Int. J. Electrochem. Sci., 15 (2020) 8943 — 8959, doi: 10.20964/2020.09.05

International Journal of
ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Effect of Welding Process and Different Stress Conditions on
Electrochemical Noise Characterization of Ti-6Al-4V Alloy

Yan Liu”, Jicai Feng?, Shuping Tan?, Yi Cheng?, Jin Hu*"

! State Key Laboratory of Efficient and Clean Coal-Fired Utility Boilers, Harbin Boiler Company
Limited, Harbin 150046, China

2 State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin
150001, China

3 School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China
“E-mail: liuyan_research@yeah.net, hujin@hit.edu.cn

Received: 10 April 2020 / Accepted: 5 June 2020 / Published: 10 August 2020

The electrochemical noise characterization of Ti-6Al-4V alloy before and after the welding process has
been investigated. Electrochemical noise measurements are always simultaneously performed on two
identical samples: one sample for the non-stressed test and the other sample for the slow-strain-rate
tensile test. The difference in surface state between non-welded and welded samples is the main reason
for the change in electrochemical characteristics. The welded sample has high corrosion sensitivity under
the non-stressed state and slow-strain-rate tensile tests. The application of an external force promotes
the electrochemical corrosion process of the sample before and after the welding process.
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1. INTRODUCTION

Titanium alloys have excellent chemical compatibility and mechanical properties and are widely
used in nuclear, aviation, medical, chemical, civil and other fields similar to steel [1-5]. In addition, due
to the formation of titanium dioxide (TiO2) on the surface, titanium alloys show excellent corrosion
resistance in corrosion media [6-8]. The TiO- thin layer is dense and stable, which can protect the metal
from continuous oxidation [9,10]. However, external conditions such as the combined action of acidic
environment and abnormal cyclic loads cause the rupture and permanent failure of the protective oxide
film [11,12]. Therefore, the matrix metal may be exposed to the corrosion medium [13]. There are many
studies on the stress corrosion cracking of titanium alloys that show that titanium alloys are prone to
stress corrosion cracking in different environments [14-19].
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Welding has been an indispensable technical method in the processing and manufacturing of
titanium alloy products [20-24]. For titanium alloy weldments, the welding process has an adverse effect
on the corrosion resistance [25,26]. Since the martensite phase transformation may occur in the weld
zone and heat affected zone during the titanium alloy welding process, the corrosion behavior is strongly
affected by the change in crystal structure, so the corrosion resistance of the weld is worse than that of
the base metal. Thus, the weld zone is considered extraordinarily sensitive to corrosion because of its
special structure compared to the base metal [27,28]. Unfortunately, in the corrosive environment that
may lead to stress corrosion cracking of titanium alloys, there are very few studies on the difference of
corrosion behavior characterization between non-welded and welded titanium alloys under external
stress. There is excellent corrosion resistance for titanium alloy in aqueous solutions, but under the action
of the applied stress, especially in the presence of chloride such as LiCl, corrosion will occur in organic
environments such as anhydrous methanol and propanol media [14,15,29,30].

As known to all, electrochemical noise has been considered an effective research method for the
electrochemical corrosion process and widely applied in various metal materials, which can be used to
study the key information of the reaction process on the electrode [31-34]. Electrochemical noise has
been combined with the slow-strain-rate tensile test for the corrosion research of steel and gold-copper
alloy [35-38], but there is almost no related research on titanium alloy and its weldment. In this paper,
the slow-strain-rate tensile test and non-stressed loading test were used to study the electrochemical
noise characterization of Ti-6Al-4V alloy with and without a welding process.

2. EXPERIMENTAL

2.1 Materials

In this work, Ti-6Al-4V alloy plates (240 mm length x 50 mm width x 1 mm thickness) with the
chemical compositions in Table 1 were prepared.

Table 1. Chemical compositions (mass%) of Ti-6Al-4V alloy plates.

Element Al Vv Fe Si C O H N Ti
Content 5.9 4.0 0.08 0,005 0.02 0.1 0.002 0.03 Balance

2.2 Welding process

An ROFIN-DCO030 laser beam system was employed to weld all Ti-6Al-4V alloy joints with the
welding process parameters in Table 2.
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Table 2. Welding process parameters of Ti-6Al-4V alloy plates.

