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Abstract

As a promising material for many industrial applications, Ti-15 V-3Cr-3Al-3Sn (commonly referred to as Ti-15-3) tita-
nium alloy always suffers from non-uniform pitting corrosion in salt spray environment. Herein, based on electrochemical
impedance spectroscopy (EIS), electrochemical noise (EN) tests, and surface analysis, we systematically evaluate the salt
spray corrosion behaviors of Ti-15-3 alloy by a 3.5 wt.% NaCl solution test. EN analysis based on Hilbert-Huang transform
investigates corrosion types of Ti-15-3 alloy corroded by salt spray, combining with further electrode/solution interface
behavior and corrosion resistance analysis from EIS. This combined investigation demonstrated that metastable pitting, pas-
sive state, and the stable pitting of Ti-15-3 alloy for a different salt spray time were successfully distinguished. Meanwhile,
it was found that pitting resistance and corrosion types were closely connected with the corrosion attack morphology of the
corroded samples, together with an investigation of the micrographs of the damaged surface. Finally, the salt spray corrosion
mechanisms of Ti-15-3 alloy are discussed in detail. This work will provide significant insights into the service life and
protection measures of tropical ocean facilities to avoid the attack of pitting corrosion.

Keywords Electrochemical impedance spectroscopy - Electrochemical noise - Pitting corrosion - Electrochemical
reactions - Hilbert-Huang transform

Introduction

Ti-15 V-3Cr-3A1-3Sn (commonly referred to as Ti-15-3)
alloy is considerable material in aerospace and automotive
fields due to its excellent cold deformability, high strength-
to-weight ratio, and good corrosion resistance [1]. However,
the space launch facility is built near the tropical ocean area,
encountering serious corrosion of some natural environ-
mental factors, such as seawater, salt spray, and humidity.
Among these factors, chloride is always thought to be the
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most crucial one in the degeneration of marine structures,
because it gathers on the surface of Ti-15-3 alloy used in
aerospace launch tower parts and aggravates its corrosion
[2, 3]. To be precise, the attack of chlorides can cause some
small pits on the surface of titanium alloy, and these pits
further bring about the breakage and the failure of the equip-
ment [4, 5]. Hence, it is crucial to evaluate the corrosion
behavior of Ti-15-3 alloy in a salt spray environment.
Many studies in the literature have shown that the pitting
corrosion and passivation behavior of titanium alloy is fre-
quently observed in chloride media. Kolman and Scully [6]
studied the effect of composition and concentration of the
solution on the passivity characterization of titanium alloy
Ti-15-3 in chloride-containing solutions and concluded that
beta titanium alloy possesses spontaneous passivity behavior.
Sun et al. [7] found that the destruction of the passive film
appears when titanium alloy TC4 is exposed to salt spray for
a long time. However, it is difficult to explore and monitor the
rupture and renovation of titanium alloy using conventional
electrochemical techniques (such as open circuit potential,
OCP, and/or polarization curves). Although electrochemical
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Table 1 Chemical composition v Cr Sn Al Fe Si C N H 0 Ti
(Wt.%) of Ti-15-3 alloy

13.49 4.18 3.23 5.76 0.07 0.18 0.05 0.05 0.02 0.13 Balance

impedance spectroscopy (EIS), as a nondestructive and relia-
ble electrochemical technique, has been used to investigate the
electrode/solution interface and corrosion resistance broadly
[8], EIS cannot be used to identify forms of corrosion in pas-
sive materials in aggressive media. Recently, electrochemical
noise (EN) has been widely used to detect metastable pitting,
the rupture, and repair of a surface film as well as stable pit-
ting [9-12].

