which are 90.8% and 
9.2% for the SLM Ti−6Al−4V alloy, and 98.7% and 
1.3% for the cast counterpart, respectively. 

Figure 3 displays the XRD patterns of SLM 
Ti−6Al−4V alloy and the cast counterpart. It can be 
seen that, for these two titanium alloys, the main 
peaks in XRD pattern belong to α-Ti (αʹ-Ti) phase, 
while weak peaks of β-Ti phase are also observed in 
XRD pattern. According to literature, the peak near 
2θ=39.5° is considered to be β-Ti phase [28], while 
the peak near 2θ=72° also represents β-Ti [29]. 
Based on the XRD patterns, the volume fraction of 
α-Ti (αʹ-Ti) and β-Ti are calculated, which are  
90.4% and 9.6% for SLM Ti−6Al−4V alloy, and 
97.6% and 2.4% for the cast counterpart, as given in 
Table 2 [30,31]. Obviously, SLM Ti−6Al−4V alloy  
 

 

Fig. 3 XRD patterns of SLM Ti−6Al−4V alloy and cast 
counterpart 

Table 2 Phase constituents and their volume fraction (Vf) 
of SLM Ti−6Al−4V alloy and cast counterpart estimated 
from XRD data 

Sample Phase 
constituent Vf,α (Vf,αʹ)/% Vf,β/% 

SLM Ti−6Al−4V αʹ+β 90.4 9.6 

Cast counterpart α+β 97.6 2.4 

 
has a higher content of β-Ti phase, which is 
consistent with the results obtained by EBSD 
results. 
 
3.2 Electrochemical properties 

The electrochemical measurement results of 
SLM Ti−6Al−4V alloy and the cast counterpart in 
hot nitric acid with oxidizing ions are shown     
in Fig. 4. Figure 4(a) shows the variations in   
OCP of the SLM Ti−6Al−4V alloy and the cast 
counterpart. Clearly, OCP of both titanium alloys 
keeps the stable potential with only 2 mV potential 
fluctuations. The stable values of OCP for SLM 
Ti−6Al−4V alloy and the cast counterpart are 1067 
and 1018 mV, respectively, indicating only little 
difference of OCP between these two alloys. 
Figure 4(b) shows the potentiodynamic polarization 
plots of the SLM Ti−6Al−4V alloy and the cast 
counterpart. It can be seen that the range of passive 
domain and the shape of cathodic plots are similar 
for both SLM Ti−6Al−4V alloy and the cast 
counterpart, suggesting a similar corrosion behavior 
of these two alloys. According to literatures [32,33], 
in nitric acid containing oxidizing ions, the anodic 
reaction is the dissolution of metal, while the 
cathodic reactions usually refer to the autocatalytic 
reduction of nitric acid and the reduction of 
oxidizing ions. Furthermore, the relevant potentio- 
dynamic polarization parameters including φcorr, 
corrosion current density (Jcorr) and passive current 
density (Jpass) are given in Table 3. The Jcorr and  
Jpass of SLM Ti−6Al−4V alloy are 8.30 and 
17.15 μA/cm2, respectively, which are lower than 
those of the cast counterpart. Apparently, SLM 
Ti−6Al−4V alloy has a better corrosion resistance 
than the cast counterpart. Meanwhile, the φcorr is 
1060 mV for SLM Ti−6Al−4V alloy, while it is 
1019 mV for the cast counterpart. In addition, 
Fig. 4(c) presents the results of potentiostatic 
polarization for these two alloys. It can be found 
that the Jpass of the cast counterpart under the 
applied potential is higher than that of the SLM 
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Fig. 4 Electrochemical measurement results: (a) OCP plots; (b) Potentiodynamic polarization plots; (c) Potentiostatic 
polarization plots; (d) Bode plots; (e) Nyquist plots; (f) Mott−Schottky plots 
 
Table 3 Potentiodynamic polarization parameters of 
SLM Ti−6Al−4V alloy and cast counterpart in 6 mol/L 
hot nitric acid with oxidizing ions 

Sample φcorr(vs 
SCE)/mV 

Jcorr/ 

(μA∙cm−2) 

Jpass(at 1500 mV 
(vs SCE)/ 
(μA∙cm−2) 

SLM 
Ti−6Al−4V 1060 8.30 17.15 

Cast 
counterpart 1019 42.03 85.87 

 
Ti−6Al−4V alloy, indicating a better passivation 
ability of the later. On the whole, both potentio- 

dynamic and potentiostatic polarization results all 
demonstrate a better corrosion resistance of SLM 
alloy compared with the cast counterpart. 

