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Abstract: X-ray diffraction (XRD), scanning electron microscope (SEM), immersion, electrochemical,
and tensile tests were employed to analyze the phase constitution, microstructure, corrosion
behaviors, and tensile properties of a Ti-6Al-4V alloy and a newly-developed low cost titanium alloy
Ti-4Al-2V-1Mo-1Fe. The results showed that both the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys were
composed of « and 3 phases. The volume fractions of 3 phase for these two alloys were 7.4% and
47 3%, respectively. The mass losses after 180-day immersion tests in 3.5 wt.% NaCl solution of these
alloys were negligible. The corrosion resistance of the Ti-4Al-2V-1Mo-1Fe alloy was higher than that
of the Ti-6Al-4V alloy. The tensile tests showed that the Ti-4Al-2V-1Mo-1Fe alloy presented a slightly
higher strength but a lower ductility compared to the Ti-6Al-4V alloy.

Keywords: titanium alloy; corrosion; passive film; mechanical behavior

1. Introduction

Titanium and its alloys are widely used in aerospace [1,2], marine [3], chemical [4,5], and
biomedical [6-8] fields due to their excellent mechanical properties, high corrosion resistance, and
good biocompatibility. Their high corrosion resistance in aggressive environments is ensured by the
formation of a compact and chemically-stable oxide film, mainly composed of titanium oxide, TiO,,
which spontaneously covers the metal surface to protect the metal substrate [9-11]. The corrosion
behaviors of the commercial Ti-6Al-4V alloy vary with corrosive environments. Yue et al. [12] found
that the Ti-6Al-4V alloy exhibited a poor corrosion behavior in a solution with a high CI™ concentration
or in acid environments with a local accumulation of C1™ ions. Blanco-Pinzon et al. [13] reported that
the Ti-6Al-4V alloy was susceptible to corrosion in HySO4 solution but its corrosion resistance could
be significantly improved by alloying Pd and Ni. Wang et al. [5] investigated the effects of alloying
elements Pd, Mo, and Ni on the corrosion behavior of titanium alloy in H,SO4 solution containing
fluoride ions, and found that these alloying elements had no influence on the interaction of the F~
ions with titanium matrix, and on the film composition. The addition of Ni accelerated the cathodic
reactions while the addition of Mo retarded the anodic process [5]. Newman et al. [14,15] found that
Mo located at defect sites preferentially dissolved, leading to the formation of stable Mo oxides to
decrease the anodic dissolution rate [16].

Generally, element alloying is an effective method to improve the mechanical properties of titanium
and its alloys [17,18]. Since Fe and Al elements are characteristic of low toxicity and cost [19-21],
they are added into the titanium and titanium alloys, and the effect of Fe or Al alloying on the
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mechanical and corrosion properties of titanium alloys has been studied. It is reported that the
Ti-4.5A1-3V-2Mo-2Fe alloy has superior mechanical properties to the Ti-6Al-4V alloy [17] due to its
microstructural characteristics and element alloying (i.e., Mo and Fe). Lu et al. [22] investigated the
mechanical properties and electrochemical corrosion behaviors of Ti-6Al, Ti-6Al-4V, and Ti-6Al-xFe
alloys, and found that the Ti-6Al-4Fe alloy possessed the lowest Young’s modulus and exhibits the
highest strength:modulus ratios, and the Ti-6Al-xFe alloys exhibited a higher corrosion resistance in
simulated human body fluid (SBF) than both the Ti-6Al and Ti-6Al-4V alloys. However, the corrosion
resistance of the Ti-6Al-xFe alloys decreased with the increasing Fe content, suggesting that the content
of Fe added into the titanium alloys needed to be controlled at a lower level to achieve a better corrosion
performance. It is consistent with the results conducted by Pimenova et al. [21] and Hsu et al. [23,24].
When the concentration of Al was higher than 15 wt.%, Ti-xAl-yFe alloys underwent severe pitting
corrosion due to the precipitates of 3 phase and uneven distribution of the alloying elements [21].
Thus, more work has to be performed to clarify the effect of Al and Fe alloying on the corrosion and
mechanical performances of titanium alloys, especially when Mo is added to improve the resistance of
localized corrosion.

In this research, the Ti-4Al-2V-1Mo-1Fe alloy developed by the Institute of Metal Research, Chinese
Academy of Sciences (IMR), was investigated. This type of alloy has lower contents of Al and V
but higher contents of Mn and Fe. The cost of this alloy is relatively low, providing a potential
alternative to the Ti-6Al-4V alloy. The aim of this work is to investigate the corrosion behavior of
this newly-developed alloy in a simulated marine environment (3.5 wt.% NaCl solution), and its
tensile property. The difference of alloy property between Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys
was systematically studied.