A powerful approach, the Hilbert-Huang transform (HHT),
was applied [13]. The Hilbert spectral analysis is a method of
time—frequency analysis of EN signals, which segregates the
particular transient signals from the background. This theory
comes from the EN data itself directly [14, 15], which is not
limited by filter windows of the Fourier transformation [16].
Hoseinieh et al. [17] used Hilbert spectra to research local-
ized corrosion of AISI 316L and mild steel in a 3 wt.% NaCl
solution. They found that more local attacks can be differenti-
ated by the small-time constants visible in the high-frequency
region of Hilbert spectra. Herein, invisible transients in the
time domain were primely identified by obtaining the Hilbert
spectrum of a short duration from the electrochemical poten-
tial noise (EPN) data. Thereby, it is highly desired to com-
bine electrochemical noise analysis based on Hilbert-Huang
transform as well as electrochemical impedance spectroscopy
(EIS) to study the pitting corrosion behavior of Ti-15-3 alloy
in salt spray environment. From the literature review, it is
understood that most of the published researches on titanium
alloys were focused on immersion corrosion in biomaterials.
Very few investigations have been done to explore the effect
of salt spray time on the pitting corrosion behavior of Ti-15-3
alloy. No investigation was carried out by incorporating the
relationship between corrosion morphology and corrosion
form. Hence, the aim of the present work is to study the effect
of salt spray time on the corrosion form of Ti-15-3 alloy. Fur-
thermore, the main contribution of this work is the introduc-
tion of a complementary methodology to infer the corrosion
types of polished Ti-15-3 alloy after different salt spray time
by combining supporting insights from surface characteristics
after salt spray, EIS, and Hilbert spectrum analyses acquired
in 3.5 wt% NaCl solution.

In this work, microstructure characteristics of the pol-
ished Ti-15-3 alloy corroded by salt spray were preliminarily
investigated through a scanning electron microscope (SEM)
with energy dispersive spectrometer (EDS), confocal laser
scanning microscope (CLSM), scanning Kelvin probe force
microscopy (SKPFM), and X-ray photoelectron spectroscopy
(XPS) analyses. Afterwards, metastable pitting, passive state,
and the growth of stable pitting of the polished Ti-15-3 alloy
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for different salt spray time were successfully distinguished
by electrochemical techniques. In addition, combining with
the SEM micrographs of the damaged surface, it is found that
pitting resistance and surface state are closely connected with
the corrosion attack morphology of the corroded samples, and
the salt spray corrosion mechanisms of the polished Ti-15-3
alloy is thoroughly discussed.

Experimental
Materials and specimen preparation

The material used in this work was a 2-mm cold-rolled
Ti-15 V-3Cr-3A1-3Sn (commonly referred to as Ti-15-3)
alloy plate after solution treatment, and the chemical compo-
sition of Ti-15-3 alloy was listed in Table 1. Metallographic
analysis revealed that the as-received Ti-15-3 alloy involved
only a-free p grains, as shown in Fig. 1. The dimension of
samples for the NSS test is 25 mm X 25 mm X2 mm. The
sample surfaces were first ground with SiC papers to 2500
grit and then polished with the 0.06-pm silicon oxide sus-
pension. Sample before the neutral salt spray test was soaked
in an ultrasonic bath with acetone for 35 min, followed by
rinsing with deionized water, and then cleaned with alcohol,
finally dried with cold air.

Neutral salt spray test

According to the ASTM B117, the neutral salt spray (NSS)
test was carried out with the YQW-250-type test chamber
(the main conditions included temperature 35 °C, 5 wt%
NaCl solution at pH="7.0, and < 85% RH ambient humidity).

Fig.1 SEM micrograph shows entirely f phase in the as-received
Ti-15-3 alloy sample



Journal of Solid State Electrochemistry (2022) 26:1585-1603

1587

The samples were exposed to neutral salt spray for 6 h, 24 h,
72 h, 312 h, and 720 h, respectively. After each salt spray
test time, some samples were removed out, and tested imme-
diately in a 3.5 wt.% NaCl to obtain reliable electrochemi-
cal data. For each salt spray time, the corroded samples
employed in the electrochemical noise (EN) and EIS meas-
urements are different. But, other samples were removed out
and rinsed with deionized water to remove redundant salts.
Then, these samples were dried and placed in a desiccator
for 0.5 h at a temperature of 35 °C to ensure that no further
surface reactions occurred. These corroded samples were
used for subsequent microstructure characterization.