EIS measurements are conducted at OCPs to 
further analyze the corrosion behavior of these two 
alloys. Figures 4(d, e) show the Bode plots and 
Nyquist plots of SLM Ti−6Al−4V alloy and the  
cast counterpart, respectively. According to relevant 
investigations, the equivalent circuit as shown in 
the insert of Fig. 4(e) is used to fit the EIS data [9], 
and the fitting results are given in Table 4, where Rs 
is the solution resistance of nitric acid, Rp is the 
polarization resistance, CPE is the constant phase 
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element. χ2 is the fitting error. The impedance 
expression of CPE is given by  

CPE =1/[ ( j ) ]nZ T ω′                         (2) 
 
where T′ and n are frequency-independent fitting 
parameters, j is the imaginary number and equal to 
(−1)1/2, ω is the angular frequency and equal to 2πf, 
and f represents the frequency (Hz). It should be 
pointed out that Rp is regard as the limiting step of 
corrosion process, and it is inversely proportional to 
the corrosion rate and directly proportional to the 
corrosion resistance. As given in Table 4, a larger 
value of Rp of SLM Ti−6Al−4V alloy is displayed, 
indicating a better corrosion resistance of SLM 
Ti−6Al−4V alloy. 

The corrosion resistance of titanium alloys in 
nitric acid is mainly related to the characteristics of 
passive film, and thus the passive film thickness of 
these two alloys are calculated using the EIS data 
according to the following formula [34]:  

0

eff

ε εAd
C

=                                (3) 
 
where d is the thickness of the passive film, ε is 
dielectric constant of the passive film and taken as 
85 [34], ε0 is the vacuum permittivity (8.8542× 
10−14 F/cm), A is the effective surface area, and Ceff 
is the effective capacitance. 

In this study, Ceff can be calculated by the 
following formula [34,35]:  

1/ (1 )/
eff f

α α αC Q R −=                         (4) 
 
where Q is the magnitude of CPE, Rf is film 
resistance and can be expressed as Rp in this study, 
and α is dispersion coefficient. The passive film 
thickness (d) is given in Table 4. Clearly, the value 
of d for SLM Ti−6Al−4V alloy is 2.01 nm, which is 
larger than that (0.96 nm) of the cast counterpart. 

Figure 4(f) shows the Mott−Schottky plots of 
passive films formed on SLM Ti−6Al−4V alloy and 
the cast counterpart in the nitric acid containing 
oxidizing ions. It can be seen that Mott−Schottky 
plots of both two alloys display a positive linear 

range within the measured potential range, 
indicating that the passive films of these two alloys 
present the characteristic of n-type semiconductor. 
The Mott−Schottky equation of n-type semi- 
conductor is expressed by [36]  

0
sc F

2
B

D

2 kTE E
εε e

C
N e

−  − −


= 


              (5) 
 
where Csc is the space-charge capacitance, ND is the 
donor concentration in the n-type passive film,    
E is the applied potential, EFB is the flat-band 
potential, k is Boltzmann constant (1.38×10−23 J/K), 
e is electron charge (1.6×10−19 C) and T is the 
temperature (K). Therefore, the value of ND can be 
calculated by linear fitting of Mott−Schottky plots 
according to Eqs. (6) and (7):  

2

slope
0 D

d 2
d
CK
E εε eN

−

==                    (6) 
 

D
0 slope

2N
εε eK

=                           (7) 