2. Experimental Details

The materials used in the present study were the commercial Ti-6Al-4V alloy, and the
Ti-4Al-2V-1Mo-1Fe alloy fabricated in the IMR, Shenyang, China. The chemical compositions (wt.%) of
these two alloys are listed in Table 1. Prior to the study, the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys
were heated to 750 °C for 3 h and then cooled to room temperature in air. Samples for the immersion
test were cut into sheets with dimensions of 40 mm X 20 mm X 4 mm. Samples for the electrochemical
test and microstructure observation were cut into square sheets (10 mm X 10 mm X 2 mm) and sealed
in a mixture of epoxy and polyamide resins with an exposed surface of 1 cm?. Then each specimen
was gradually ground with SiC papers up to 1000 grit, polished with a diamond paste of 0.5 um, then
cleaned in ethanol, and finally dried with hot air.

Table 1. Chemical compositions of the tested alloys (wt.%).

Alloy Al v Mo Fe Ti
Ti-6Al-4V 5.95 4.03 - 0.33 Bal.
Ti-4Al-2V-1Mo-1Fe 3.96 2.03 1.05 0.92 Bal

The immersion and electrochemical tests were performed in a 3.5 wt.% NaCl solution at 25
+ 1 °C (controlled by a thermostat water bath). The 3.5 wt.% NaCl solution was prepared using
analytical-grade sodium chloride and distilled water. Immersion tests were carried out to investigate
the long-term corrosion behaviors of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys. Five samples were
prepared for each test solution, with an immersion period of 180 days to ensure the reproducibility.
Samples with dimensions of 10 mm x 10 mm X 2 mm were successively ground with abrasive
papers to 1000 grit and then were immersed in aerated 3.5% NaCl solution (volume: 1.5 L) without
stirring. The solutions were replaced every 10 days. The electrochemical behaviors of the tested
alloys were measured using a CS350 (Wuhan Corrtest Instruments Corp., Ltd. Wuhan, China)
electrochemical workstation and a three-electrode electrochemical cell, and the method was described
in the literature [25]. Potentiodynamic polarization was performed at a scan rate of 0.1667 mV/s from
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—500 mVscg below the open circuit potential (OCP) and terminated at 2500 mVgcg. After immersing
in 3.5 wt.% NaCl solution at the OCP for 1 h, electrochemical impedance spectroscopy (EIS) was
conducted with a sinusoidal potential perturbation of 10 mV and a frequency range from 10° to
1072 Hz. All measurements were repeated at least three times in naturally-aerated 3.5 wt.% NaCl
solution without stirring to ensure the reproducibility. Cview and Zview software were used to fit
the electrochemical data. Tensile tests of these two alloys were carried out on an Instron-type testing
machine with a stain rate of 3 mm-s! at 25 + 1 °C [26]. To ensure the reliability of the measured data,
at least three repeated measurements were carried out for each time. The standard deviation method
was used to analyze the data and obtain the mechanical property parameters.

The crystal structures of the tested alloys were determined using a D/Max 2400 X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) with Cu K« radiation at 10 kV and 35 mA at a step size of 0.02°
and a scan rate of 4°/min. The specimens used for the microstructure observation were etched in
Kroll reagent (3 mL HE, 9 mL HNO; and 88 mL H,O) for 10 s. The microstructure was observed
by a Keyence VHX-700 (Keyence Co. Ltd., Osaka, Japan) (LM) and a scanning electron microscope
(XL30-FEG ESEM, FEI, Hillsboro, OR., USA) equipped with EDS. Image-Pro Plus software was used to
calculate the phase volume fraction of the tested alloys.

3. Results and Discussion

3.1. Microstructure Characterization

The XRD patterns of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys are shown in Figure 1. The
diffraction peaks in Figure 1 corresponded to the peaks of & and (3 phases, suggesting that both
alloys have duplex structure. However, the proportions of these two phases in the Ti-6Al-4V and
Ti-4Al-2V-1Mo-1Fe alloys were different. As seen in Figure 1, the peak intensity of « phase was higher,
indicating a higher content of « phase in both alloys.
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Figure 1. XRD patterns of the (a) Ti-6Al-4V and (b) Ti-4Al-2V-1Mo-1Fe alloys.