Microstructural characterization

Surface morphology and element distribution of the sam-
ples after the neutral salt spray (NSS) test were examined by
SUPRAS5S-type scanning electron microscope (SEM) with
an energy dispersive spectrometer (EDS, Oxford AZtecX-
Max80). The chemical composition of the passive film
formed on the Ti-15-3 alloy surface was studied using an
X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250Xi, America). In addition, the surface topog-
raphy and Volta potential of deposit and pit were measured
by confocal laser scanning microscope (CLSM, OLYM-
PUS OLS4000, Japan) and scanning Kelvin probe force
microscope (SKPFM, Shimadzu instruments, Inc., Japan).
The scan rate was set as 0.5 Hz. Because the actual Volta
potential is the inversion of measured potential difference
obtained by SKPFM, all potential profiles presented are the
invert of measured potential [18].

Electrochemical measurements

To further elucidate the effects of different salt spray time on
the corrosion properties of Ti-15-3 alloy, the electrochemi-
cal measurements were performed at room temperature to
study the electrochemical impedance spectroscopy (EIS) and
electrochemical noise in a 3.5 wt% NaCl solution. The EIS
test used a three-electrode system, with a saturated calomel
electrode (SCE) as a reference electrode, a platinum net as
an auxiliary electrode, and Ti-15-3 alloy sample (a surface
area of 1 cm?) corroded by salt spray as a working electrode.
Prior to the EIS measurements, the sample corroded by salt
spray was immersed in the 3.5 wt.% NaCl solution for 1 h to
reach a steady-state open circuit potential (OCP). Then, the
EIS was measured in the frequency domain of 100 kHz to
5 mHz with an amplitude of 10 mV. Ten points per decade
were recorded during EIS measurements. The EIS data were
fitted and analyzed using own software of a CS310H-type
Autolab electrochemical testing system. For each salt spray
time, at least three samples were prepared for electrochemi-
cal measurement to ensure the reliability of the experiment.

The electrochemical noise test was carried out with a ZRA
system of electrochemical workstation and conducted in the
three-electrode cell (Fig. 2) open to the air under stagnant
conditions, with a saturated calomel electrode (SCE) as ref-
erence electrode, two nominally identical samples corroded
by salt spray (exposed to the same salt spray time) as work-
ing and counter electrodes, respectively. The measurement
was performed at constant room temperature (25 °C). The
ground mode is a virtual ground. After 1 h of static immer-
sion in a 3.5 wt% NaCl solution, the sampling frequency is
5 Hz, the EN signals were recorded for 1 h with a data sam-
pling interval of 0.2 s. All the EN tests were repeated three
times. The electrochemical potential noise (EPN) signal was
analyzed by Hilbert spectral time—frequency. Hilbert spec-
trum involves the empirical decomposition mode (EMD) and
the Hilbert-Huang transform (HHT), which were acquired
by own programs (EMD and HHT procedures) of a public
MATLAB R2020b. As Homborg et al. have earlier proposed
the Hilbert-Huang transform, a detailed step of the applica-
tion of the Hilbert spectrum for the analysis of EN signals
has been introduced [19].

Results
Ti-15-3 alloy native oxide film composition by XPS

The composition of Ti-15-3 alloy native oxide film is evalu-
ated by high-resolution X-ray photoelectron spectra of Ti

Working
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» 3/ alloy after ff

Fig.2 Electrochemical cell set-up used for EN measurements in ZRA
mode
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2p, V 2p, Cr 2p, Al2p, Sn 3d, and O 1 s features (Fig. 3).
The high-resolution spectrum for Ti 2p (Fig. 3a) indicates
the existence of TiO, protective oxide and metallic Ti on
the Ti-15-3 alloy surface. For Sn 3d, the only oxide formed
is the very protective SnO, and metallic Sn on the Ti-15-3
alloy surface (Fig. 3b). V 2p is present as protective V,05
oxide (Fig. 3c). Cr 2p is only present as protective Cr,04
oxide (Fig. 3d). Al 2p is only present as protective Al,O4
oxide (Fig. 3e). The high-resolution spectrum of O 1 s is
well deconvoluted into two peaks (Fig. 3f), corresponding to
the formation of the protective TiO,, V,0s, and Cr,0O5 oxides
at 529.8 eV, characteristic for oxides in very high percent
(53.5%), the formation of the protective SnO, and Al,O4
oxides at 531.5 eV, characteristic for oxides in very high

percent (46.5%). Undoubtedly, this film contains besides
the protective TiO, oxide, furthermore, the very protective
V,0s, Cr,05, SnO,, and Al,O; oxides, it turns out that this
film is highly protective.