 
Table 5 gives Mott−Schottky fitting parameters 

and the calculated values of ND for SLM Ti−6Al− 
4V alloy and the cast counterpart. It is clear that  
all R2 values are 0.98 indicating a high level of 
linearity. Meanwhile, the ND is 4.98×1020 and 
6.89×1020 cm−3 for SLM Ti−6Al−4V alloy and the 
cast counterpart, respectively. The conductivity of 
passive film is reflected by ND, and a lower value of 
ND usually means a higher film resistance implying 
a better protection ability of the passive film [37]. 
Hence, it can be inferred that SLM Ti−6Al−4V 
alloy has a more protective passive film compared 
with the cast counterpart based on the analysis of 
ND. 

 
3.3 Corrosion rate and corrosion morphology  

Mass loss measurements are carried out to 
characterize the long-term corrosion resistance of 
SLM Ti−6Al−4V alloy and the cast counterpart in 
6 mol/L hot HNO3 with oxidizing ions. Figure 5(a) 
shows the corrosion rate of these two alloys after 

 
Table 4 EIS fitted values of SLM Ti−6Al−4V alloy and cast counterpart in 6 mol/L hot nitric acid with oxidizing ions 

Sample Rs/(Ω·cm2) 
CPE 

Rp/(Ω·cm2) χ2 Ceff/(F·cm−2) d/nm 
Q/(Ω−1∙ s−α∙ cm−2)  α 

SLM Ti−6Al−4V 0.37 1.76×10−4 0.87 3.52×103 2.84×10−3 1.64×10−4 2.01 

Cast counterpart 0.59 3.77×10−4 0.90 1.25×103 9.51×10−4 3.47×10−4 0.96 
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Table 5 Fitting parameters of Mott−Schottky plots and 
calculated ND values of SLM Ti−6Al−4V alloy and cast 
counterpart 

Sample Slope/109 ND/1020cm−3 R2 

SLM Ti−6Al−4V 3.34 4.98 0.98 

Cast counterpart 2.41 6.89 0.98 
 

 
Fig. 5 Corrosion rate (a), and corrosion morphologies of 
SLM Ti−6Al−4V alloy (b) and cast counterpart (c) after 
immersing in 6 mol/L hot HNO3 with oxidizing ions 
 
120 h immersion. It can be seen that the corrosion 
rate is dependent on the time, with a high corrosion 

rate at beginning and then the gradually decreasing 
values of corrosion rate, which may be related to 
the formation and development of passive film in 
nitric acid. Furthermore, the surface morphologies 
of SLM Ti−6Al−4V alloy and the cast counter-  
part after 120 h immersion tests are shown in 
Figs. 5(b, c). It can be found that there is only a 
relatively slight corrosion on the surface of SLM 
Ti−6Al−4V alloy, while a severe corrosion surface 
is recorded for the cast counterpart. This indicates 
that the SLM Ti−6Al−4V alloy exhibits a higher 
resistance to corrosion in hot nitric acid media, 
which is consistent with the results of electro- 
chemical analysis. 
 