The LM images of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys are shown in Figure 2. It was found
that the two tested alloys had a bi-phase structure, consistent with the XRD results in Figure 1. The
average grain size of the « phase in the Ti-6Al-4V alloy was ~25 um, and some grains were larger than
50 um, as shown in Figure 2a. In comparison, the grain size of the « phase in the Ti-4Al-2V-1Mo-1Fe
alloy was smaller, with an average grain size of about ~8 um, as shown in Figure 2b.

The SEM observations of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys are shown in Figure 3. As
seen in Figure 3, both alloys were composed of the dark « phase and the bright 3 phase. No other
precipitates were observed either inside grains or at grain boundaries. As shown in Figure 3a, the
B phase dispersed and scattered inside the equiaxed « phase. However, the distribution of the 3
phase in the Ti-4Al-2V-1Mo-1Fe alloy was more continuous. As shown in Figure 3b, clustered (3 phase
distributed evenly inside the « phase in the Ti-4Al-2V-1Mo-1Fe alloy. The volume fraction of the
phase in the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys was about 7.4% and 47.3%, respectively. EDS



Metals 2019, 9, 1213 40f11

analysis was conducted to investigate the composition of oc and 3 phases of the tested alloys, and the
results are shown in Table 2. It is reported that Fe, Mo, and V atoms have long been recognized as strong
[3-stabilizing elements [19,22,27], thus the atomic ratio of these elements in (3 phase is higher than that
in o phase. This is mainly due to the higher element solid solubility and elemental diffusion rate in the
f phase [27,28]. Based on the research [28], the volume fraction of the 3 phase in Ti-4Al-2V-1Mo-1Fe
alloy may be higher than that of the Ti-6Al-4V alloy.

25.00pm

(a) (b)
Figure 2. LM of the (a) Ti-6Al-4V and (b) Ti-4Al-2V-1Mo-1Fe alloys.

Figure 3. SEM microstructures of the (a) Ti-6Al-4V and (b) Ti-4Al-2V-1Mo-1Fe alloys.

Table 2. Chemical compositions (EDS) of « and {3 phases of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe

alloys (wt.%).
Alloy Ti Al V. Mo Fe
. « (area 1) 886 69 45 - -
Ti-6Al-4V B(area2) 807 24 159 - 1.0

« (area 3) 935 53 12 - -

Ti-4Al2V-IMo-1Fe - o' ca4) 854 26 47 44 29

3.2. Immersion Test

The microstructures of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys after immersion in 3.5 wt.%
NacCl solution for 180 days are shown in Figure 4. It can be seen that no traces of corrosion were
observed, indicating the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys had excellent corrosion resistance in
3.5 wt.% NaCl solution.
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Figure 4. Microstructures of the (a,c) Ti-6Al-4V and (b,d) Ti-4Al-2V-1Mo-1Fe alloys after immersion in
3.5 wt.% NaCl solution for 180 days.

The mass loss rates of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys after 180 days of immersion in
3.5% NaCl solution were calculated based on the mass loss, Am, using Equation (1) shown as following:
mp — nmyq
Am = ——— 1

" Sxt M

where my is the weight (mg) of the sample before the immersion test, i is the weight (mg) of the

sample after the immersion test, S is the surface area of the sample (cm?), and t is the immersion time

(180 days). The mass loss rate of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys was 1.99 X 10~* and

2.01 x 107* mg-cm~2-day !, respectively. This indicates both behaved similarly, without any obvious
occurrence of corrosion in the present tested solution.

3.3. Electrochemical Response

Once the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys were immersed in NaCl solution at OCP, the
dissolution process of the naturally-formed oxide film (rutile TiO;) in air began and the self-passivated
film simultaneously formed [9]. The OCPs for the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys in 3.5 wt.%
NaCl solution are shown in Figure 5. Since the specimens were exposed in ambient atmosphere for 1
h to allow the native growth of oxide film, the spontaneous OCP after the immersion indicated the
stability of the naturally-formed oxide [5]. It is seen from Figure 5 that corrosion potential (Ecr) of
the Ti-6Al-4V alloy shifted continuously to positive potential with the immersion time. As for the
Ti-4Al-2V-1Mo-1Fe alloy, the E¢or gradually increased from —0.65 Vgcg to more noble potential, and
finally achieved steady-state potential of —0.40 Vgcg when the immersion time was 1 h. The corrosion
data in Figure 5 revealed that a shorter time was required for the steady-state potentials to be obtained
in 3.5 wt.% NaCl solution for the Ti-4Al-2V-1Mo-1Fe alloy compared to the Ti-6Al-4V alloy.
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Figure 5. Evolution of open circuit potential (OCP) with immersion time for the Ti-6Al-4V and
Ti-4Al-2V-1Mo-1Fe alloys in 3.5 wt.% NaCl solution.