Parameters Power (W)  Frequency (Hz) Weztrjr:?r% isrf;eed AFQO(R/I pprae)ssure
Value 800 35 1 0.12

2.3 Slow-strain-rate tensile test

Slow-strain-rate tensile tests with a strain rate of 3x107'/s were performed on non-welded and
welded Ti-6Al-4V alloys in air and LiCI-CH30OH solution (0.1 mol/L), respectively. The dimensions of
the samples in the slow-strain-rate tensile test are shown in Figure 1.
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Figure 1. Dimensions of the samples in the slow-strain-rate tensile test, mm.

2.4 Electrochemical measurements

The Gamry Reference 3000 electrochemical workstation was selected to measure the
electrochemical noise in the slow-strain-rate tensile test. The improved electrochemical noise technology
"Electrochemical Emission Spectroscopy” was used for testing, the reference electrode was an
Ag/AgCI/CH30H electrode, the working electrode was the sample to be tested, and the counter electrode
was a platinum microcathode [38-43]. No bias voltage was applied to the tensile sample in the
electrochemical noise test, and the sampling frequency was 10 Hz.

3. RESULTS AND DISCUSSION

3.1 Slow-strain-rate tensile test and stress corrosion cracking sensitivity

The slow-strain-rate tensile test has been recognized as an effective method to evaluate the stress
corrosion cracking sensitivity, which was applied to the non-welded and welded Ti-6Al-4V alloy
samples in this study [44-47]. Figure 2 and Table 3 present the stress-strain curves and mechanical
properties obtained from the slow-strain-rate tensile test of non-welded and welded samples in air and
LiCI-CH3OH solution; thus, the stress corrosion cracking sensitivity of the samples can be described.
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There are few differences in mechanical properties between non-welded sample and welded sample in
air, but the mechanical properties of the welded sample are significantly lower than those of the non-

welded sample in the corrosion medium.
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Figure 2. Stress-strain curves of non-welded and welded Ti-6Al-4V alloys obtained from the slow-strain
rate tensile test in air and 0.1 mol/L LiCI-CH3OH solution: (a) samples tested in air; (b) samples

tested in 0.1 mol/L LiCI-CHsOH solution.

The mechanical properties of non-welded samples in the corrosion medium are lower than those
in air, which indicates that the Ti-6Al-4V alloy has a certain stress corrosion cracking sensitivity.
However, the mechanical properties of welded samples in the corrosion medium are far lower than those
in air, which indicates that the welded Ti-6Al-4V alloy has a relatively high sensitivity to stress corrosion
cracking. The results of this study have been confirmed by other related studies, which applied the slow-
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strain-rate tensile test to Ti-6Al-4V alloy in CH3OH solution and air and found a 52.1% reduction in the
breaking elongation of the sample tested in the CH3OH solution compared to the sample tested in air
[48].

For non-welded and welded Ti-6Al-4V alloys, the stress corrosion cracking sensitivity can be
characterized by the sensitivity index, which is expressed by the loss ratio of mechanical properties
obtained from the slow-strain-rate tensile test in air and LiCI-CH3sOH solution [44]. The sensitivity index
can be calculated using the following formula:

Oqir — O,

I (%) = 22— « 100 (D
& .O-a_irg

I. (%) = 2% % 100 )
Eair

where |, and |, are the sensitivity index of strength and plasticity, cair and oso are the tensile
strength obtained from the samples tested in air and LiClI-CH3OH solution, and eair and &so are the
breaking elongation obtained from the samples tested in air and LiCI-CH3zOH solution [45,47].

Table 3. Mechanical properties obtained from the slow-strain-rate tensile test of non-welded and welded
Ti-6Al-4V alloys in air and 0.1 mol/L LiCI-CH3OH solution.

Breaking elongation

State Condition Tensile strength (MPa) (%)
Non-welded sample Air 901 7.01
Non-welded sample LiCl-CH3OH solution 778 2.31

Welded sample Air 937 6.91
Welded sample LiCl-CH3OH solution 241 0.73

Using the mechanical properties in Table 3, we conclude that I, and 1. for the non-welded samples
are 13.65% and 67.05%, and I, and 1. for the welded samples are 74.28% and 89.43%, respectively. The
results show that the welded sample has a much higher sensitivity index than the non-welded sample. A
related study found that the plastic sensitivity index of Ti-6Al-4V alloy in an HCL-CH3OH solution was
52.1% and 92.5% during the slow-strain-rate tensile test, which is similar to the result of this study
[48,49].