3.4 XPS analysis results 

The XPS is conducted to determine the 
composition of passive film of both the SLM 
Ti−6Al−4V alloy and the cast counterpart formed  
in nitric acid containing oxidizing ions. And the 
spectra of Ti 2p, Al 2p and V 2p of these two alloys 
are obtained and presented in Fig. 6. Figures 6(a, b) 
show the Ti 2p spectra of two titanium alloys. It is 
apparent that the Ti 2p spectra exhibit four main 
peaks at about 458.6, 456.8, 464.2 and 462.0 eV 
corresponding to the TiO2 (Ti 2p3/2), Ti2O3 (Ti 2p3/2), 
TiO2 (Ti 2p1/2) and Ti2O3 (Ti 2p1/2), respectively 
[38,39]. Figures 6(c, d) display the Al 2p spectra, 
and there is only one component of Al2O3 which 
corresponds to the peak at 74.2 eV (Al 2p3/2) [40]. 
Moreover, the spectra of V 2p are also obtained,  
as shown in Figs. 6(e, f), which show a peak at 
516.5 eV (V 2p3/2) corresponding to V2O4 based on 
relevant study [41]. Clearly, both SLM Ti−6Al−4V 
alloy and the cast counterpart have the same passive 
film composition (TiO2, Ti2O3, Al2O3 and V2O4). 
Meanwhile, Figs. 6(g, h) show the XPS depth 
profiles of SLM Ti−6Al−4V alloy and the cast 
counterpart. It can be seen that the element 
concentration in the passive film shows a similar 
evolution trend for these two alloys. The content of 
Ti increases with the sputtering time, while that   
of V or Al decreases with the sputtering time. 
However, it can be found that the Ti content of 
SLM Ti−6Al−4V alloy is higher than that of the 
cast counterpart at the beginning of sputtering, 
which means that the content of Ti in the passive 
film of SLM Ti−6Al−4V alloy is higher than that of 
the cast counterpart. 
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Fig. 6 XPS spectra of Ti 2p (a, b), Al 2p (c, d), V 2p (e, f), and depth profiles (g, h) for SLM Ti−6Al−4V alloy (a, c, e, g) 
and cast counterpart (b, d, f, h) 
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4 Discussion 
 
4.1 Effect of microstructure and passive film 

characteristics on corrosion resistance of 
SLM Ti−6Al−4V alloy 

From the results of the electrochemical 
measurements and corrosion mass loss, it is    
clear that SLM Ti−6Al−4V alloy shows a better 
corrosion resistance than the cast counterpart in 
nitric acid containing oxidizing ions. The better 
corrosion resistance of SLM Ti−6Al−4V alloy can 
be first attributed to its special microstructure. As 
described in Section 3.1, SLM Ti−6Al−4V alloy 
presents small grain size with the αʹ+β micro- 
structure, while the cast counterpart displays large 
grain size with the α+β microstructure. On the   
one hand, the small grain size of SLM Ti−6Al−4V 
alloy has a considerable impact on its corrosion 
resistance. When considering the effect of grain  
size on corrosion, it has been suggested that the 
corrosion resistance of materials is improved   
with the decrease in grain size, since the surface 
with a high grain boundary density is prone to 
passivation [42,43]. Actually, many defects such as 
vacancies, exist at the grain boundaries which 
provide short diffusion channels for the atoms, 
thereby producing more active sites for the 
nucleation and growth of passive film [42,44]. Thus, 
the diffusion of atoms at grain boundaries is much 
faster than that in the grains. Accordingly, the small 
grain size of SLM Ti−6Al−4V alloy is conducive to 
its rapid formation of passive film in nitric acid, 
leading to a better passivation ability of SLM 
Ti−6Al−4V alloy. Besides, the αʹ-Ti phase in SLM 
Ti−6Al−4V alloy is in high energy state in 
comparison with α-Ti phase in the cast counterpart, 
which can also promote the passivation capacity of 
alloys in nitric acid. On the other hand, the better 
corrosion resistance of SLM Ti−6Al−4V alloy can 
also be related to its high content and uniform 
distribution of β-Ti phase. In the SLM fabricating 
process, the melt pool formed by the rapid melting 
of titanium alloy powder can solidify at a cooling 
rate of up to 104−108 K/s. Such high cooling rate 
can inhibit the transformation from β-Ti phase to 
α-Ti phase at high temperature, causing a high β-Ti 
phase content in SLM titanium alloy. Therefore, the 
SLM Ti−6Al−4V alloy presents a higher content of 
β-Ti phase compared with the cast counterpart. As 

given in Table 2, the content of β-Ti phase is 9.6% 
and 2.4% for SLM Ti−6Al−4V alloy and the cast 
counterpart, respectively. It has been reported that 
the β-Ti phase plays an important role in improving 
the corrosion resistance of titanium alloys [45−47]. 
The passive film formed on the β-Ti phase is more 
stable than that formed on the α-Ti phase, while the 
dissolution rate of β-Ti phase is lower than that of 
α-Ti phase. In addition, relevant investigation 
indicated that a higher content of β-Ti phase in 
titanium alloys can increase the resistance to charge 
transfer in double layer, thereby reducing the 
dissolution rate of titanium alloys [48]. Moreover, 
in this study, compared with the cast counterpart, 
uniformly distributed β-Ti phase in SLM 
Ti−6Al−4V alloy is observed, which can be also 
beneficial to the corrosion resistance of SLM alloy. 