To investigate the stability of the passive film formed on the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe
alloys, EIS measurements were carried out at OCP for both alloys in 3.5 wt.% NaCl solution. Figures 6
and 7 show the Nyquist and Bode plots for the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys for 1 h
immersion in 3.5 wt.% NaCl solution. As seen from Figure 6, both the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe
alloys exhibited an unfinished single capacitive arc. It can be seen in Figure 7 that only one time
constant was observed. The initial impedance (Z) recorded for the Ti-4Al-2V-1Mo-1Fe alloy was higher
than that of the Ti-6Al-4V alloy, indicating that the Ti-4Al-2V-1Mo-1Fe alloy had a superior corrosion
resistance [3]. The impedance data were analyzed using the equivalent circuit shown in Figure 8. The
use of a constant phase element (CPE) was necessary [29-31] due to the distribution of relaxation times
resulting from heterogeneities at the electrode surface. The CPE was used for the description of a
frequency-independent phase shift between an applied AC potential and its current response [32], and
has been extensively investigated [29,33]. The impedance of the CPE was given by:

1,. =
Zepe = 5(jw) " )
Therefore, the total impedance was [34]:
w17
Ztotul =Rs+ (Q(]a)) + R_) (3)
P

where n was the depression angle (in degrees) that evaluated the semicircle deformation, Rs was
the electrolyte resistance, R, represented the charge transfer resistance, and Q corresponded to the
pseudo-capacitance of the film, expressed using the CPE. The reason may be as follows: the CPE
accounted for two contributions, one arising from double-layer capacitance (Cy) and one arising from
semiconductor capacitance relating to the passive film (Csc). The capacitance of the double layer seems
to be neglected according to the result reported by Hirschorn et al. [35], so the capacitance behavior of
Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys was dominated by the passive film [36]. Table 3 shows the
values of the electric parameters obtained using the equivalent electric circuit to fit the EIS data. Itis
seen in Table 3 that the film resistance for the Ti-6Al-4V and Ti-4A1-2V-1Mo-1Fe alloys was 5.69 x 10°
O-em™2 and 6.50 X 10° Q-cm™2, respectively. It is consistent with the generally accepted sense that a
larger capacitive arc indicates higher corrosion resistance. It can be inferred that the stability of the
passive film formed on the Ti-4Al-2V-1Mo-1Fe alloy in the present solution was slightly better than
that of the Ti-6Al-4V alloy.
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Figure 6. Nyquist plots for the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys for 1 h of immersion in 3.5

wt.% NaCl solution.
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Figure 7. Bode plots for the (a) Ti-6Al-4V and (b) Ti-4Al-2V-1Mo-1Fe alloys for 1 h of immersion in 3.5

wt.% NaCl solution.

Figure 8. The equivalent circuit used for quantitative evaluation of electrochemical impedance

spectroscopy (EIS).

Table 3. The EIS fitted data of Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys.

Alloy Rs (Q-cm—2) R, (Q-cm~2) Q (O 1.8"cm—2) n
Ti-6Al-4V 10.89 + 1.12 569 +0.13x10° 3.98+0.32x107° 0.93+0.01
Ti-4Al-2V-1Mo-1Fe 8.71 + 0.87 6.50 +0.35x 10° 256 +0.26 x 107> 0.95+0.01

The potentiodynamic polarization curves for the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys in
3.5 wt.% NaCl solution are shown in Figure 9. It is seen from Figure 9 that the corrosion behaviors of
the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys were similar. Both alloys were typically passive materials,
displaying a wide passive region from 0.11 + 0.03 Vgcg to 2.5 + 0.05 Vgcg. After the potential was
scanned to 2.5 Vgcg in 3.5 wt.% NaCl solution, no film breakdown was observed. This clearly indicates
the passive film forming spontaneously on the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys surfaces was

thermodynamically stable [37]. It is reported that Al or Fe could be oxidized and form a compact Al
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and Fe oxide layer on the top of passive film, inhibiting the dissolution of the oxide film [22]. The
corrosion current density (icorr) for the Ti-6Al-4V and Ti-4A1-2V-1Mo-1Fe alloys was 2.23 + 0.41 x 10~/
A-cm™2 and 1.51 + 0.22 X 1077 A-cm~2, respectively. Compared to the Ti-4Al1-2V-1Mo-1Fe alloy, the
lower Ey+ and higher i of the Ti-6Al-4V alloy suggested that the Ti-4Al-2V-1Mo-1Fe alloy had a
higher corrosion resistance, consistent with the results of EIS test.