These results indicate that the welding process greatly enhances the stress corrosion cracking
sensitivity of Ti-6Al-4V alloy in LiCI-CH30OH solution, which is mainly attributed to the change in
corrosion resistance of the Ti-6Al-4V alloy before and after welding [50]. Our previous study tested the
potentiodynamic polarization curves of Ti-6Al-4V alloy before and after the welding process and found
that the two samples had different electrochemical behaviors. For the non-welded sample, the anodic
current density slowly increased with the increase in polarization potential, and the anodic polarization
curve showed an obvious passivation zone. For the welded sample, the anodic current density rapidly
increased with increasing polarization potential, and there was a relatively low pitting potential in the
anodic polarization curve. The results show that the welding process resulted in poor corrosion resistance
of the Ti-6Al-4V alloy weldment because there was a welding seam that deteriorated the protective
performance of the oxide film on the surface of the sample [50]. Our previous results are consistent with
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the results of some electrochemical corrosion studies on Ti-6Al-4V alloy and its weldment [25-29,48].
In related studies, the polarization curves of Ti-6Al-4V alloy were measured in HCI-CH3OH solution
and LiCl-C3H7OH solution, and the passivation phenomena were similar to that in the polarization curve
in our previous study [29,48]. The Ti-6Al-4V alloy showed good local corrosion resistance in corrosion
media because it was protected by a natural oxide film on its surface [6-10]. For the welded sample of
Ti-6Al-4V alloy, relevant studies have found that the corrosion potential in corrosion media was -0.24
V (the corrosion potential obtained in our previous study was -0.16 V), the anodic current density
significantly increased with the increase in polarization potential, and the anodic polarization curve
presented a relatively low pitting potential [25-28].

3.2 Removal of the direct current component in the electrochemical noise signal

Before analyzing the electrochemical noise data, a suitable method must be used to remove the
direct current component of the original noise signal [38,51-53]. The polynomial fitting method is a
relatively effective method to remove the direct current components [51]. Taking the current noise signal
as an example, the following relations are mainly followed when the polynomial fitting method is used
to remove the direct current components:
I =1Iy+ay+ at + ayt? + azt3 + -+ ayt® (3)
where | is the original current noise signal, and lo is the real current noise signal [51]. Studies
have shown that when the highest power of the polynomial fitting method is 5, the direct current
component in the original noise signal can be completely removed. The real signal required is
simultaneously retained to the greatest extent, which ensures that the effective information in the real
signal is not weakened or eliminated [51]. Thus, the quintic polynomial fitting method was selected to
remove the direct current component of the original electrochemical noise data in this study.
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Figure 3. Current noise signal of the non-welded Ti-6Al-4V alloy obtained from the initial stage of the
non-stressed immersion test in 0.1 mol/L LiCI-CH30H solution before and after the direct current
component was removed: (a) original noise signal before the direct current component was
removed; (b) real noise signal after the direct current component was removed.

Taking the non-welded Ti-6Al-4V alloy as an example, Figure 3 shows the current noise signal
obtained from the initial stage of the non-stressed immersion test before and after the direct current
component was removed. The distribution of the original noise signal obviously changes after we
eliminated the direct current component, and the treated current noise signal fluctuated around the zero
point, which indicates that the removal of the direct current component in the signal is reasonable [51].

3.3 Time domain analysis of the electrochemical noise signal

For electrochemical noise signals, the time domain analysis mainly refers to the analysis of
signals in the time domain spectrum using mathematical statistics [53]. At present, the most commonly
used analysis parameters are the electrochemical noise resistance Rn, skewness coefficient Sk and
kurtosis coefficient K. The electrochemical noise resistance R is the ratio of the standard deviation of
potential noise to the standard deviation of current noise [54]. Taking the current noise signal as an
example, the standard deviation is defined as follows:

n n 2
1 1
s= g (v ®
i=1 i=1

where x; is the measured transient value of the current noise signal, and n is the number of
sampling points [55]. Related studies have shown that R, is comparable to the polarization resistance,
and Ry can usually be used to characterize the corrosion resistance of the material in a corrosion medium.
A higher R, indicates a better corrosion resistance, a slower corrosion rate and a milder corrosion
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process, while a lower Ry represents the worse corrosion resistance, faster corrosion rate and more
serious corrosion process [38,53-56].