Surface morphology of Ti-15-3 alloy

Before salt spray corrosion, the SEM micrograph of the
Ti-15-3 alloy surface is smooth without micro-pits, as shown
in Fig. 4a. After 24 h of salt spray, some pitting corrosions
appear on the Ti-15-3 alloy surface (Fig. 4b). There was
little change in the amount of pitting for 312 h of salt spray
(Fig. 4c). Figure 4d shows that the amount of pitting corro-
sions and corrosion products obviously increases at 720 h

Fig.3 High-resolution XPS
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Fig.4 Low-magnification
observation from SEM images
of Ti-15-3 alloy samples unex-
posed to salt spray (a); after b
24h,c¢312h,andd 720 h of
NSS test; high-magnification
observation from SEM images
of Ti-15-3 alloy samples after
e 312 h and f 720 h of the NSS
test

of the salt spray test. Compare with Fig. 4e and f shows the
existence of the lots of pitting corrosions on a massive area.
As can be seen from Fig. 5a, some pitting corrosions (an
irregular pit without dark gray deposits), ditches, and dark
gray deposits are observed on the Ti-15-3 alloy surface at
6 h of the NSS test. Figure 5b shows that Ti-15-3 alloy
surface contains deposit and ditch at 24 h of the salt spray
test. The determination of the deposit will be confirmed in
the latter “EDS analysis” section. Figure 5¢ and d show that
the Ti-15-3 alloy surface includes some deposits, ditches,
and pitting corrosions at 312 h and 720 h of the salt spray
test. Obviously, the change of the pit widths on Ti-15-3
alloy surface with time is not apparent when salt spray time
increases from 6 to 312 h, the widths of all pitting corrosions
and ditches remain about 2 mm (Fig. Sa—c), while the width
of pitting corrosion on Ti-15-3 alloy surface for 720 h of
the NSS test obviously increases to 5 mm (Fig. 5d). Moreo-
ver, the deepest pits determined from CLSM 3D images are
shown in Fig. 6. As depicted in Fig. 6, the deepest pits of
Ti-15-3 alloy surface for 6 h, 312 h, and 720 h of salt spray
are 0.31 pm, 0.22 pm, and 1.24 pm, respectively. Obviously,

for 720 h of salt spray, the pit depth on the Ti-15-3 alloy
surface is the maximum. As can be seen from Fig. 6a, the
deposit measurement of the Ti-15-3 alloy surface at 6 h of
salt spray shows that the height of the deposit is higher than
that of the metal matrix.

Characterization of corrosion products after salt
spray

EDS analysis

In order to study the deposit characteristic of Ti-15-3 alloy
surface after the salt spray test, the elemental distribu-
tion analyses and corresponding SEM image are shown in
Fig. 7; it can be found that six constituent elements of Al,
0O, Ti, V, Sn, Al, and Cr are distinguished. Meanwhile, on
the basis of the color maps for elements distribution, it can
be seen from Fig. 7 that the deposit is mainly composed
of Al oxide (Al,O3).
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Fig.5 High-magnification
observation from SEM images
of Ti-15-3 alloy samples after a
6h,b24h,c312h,andd 720 h
of the NSS test

SKPFM measurement

To acquire particular information about the difference of
morphology and localized electrochemical heterogeneity
between the deposits (Al oxide) and metal matrix, SKPFM
measurement was successively carried out. Meanwhile, in
order to facilitate the analysis, the selected region is divided
into two parts labeled A-B and C-D (Fig. 8a), the corre-
sponding potential profile is shown in Fig. 8b. Combining
with the analysis results of Fig. 8c and d, obviously, the
A-B region is ascribed to pitting corrosion with a depth of
0.05 pm (Fig. 8e) and the C-D area corresponds to bulge
(blue area) with a height of 0.04 pm and ditch (red area) with
a depth of 0.02 pm (Fig. 8f). Likewise, according to Volta
potential linear profile (Fig. 8e), the value of Volta potential
for the pitting region possesses more negative potential than
that of alloy matrix with an intact native oxide film, imply-
ing that intact oxide film around the pitting corrosion on
Ti-15-3 alloy surface acts as the cathode and its corrosion
will be inhibited, while pitting regions acts as anode and its
corrosion will be accelerated. Figure 8f shows that the Volta
potential of bulge is higher than that of the metal matrix with
an intact native oxide film.