Furthermore, the electrochemical experiment 
results reveal that SLM Ti−6Al−4V has passive 
film with better properties, and it displays a lower 
Jpass compared with the cast counterpart. As 
mentioned previously, a higher Ti content in the 
passive film of SLM Ti−6Al−4V alloy is observed 
in comparison with the cast counterpart. Since Ti is 
the main protective element in the passive film, the 
high content of Ti in the passive film of SLM 
Ti−6Al−4V alloy can increase the protection ability 
of passive film, thereby improving its corrosion 
resistance. Meanwhile, Mott−Schottky tests and 
corrosion morphology show that a denser passive 
film with a low donor concentration is formed on 
SLM Ti−6Al−4V alloy compared with that on the 
cast counterpart, which confirms a better protection 
ability of passive film of SLM Ti−6Al−4V alloy. 
Moreover, in this study, a thicker passive film of 
SLM Ti−6Al−4V alloy is found according to the 
EIS analysis. 

Considering all the aforementioned reasons, it 
is reasonable to conclude that the SLM Ti−6Al−4V 
alloy exhibits higher corrosion resistance than the 
cast counterpart due to its special microstructure 
with smaller grain size and higher content of β-Ti 
phase, which enhances the passivation ability of 
SLM alloys and promotes the formation of a 
high-quality passive film in nitric acid containing 
oxidizing ions. 
 
4.2 Application prospect of SLM titanium alloys 

in reprocessing plant 
To further illustrate the comprehensive 
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properties of SLM titanium alloys and clarify their 
application prospects in reprocessing plants, the 
SLM Ti−6Al−4V alloy is compared with the 
stainless steels and traditionally processed titanium 
alloys. By summarizing the obtained corrosion data, 
the mechanical and corrosion-resistant property 
diagram of titanium alloys and stainless steels is 
shown in Fig. 7 (The compositions of these 
materials are given in Table 6). It is clear that 
titanium alloys including SLM Ti−6Al−4V alloy 
show high tensile strength and superior corrosion 
resistance, while stainless steels display relatively 
low tensile strength and high corrosion rate. 
Specifically, with regard to stainless steels, the 
corrosion rates from high to low are 304L 
(0.68 mm/a), 310L (0.34 mm/a), 316L (0.29 mm/a) 
and H-Si steel (0.24 mm/a). And H-Si steel shows 
 

 
Fig. 7 Mechanical and corrosion-resistant property 
diagram of titanium alloys and stainless steels (The 
compositions of these materials are given in Table 6) 
 
Table 6 Composition of materials shown in Fig. 7 
Material Composition 

304L Fe−18Cr−10Ni−1.6Mn−0.02C 

310L Fe−25Cr−20Ni−0.02C 

316L Fe−18Cr−12Ni−2Mo−0.02C 

H-Si Fe−18Cr−15Ni−3.8Si−0.01C 

TA5 Ti−4Al−0.005B 

TA10 Ti−0.3Mo−0.8Ni 

TA22 Ti−3Al−1Mo−1Ni−1Zr 

TA24 Ti−3Al−2Mo−2Zr 

TA31 Ti−6Al−3Nb−2Zr−1Mo 

Ti60 Ti−5.8Al−4.8Sn−2Zr−1Mo−0.35Si−0.85Nd 

TC4 Ti−6Al−4V 

the lowest tensile strength of about 400 MPa, while 
other stainless steels display a high tensile strength 
of about 500 MPa. As for the titanium alloys, all of 
them present a low corrosion rate (<0.10 mm/a)   
in nitric acid containing oxidizing ions. And the 
tensile strength of these titanium alloys is much 
higher than that of stainless steels. It should be 
pointed out that the tensile strength of these 
titanium alloys shows great difference. For  
example, TA10 shows the lowest tensile strength of 
about 500 MPa, while Ti60 displays the highest 
tensile strength of about 1100 MPa. 