Figure 4 shows the electrochemical noise resistance R, of the non-welded Ti-6Al-4V alloy with
testing time from the non-stressed state and slow-strain-rate tensile test. Different external stress states
have great effects on R, of the sample. R, under the non-stressed state is high and basically remains
unchanged, which indicates that the corrosion resistance of the sample is not affected by the external
corrosion medium during the immersion process and is always at a high level. During the slow-strain-
rate tensile test, Ry gradually decreases with the extension of testing time, which implies that the
corrosion resistance of the sample gradually deteriorates under the action of the applied load. These
differences are mainly caused by the differences in properties of the oxide film on the surface of the
samples under different loading conditions [50]. The properties of the oxide film under the non-stressed
state are very stable, and the protection performance is excellent, so the corrosion resistance of the
sample in the corrosion medium is excellent and does not significantly change [6-10]. Under the
continuous action of an applied load during the slow-strain-rate tensile test, the stability of the oxide film
worsens, the compactness of the oxide film decreases, and the protective ability of the oxide film to the
sample continuously decreases, which causes the stress corrosion cracking of the sample during the
slow-strain-rate tensile test [50,57,58].
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Figure 4. Electrochemical noise resistance Rn of the non-welded Ti-6Al-4V alloy with testing time from
the non-stressed state and slow-strain-rate tensile test in 0.1 mol/L LiCI-CH30OH solution.

The electrochemical noise resistance R, of the welded Ti-6Al-4V alloy with testing time in the
non-stressed state and slow-strain-rate tensile test is shown in Figure 5. There is no obvious change in
Rn of the non-stressed sample, which indicates that the corrosion medium does not significantly affect
the corrosion resistance of the sample. R, of the sample continuously decreases with the testing time
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during the slow-strain-rate tensile test, which indicates that the corrosion resistance of the sample is
constantly destroyed by the applied stress during the process of stress corrosion cracking. Under the non-
stressed state, the non-welded sample in Figure 4 always has greater Rn than the welded sample in Figure
5, which is mainly determined by the difference in properties of the oxide film on the surface of the
sample before and after the welding process for the aforementioned reasons [50].
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Figure 5. Electrochemical noise resistance R, of the welded Ti-6Al-4V alloy with testing time in the
non-stressed state and slow-strain-rate tensile test in 0.1 mol/L LiCI-CH3OH solution.

In the time domain analysis, the skewness coefficient Sk and kurtosis coefficient K, of the
electrochemical noise signal are also analyzed, which are high-order statistical parameters to measure
the degree of deviation from symmetry and steepness of the electrochemical noise signal distribution,
respectively [59]. Taking the current noise signal as an example, the mathematical definition is shown
the following formula:

1 < i

S = oy ;oci ) (5)
1 < .

Ku = (n _ 1)54 ;(xi - x) (6)

where S is the standard deviation of the current noise signal, x; is the measured transient value of
the current noise signal, X is the average value of the current noise signal, and n is the number of
sampling points. The related studies have shown that a greater difference between Sk and 0 or between
Ky and 3 always indicates a faster corrosion rate and a worse corrosion resistance of the material [60].

Figure 6 exhibits the skewness coefficient Sk and kurtosis coefficient K, of non-welded Ti-6Al-
4V alloy with testing time in the non-stressed state and slow-strain-rate tensile test. The absolute
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differences between Sk and 0 and between Ky and 3 are also shown in the Figure 6. There is no significant
variation in absolute difference of Sk and Ky under the non-stressed state; the absolute difference is small,
which indicates that the corrosion rate of the sample is slow and the corrosion resistance is high. The
absolute difference of Sk and Ky gradually increases during the slow-strain-rate tensile test, which
indicates that the corrosion resistance of the sample continuously decreases.