According to EDS and CLSM 3D image analyses, it
is apparent that the bulges (blue area) with more positive
potential are deposits (Al,O5). In general, a deposit rich in
Al,Oj acts as the cathode and its corrosion will be inhibited
while the area at its interface with the adjacent matrix acts
as an anode and pitting corrosion will be facilitated in the
form of a galvanic couple. But, these traditional conclusions
are overturned by Liu et al. [20]. They noted that deposits
rich in Al,O5 could not play a role of cathode due to its high
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electric resistivity. Therefore, they believed that the high
deformation may be considered the main cause of prefer-
ential dissolution of metal matrix around deposits (Al,0O3).
Figure 8f confirms that the Volta potential of ditch regions
is smaller than that of the metal matrix with an intact native
oxide film and deposits (Al,0;), implying that intact oxide
film around the ditches could play a role in the cathode,
while ditch regions act as anode and its corrosion will be
promoted. All potential plots presented were the invert of
measured potential.

XPS analysis

XPS is used to assess the composition and chemical bonding
state on the surface of Ti-15-3 alloy after different salt spray
time. The XPS survey spectra of Ti-15-3 alloy surface for
6 h, 312 h, and 720 h of the NSS test are presented in Fig. 9a.
The characteristic photoelectron spectroscopy mainly con-
tains Ti 2p, V 2p, Cr 2p, Sn 3d, Al 2p, O 1s,Na 1s, Cl 2p,
and C 1 s peaks. Ti and O are the dominant elements of tita-
nium oxide. The Na 1 s and CI 2p come from the residue of
salt spray. Figure 9b shows the high-resolution spectra of Ti
2p; the highest peaks of Ti 2p for Ti-15-3 alloy samples after
6 h, 312 h, and 720 h of salt spray are well deconvoluted
into a doublet, corresponding to TiO, at ~ 458.5 eV, Ti,0;
at ~ 457.8 eV. Their another peak can be fitted as a peak,
corresponding toTiO, at ~ 464.3 eV. In addition, metallic
Ti of Ti-15-3 alloy samples, which occurs at ~ 453.4 eV
(Ti 2p3/2). As shown in Fig. 9c, the high-resolution spectra
of O 1 s for 6 h of salt spray can be fitted to two different
components: O*~ (530 eV), Me-OH(Ti-OH/AI-OH)/Ti, 05
(531.3eV) [21, 22]; these asymmetric curves are composed



Journal of Solid State Electrochemistry (2022) 26:1585-1603 1591
2.60 2.75
0.5um
0.4 L
0.3 2L 12.70
g.f 250+
—~ ~
‘ £ [ 12.65 g
0 32.45 E
=240 12.60
& 0.31 pm 5
&5 {255 8
2.30 "]
25| 42.50
2.20 L L L . L 245
¥ 6 50 40 30 20 10 0
Distance (um)
0.4um 30
0.32
0.24
0.16 29}
0.08 i~
0 =
=
N’
= 2.8}
= 0.22pm
-5}
/
2.7}
Y 2-6 1 1 1 1 1
60 50 40 30 20 10 0
Distance (pm)
1.6 um 34
1.44
0.72 3.0 —
0.36
0 EZ.S
226
=
%2-4 1.24 pm

A 22
2.0

1.8

60

50

40 30 20 10 0

Distance (um)

Fig.6 Three-dimensional morphology of Ti-15-3 alloy samples after a 6 h, b 312 h, and ¢ 720 h of the NSS test