2.5 1

E(Viee)

Ti-4Al-2V-1Mo-1Fe

.
Ti-6Al1-4V

10 10°® 107 10° 10°
i (Alem’)

corr

Figure 9. Potentiodynamic polarization curves of Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys in 3.5 wt.%
NaCl solution.

The corrosion resistance of titanium alloy relies on the stability of its passive film. The formation
of passive layer requires the transfer of titanium and hydroxyl ions as follows [38]:

Ti — Ti?t+2e” 4
Since Ti%* is unstable, it will react with H,O and produce Ti3* once it is formed;

2Ti2 T +2H,0 — 2Ti*T+20H™ + H, (5)

Ti>* +30H™ — Ti(OH), (6)

Transformation of Ti(OH)3 might take place to hydrated TiO, layer in a dynamic equilibrium
reaction as follows:

2Ti(OH), — TiO, - HyO + H, @)

In addition, the corrosion resistance of the Ti-4Al-2V-1Mo-1Fe alloy was slightly higher than the
Ti-6Al-4V alloy, which was mainly due to the fact that the Ti-4Al-2V-1Mo-1Fe alloy contained Mo
elements, making the passive film more stable [39].

3.4. Mechanical Properties

Figure 10 shows typical tensile curves of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys. The specific
mechanical property values including the tensile Ry, yield stress Ry strength, and elongation ¢ from
the tensile curves, are summarized in Table 4. It shows that strength of the Ti-4Al-2V-1Mo-1Fe alloy
was slightly lower but its elongation was higher compared to the Ti-6Al-4V alloy (yield strength of 838
MPa vs. 968 MPa, and the elongation of 15.8% vs. 13.8%). Since the volume fractions of the « and 3
phases were different in Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys, these will have influences on their
tensile properties. Moreover, the o phase had more slip systems and the 3 phases had limited slip
systems according to their structure identified by XRD in Figure 1. Therefore, the stress concentration
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at o/ phase interfaces could be easily induced in the tensile tests due to the incompatible plastic
deformation between two phases. Then, micro-cracks would preferentially initiate at the «/f3 phase
interfaces. The fracture morphologies of the tensile test for the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe
alloys are displayed in Figure 11. Many dimples were observed in Figure 11, and the Ti-6Al-4V and
Ti-4Al-2V-1Mo-1Fe alloys were typically transgranular with a dimple fracture [40].

1000
Ti-6A-4V \
S 800
E Ti-4Al-2V-1Mo-1Fe
p—
600+
175
(D]
g
& 400- -
=
wn iy
= «
8 200 = !
Ti-6Al-4V Ti-4Al-2V-1Mo-1Fe
0 T T T T T T T T T T T
0 2 4 6 8 10 12

strain (%)
Figure 10. Tensile stress—strain curves of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys.

Table 4. Mechanical parameters of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys.

Alloy R,, (MPa) Ryo.2 (MPa) & (%)
Ti-6Al-4V 968 + 22.1 921 +154 13.8+1.1
Ti-4Al-2V-1Mo-1Fe 838 + 16.3 796 +14.3 158+13

Figure 11. Fractography of the (a) Ti-6Al-4V and (b) Ti-4Al-2V-1Mo-1Fe alloys.

4. Conclusions

In this paper, the corrosion and tensile behaviors of the Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys
were investigated. The results were summarized as follows.

(1) Both Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys were composed of the « and (3 phases. The
volume fractions of the 3 phase in these two alloys were 7.4% and 47.3%.

(2) Both Ti-6Al-4V and Ti-4Al-2V-1Mo-1Fe alloys presented excellent corrosion resistance in
3.5 wt.% NaCl solution. No obvious corrosion was observed on the surface of the two alloys after
immersion in 3.5 wt.% NaCl for 180 days. Compared to the Ti-6Al-4V alloy, the higher Mo content
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in the Ti-4Al-2V-1Mo-1Fe alloy increased the stability of passivation film, and showed an increased
corrosion resistance.

(3) Compared to the Ti-6Al-4V alloy, the Ti-4Al-2V-1Mo-1Fe alloy presented a slightly lower
strength and higher ductility.
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