The skewness coefficient Sk and kurtosis coefficient K, of welded Ti-6Al-4V alloy with testing
time in the non-stressed state and slow-strain-rate tensile test are shown in Figure 7. The figure also
shows the absolute differences between Sk and 0 and between Ky and 3. The absolute difference of Sk
and Ky does not obviously change under the non-stressed state, which indicates that the corrosion
medium hardly affects the corrosion resistance of the sample. During the slow-strain-rate tensile test, the
absolute difference of Sk and Ky increases with the testing process, which indicates that the corrosion
rate of the sample increases, the corrosion resistance decreases, and the corrosion process becomes more
intense.

1.6 1.6
(@) —m— Skewness
1.2 F —e— Absolute difference
0.8 —41.2
o
2
=
s 04 g
z 00F \. / \ 108
L ——
% \\-- | =
0.4+ 2
el
<
0.8 F 40.4
- . //.
1.2 .\\./ \./o
-1.6 L L . : L L 0.0
0 4 8 12 16 20
Time ¢h)
5 2.0
(b) —m— Kurtosis
—e— Absolute difference
4 4 1.5
2
Q
=]
2
E .—'——"’_’—_. ’-2
= &=
2 - =
3r \ / H{41.07=
3 l/ -_f______,,- %
=)
w0
Ra]
R
2F 40.5
L]
L ] /
. / \o/.
\\.
‘I 1 1 1 1 1 1 0'0
0 4 8 12 16 20

Time (h)



Int. J. Electrochem. Sci., Vol. 15, 2020 8953

1.6 1.6
(©) —m— Skewness
n L ]
1.2 - —e— Absolute difference
®
0.8 - 412
()
0.4 8 - 5
£ o0t {0878
z a8
7 . =
-0.4 T /o g
-
0.8 F b H0.4
./ [ |
1.2
‘l 6 1 1 L 1 1 T 0 O
0 4 8 12 16 20
Time (h)
5 2.0
(d) —u— Kurtosis
—&— Absolute difference T
.
4+ 415
Q
L] Q
= 5
2
.4 g L
@ =
g 3k 1107%
2
b =
L =)
w
=
2 .J/__./' d0s
—
] 1 1 1 1 1 1 1 1 1 1 1 00
0 4 8 12 16 20

Time (h)

Figure 6. Skewness coefficient Sk and kurtosis coefficient K, (absolute differences between Sk and 0 and
between Ky and 3) of non-welded Ti-6Al-4V alloy with testing time in the non-stressed state and
slow-strain-rate tensile test in 0.1 mol/L LiCI-CH3OH solution: (a,b) Sk, Ku and absolute
difference of sample tested under the non-stressed state; (c,d) Sk, Ku and absolute difference of
sample tested during the slow-strain-rate tensile test.
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Figure 7. Skewness coefficient Sk and kurtosis coefficient K, (absolute differences between Sk and 0 and
between Ky and 3) of welded Ti-6Al-4V alloy with testing time in the non-stressed state and
slow-strain-rate tensile test in 0.1 mol/L LiCI-CH3OH solution: (a,b) Sk, Ku and absolute
difference of sample tested under the non-stressed state; (c,d) Sk, Ku and absolute difference of
sample tested during the slow-strain-rate tensile test.
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Regardless of whether the sample has been welded or subjected to an external load, the results
obtained using the absolute differences of the skewness coefficient and kurtosis coefficient are
completely consistent with those obtained using the noise resistance. The results obtained by the two
analysis methods can support by each other, which also shows that the conclusions of this study are
accurate and reliable.

3.4 Frequency domain analysis of the electrochemical noise signal
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Figure 8. Frequency domain spectrum of the current noise signal of non-welded and welded Ti-6Al-4V
alloys obtained from the initial stage of the non-stressed immersion test in 0.1 mol/L LiCl-
CH3OH solution: (a) frequency domain spectrum of the non-welded sample; (b) frequency
domain spectrum of the welded sample.