@ Springer



1592

Journal of Solid State Electrochemistry (2022) 26:1585-1603

Fig.7 Morphologies of the representative deposits with interstice of Ti-15-3 alloy sample after 312 h of NSS test and their corresponding

elemental distribution results

of two contributions: the low binding energy peaks can be
mainly attributed to the oxygen atom in TiO, lattice, while
the higher binding energy peaks are mainly corresponding to
the Ti-bonds of Me-OH(Ti—-OH/Al-OH)/Ti,05(Oq;3,) [23].
The O 1 s spectra for Ti-15-3 alloy samples for 312 h and
720 h of salt spray can be mainly fitted to three different
components: 0% (~ 530.1 eV), Me-OH(Ti—-OH/Al-OH)/
Ti,05 (~ 531.9 eV), and H,0 (~ 532.8 eV), this indicates

0.00
200 um 4.00 x 4.00 um

4.00" 0.00
pm

400" 0.00
0.00 wm

Fig.8 SKPFM images of Ti-15-3 alloy sample after 312 h of the
NSS test. a Surface topography and b potential distribution images; ¢
3D topography and d 3D Volta potential image of the selected target
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that the corrosion product films are comprised of oxides,
hydroxides, and hydrate.

The high-resolution spectrum of V 2p;,, presented in
Fig. 9d includes three peaks, where the first peak at 515.2 eV
corresponds to V,0; [24], the second peak at 516.3 eV cor-
responds to VO,, and the last peak at 517.3 eV corresponds
to V,05 [25]. The V2p,,, spectrum includes two peaks,
where one peak at 523.1 eV corresponds to VO, and another
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peak at 524.2 eV corresponds to V,05. The high-resolution
spectrum of Cr2p;,, presented in Fig. 9e contains two peaks,
where one peak at 577.3 eV corresponds to Cr,05 [26], and
another peak at 580.1 eV corresponds to CrO;. Moreover, a
peak of the Cr 2p,, spectrum is observed at 586.9 eV, corre-
sponding to Cr,05, which can be assigned to the presence of
Cr,05 and CrOjs in the corrosion product films. The forma-
tion of soluble CrOj; is harmful, accelerating the dissolution
of the oxide film [27]. As mapped in Fig. 9f, the peak in the
Al 2p spectrum at 74.35 eV can be ascribed to the presence
of Al,05/Al(OH);. The high-resolution spectrum of Sn 3ds,,
presented in Fig. 9g includes two peaks at the binding ener-
gies of 484.7 eV and 486.8 eV, which can be attributed to
Sn and Sn** (SnO,) [26], respectively, suggesting that SnO,
is formed with high content of 84.4 at.%.

The C1 2p spectrum presented in Fig. 9h exhibits two
main peaks, where one peak at 197.6 eV corresponds to
NaCl and another peak at 199.2 eV corresponds to Me-Cl
(Ti-Cl). In this study, the presence of AI(OH);/Ti—-OH can
illustrate the hydration reaction of the matrix during the salt
spray test. The peak in CI 2p spectrum at 199.2 eV can be
ascribed to the presence of chloride in the corrosion product
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films. It can be believed that the TiOHCI, and TiCl, are
formed on the surface of Ti-15-3 alloys in the salt spray for
a long time.

OCP and electrochemical impedance spectroscopy
(EIS)

In order to further elucidate the effect of salt spray time
on the pitting resistance of Ti-15-3 alloy, electrochemical
data were measured in a 3.5 wt.% NaCl solution. The cor-
responding open circuit potential (OCP), Nyquist, bode, and
polarization resistance plots are presented in Fig. 10.
Figure 10a displays the OCP plots measured of Ti-15-3
alloy corroded by salt spray in a 3.5 wt.% NaCl solution.
For 6 h of the NSS test, the OCP values of the Ti-15-3 alloy
sample slowly rise from —0.16 V/SCE to 0.13 V/SCE at the
starting stage of ~ 1450 s and then stabilize at 0.14 V/SCE.
The steady-state voltage values of the Ti-15-3 alloy sample
for 72 h and 312 h of the NSS test are gradually shifted in a
more positive direction, indicating that the anodic corrosion
tendency is weakened, while the steady-state voltage value
of the Ti-15-3 alloy sample for 720 h of the NSS test shifts