Importantly, SLM titanium alloys as well    
as traditional titanium alloys present superior 
comprehensive properties compared with stainless 
steels. However, it should be noted that the cost of 
titanium alloys is much higher than that of stainless 
steels, and the formability of titanium alloys is 
worse than that of stainless steels. Therefore, 
considering the cost and formability, stainless steels 
are widely used as the structure materials for some 
normal reprocessing environments where corrosion 
rate is not strictly required. However, under 
extremely harsh corrosive environment, stainless 
steels will encounter IGC and dissolve at a high 
corrosion rate. Thus, for this case, titanium alloys 
with better corrosion resistance should be applied to 
ensuring the operation safety of reprocessing plant. 
For SLM Ti−6Al−4V alloy, it shows superior 
comprehensive properties with high tensile strength 
(about 1000 MPa) and relatively low corrosion rate 
(within 0.10 mm/a) compared with stainless steels. 
Particularly, on the basis of SLM technology, the 
titanium alloy parts used in reprocessing with 
complex configuration and high precision can be 
efficiently produced at a relatively low cost. Hence, 
SLM titanium alloys have a prospective application 
in spent fuel reprocessing in the view of their good 
formability, low cost and superior comprehensive 
properties. 
 
5 Conclusions 
 

(1) The electrochemical measurements and 
corrosion loss measurements demonstrated that 
SLM Ti−6Al−4V alloy displays better corrosion 
resistance than the cast counterpart in nitric acid 
with oxidizing ions. Further analysis shows that   
a thicker and denser passive film is formed on  
SLM Ti−6Al−4V alloy with a low donor content 
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compared with that on the cast counterpart, which 
enhances the protection ability of SLM alloy in hot 
nitric acid media. 

(2) Microstructure analysis shows that SLM 
Ti−6Al−4V alloy presents the αʹ+β microstructure 
with smaller grain size in comparison to the cast 
counterpart. The smaller grain size with a higher 
grain boundary density is conducive to the rapid 
formation of passive film in nitric acid, thus 
improving the passivation ability of SLM alloy. 
Moreover, compared with the cast counterpart,    
a higher content of β-Ti phase with uniform 
distribution is observed in SLM Ti−6Al−4V alloy, 
which is also favorable for its corrosion resistance. 

(3) SLM Ti−6Al−4V alloy exhibits a higher 
tensile strength (~1000 MPa) and a lower corrosion 
rate (<0.10 mm/a) compared with traditional 
stainless steels. Meanwhile, on the basis of SLM 
technology, the titanium alloy parts used in 
reprocessing with complex configuration and high 
precision can be efficiently produced at a relatively 
low cost, displaying promising application prospect 
in spent fuel reprocessing field. 
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选区激光熔化 Ti−6Al−4V 合金 
在模拟乏燃料后处理环境中的腐蚀行为 
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摘  要：研究选区激光熔化(SLM)制备的 Ti−6Al−4V 合金在乏燃料后处理环境中的腐蚀行为。借助光学显微镜、

X 射线衍射、扫描电子显微镜、电子背散射衍射以及电化学测试等手段研究 SLM Ti−6Al−4V 合金的显微组织及

耐蚀性。结果表明，相较于铸造合金，SLM Ti−6Al−4V 合金在含氧化性离子的 6 mol/L 热硝酸溶液中的耐腐蚀性

更好。进一步分析表明，SLM Ti−6Al−4V 合金具有 αʹ+β 的微观结构，β-Ti 相含量较高且分布均匀，同时其晶粒

尺寸较小、晶界密度较高，这种微观结构可提高其在含氧化性离子的硝酸中的钝化能力以及耐腐蚀性。SLM 

Ti−6Al−4V 合金有望在乏燃料后处理过程中得到广泛应用。 

关键词：乏燃料后处理；选区激光熔化；Ti−6Al−4V 合金；腐蚀行为；钝化性能 
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