For electrochemical noise signals, the frequency domain analysis mainly analyzes the curve of
power spectral density (PSD) in the frequency domain spectrum. The slope can be obtained by linear-
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fitting the PSD curve and characterize the corrosion type and corrosion tendency related to the electrode
reaction process [38,51,53,56,61-63]. Taking the current noise signal as an example, Figure 8 shows the
frequency domain spectrum of the non-welded and welded Ti-6Al-4V alloys obtained from the initial
stage of the non-stressed immersion test.
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Figure 9. PSD curve slope of the current noise signal of non-welded and welded Ti-6Al-4V alloys with
testing time in the non-stressed state and slow-strain-rate tensile test in 0.1 mol/L LiCI-CH30OH
solution: (a) PSD curve slope of the non-welded sample; (b) PSD curve slope of the welded
sample.

Figure 9 exhibits the PSD curve slope of the current noise signal of non-welded and welded Ti-
6Al-4V alloys with testing time in the non-stressed state and slow-strain-rate tensile test. The external
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stress state has an obvious effect on the corrosion process of the sample. The slope of the PSD curve
under the non-stressed state shows similar characteristics, and the slope is lower than -20 dB/dec. During
the slow-strain-rate tensile test, the slope of the PSD curve is different from that under the non-stressed
state, the slopes of the non-welded sample tested at 0~16 h and welded sample tested at 0~4 h is lower
than -20 dB/dec, but they are higher than -20 dB/dec when the slow-strain-rate tensile test is performed
for 20 h and 6 h.

Related studies have shown that the material is in a passivation state when the slope of the PSD
curve is lower than -20 dB/dec, whereas values above -20 dB/dec indicate that a localized corrosion
process has occurred in the material [38,64]. The slope of the non-stressed sample indicates that the
surface state of the sample is relatively stable, and the surface is always in a stable passivation state
during the immersion test, since the protective effect of the oxide film on the sample surface makes the
corrosion medium have little effect on the sample, and the surface state of the sample remains basically
unchanged [6-10]. For the samples with the slow-strain-rate tensile test, the slope shows that the surface
states of the non-welded sample tested at 0~16 h and welded sample tested at 0~4 h are similar to that
of the non-stressed sample, which indicates that no corrosion occurred on the sample surface [50]. As
the slow-strain-rate tensile test proceeds, the surface stability of the non-welded sample tested at 20 h
and welded sample tested at 6 h greatly decreases due to the continuous effect of the accumulated load
and corrosion medium, which results in the corrosion process. Therefore, the slope indicates that
localized corrosion occurred on the sample surface at this time [50,57,58].

4. CONCLUSIONS

In this study, electrochemical noise has been used to investigate the electrochemical behavior of
Ti-6Al-4V alloy before and after the welding process under non-stressed state and slow-strain-rate
tensile tests. For the non-welded and welded samples tested under the non-stressed state, the
electrochemical noise resistance and absolute difference of the skewness coefficient and kurtosis
coefficient of the current noise signal barely change during the immersion test, which indicates that the
corrosion medium has little effect on the corrosion resistance of the sample. For the non-welded and
welded samples in the slow-strain-rate tensile test, the electrochemical noise resistance gradually
decreases, while the absolute difference of the skewness coefficient and kurtosis coefficient of the
current noise signal gradually increases, which indicates that the corrosion resistance of the sample
continuously deteriorates. For the non-welded and welded samples tested under the non-stressed state,
the PSD curve slope of the current noise signal is below -20 dB/dec, which indicates that the sample
surface is always in a stable passivation state. For the non-welded and welded samples tested in the slow-
strain-rate tensile test, the PSD curve slope of the current noise signal of the non-welded sample tested
at 0~16 h and welded sample tested at 0~4 h is lower than -20 dB/dec, which indicates the stable
passivation state on the sample surface. When the slow-strain-rate tensile test is conducted for 20 h and
6 h, the PSD curve slope of the current noise signal of the non-welded sample and welded samples is
higher than -20 dB/dec, which indicates that the localized corrosion process occurred on the sample
surface. The welding process significantly reduces the corrosion resistance of the sample under the non-



Int. J. Electrochem. Sci., Vol. 15, 2020 8958

stressed state and slow-strain-rate tensile test because of different properties of the oxide film on the
sample surface before and after the welding process. The applied load enhances the electrochemical
activity of the non-welded and welded samples, which leads to the high sensitivity of the sample in the
corrosion medium.
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