Journal of Solid State Electrochemistry (2022) 26:1585-1603 1595
Fig. 10 a OCP, b Nyquist, ¢ 04 90
. . . = 6h
Bode-impedance moduli, and d (a) —6h (b) sof X 4 24n
bode-phase angles plots exam- o3l —72h 0.005Hz e 721
ined of Ti-15-3 alloy samples _~ :3;3: R 0y v 312h
exposed to different NSS time 8 02} g oof * o
in a 3.5 wt.% NaCl solution 2} 9 5l Hed e
v
> 0.1
> g 40 ‘Qo.oos Hz
: 0.0} = ol -
- 0.8]
Q Nl 20 F 0.6
O -01 04 N ome
10 02
ozh 0.005 Hz "
. . . . . ot o1 H
. VA 00 02 04 06 08 10
0 600 1200 1800 2400 3000 3600 ol
Time (sec) -10 0 10 20 30 40 50 60 70 80 90
7' (kQ-cm?)
(c) 105F = 6h (d) 80} = 6h
A 24h 8 A 24h
e 72h v e 72h
104k v 312h g 6or v 312h
NE * 720h = * 720h
o fitted line : 40 fitted line
G 10 E)
g 10°F = 20l
N <
N )
102F £ r
=
R a0t
10'F

10° 10 10" 10° 10' 10* 10° 10* 105 10°
Frequency / Hz

to a more negative direction, indicating that the stability of
the oxide film surface becomes worse.

Figure 10b shows Nyquist plots measured of Ti-15-3
alloy corroded by salt spray in a 3.5 wt.% NaCl solution. All
Nyquist plots show a small capacitive loop at high frequen-
cies along with a big capacitive loop at low frequencies. The
high-frequency capacitive loop can be related to the oxide
film on alloy, and the low-frequency capacitive loop can
be attributed to the passive layer related to charge transfer
resistance at the passive film/alloy interface. By this time,
the diameter of the capacitive loop stands for the resistance;
in general, the resistance enhances with the increasing diam-
eter of the arc [28]. Obviously, Fig. 10b shows that the low-
frequency capacitive loops gradually increase in the range of
6 to 312 h, which implies an increase in salt spray time can
cause the increase of corrosion resistance of Ti-15-3 alloys
corroded by salt spray in 3.5 wt.% NaCl solution.

Regarding bode plots, the impedance moduli at the ter-
minate frequency gradually increase in the range of 6 to
312 h (Fig. 10c), indicating that the corrosion resistance
can be enhanced by an increasingly stable passive film.
However, for 720 h of NSS, the impedance modulus at
the terminate frequency reduces suddenly, manifesting
rapid cation release at the film/solution interface and con-
tinuous propagation of the pitting corrosion. Moreover,
for Fig. 10d, bode-phase angle plots contain two peaks,

-40
103 102 10 10° 10' 10> 10° 10* 105 10°
Frequency / Hz

suggesting the appearance of two-time constants [29]. It
is worth noting that the maxima of phase angle curves
in bode plots are all less than 90°, which suggests that
a deviation of ideal capacitance appears relative to the
electrochemical interface.

To further interpret the corrosion behavior of Ti-15-3
alloys corroded by salt spray, an equivalent circuit with two-
time constants according to Fig. 11 is used to fit the imped-
ance data [30]. Hence, the charge transfer controlled phe-
nomenon exists in electrochemical reactions. In the Nyquist
plot. In addition to charge transfer resistance (R_,), there is
still film resistance (Ry) that is ascribed to the protective film
on the metal surface. Furthermore, in this equivalent circuit,
R, is the solution resistance. Zy, is a finite length Warburg
impedance element that represents the diffusion of reactive
species [31, 32]. Herein, a constant phase element (CPE)
was used to describe the double layer capacitance (CPEy))
and film capacitance (CPE;) due to dispersion effects which
derive from surface heterogeneities [33, 34]. The impedance
of CPE can be defined as follows:

1.
Zepp = é(]w) (D

where Q is the magnitude of the CPE; w is the radian fre-
quency; and n is the deviation parameter (0.5 <n <1, which
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Fig. 11 The equivalent electrical circuits used for fitting impedance
data for different NSS time

is often called the dispersion exponent because of the het-
erogeneity or the roughness of the alloy surface) [35, 36].
In this electrical circuit, CPEy is connected in parallel with
R, and CPE; is associated with R, which is further joined
with the diffusion resistance (Ry,) and solution resistance
(R,) through a series of combination. The EIS spectra meas-
ured in 3.5 wt.% NaCl solution can be well fitted using an
equivalent circuit with a two-time constant (Fig. 11), and
the detailed EIS fitting data are presented in Table 2. All
chi-square (y%) values are nearly less than 0.01, indicating a
high fitting degree.

On the basis of the report by Liu et al. [30], total resist-
ance R, which is inversely proportional to the corrosion
rate, for all NSS time, the Rp is given by the total of the
charge transfer resistance (R,), the oxide film resistance
(Rp), and Ry as follows: R, =R+ R¢+ Ry

According to Table 2 and Fig. 12, the values of R; rapidly
increase and then decrease with increasing salt spray time;
correspondingly, the values of C; firstly decrease and then
exhibit a drastic increase of the capacitance C;. Specifically,
the C; values for Ti-15-3 alloy continuously increase over

24 180
9 R
20 ]
°C 160
~ 167 R 1140 ~
g 12t g
S {120 5
g °f %
2, 9 -100%
=3 ® {80 ©
0.
4} 460
_8 1

6h 24h 72h 312h 720h
Salt spray time

Fig. 12 R-C; values of Ti-15-3 alloy samples exposed to different
NSS time. These were calculated using the EIS data in Fig. 10

24 h of the NSS test, which be attributed to the degradation
of oxide film due to the penetration of the electrolyte through
the oxide film pores. The effective capacitance associated
with the CPE of the oxide film for a distribution in the direc-
tion perpendicular to the electrode interface with diffusion
can be denoted as follows:

1
C; = [CPE;R; + R, + Ry)' ™" @)

where C; is the oxide film capacitance. This equation follows
the development of the film capacitance formula introduced
by Hirschorn et al. [35].

The thickness of an oxide film, d;, can be acquired by the
following formula [37-39]:

_ ggEA 3
/[ =
G

where d; is the thickness of the oxide film, g is the vacuum
permittivity (8.8542x 107'* F-cm™"), and A is the surface

Table 2 The fitted

o Corrosion time 6h 24 h 72 h 312h 720 h
electrochemical impedance
parameters of Ti-15-3 alloys for R (Q.cm?) 12.31 16.46 29.2 14.26 14.46
I‘Efgi’;‘lgii timeina3.Swi%  cpp (O-lem-2e) 853x105  636x105  848x1075  854x107°  1.04x10~*
ng 0.86 0.88 0.89 0.85 0.79
R; (Q-cm?) 2567 16,877 13,221 12,985 8457
C; (F-em™) 9.87x1073 7.40x 107 1.07x 107 1.19x 1074 1.28x107*
R, (Q-cm?) 0.26 0.46 0.18 17,812 0.16
CPE,, (Q~!-cm™2.s"dh 2.88x107* 2.57x107* 1.22x1073 5.60x1074 1.19x1073
ny, 0.61 0.82 0.92 0.95 0.89
R, (Q-cm?) 22,523 42,712 48,478 57,486 15,228
R, (Q-cm?) 25,090.26 59,589.46 61,699.18 88,283 23,685.16
7 2.34x107* 2.25%1073 1.65%1073 3.81x1073 1.68%x1073
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area, ¢ is the relative dielectric constant of the oxide film.
Generally, the oxide film formed on titanium is rutile; thus,
€ can be assumed to be 65 [29, 40].

Because A and g, are constant before pitting corrosion,
any changes in C; come from either change in d; or € vari-
ation [41]. However, when pitting corrosion occurs, the
area of the passivated surface usually decreases with salt
spray time because of active corrosion of the pitted area.
Although the actual value of & within the film is difficult to
estimate, the magnitude of capacitance C; can be considered
as an indicator for the thickness of the oxide film [39]. In
this study, the changes of € with time are assumed to be
neglected. Therefore, the capacitance C; of the surface oxide
film is inversely proportional to its thickness.

As seen in Table 2, the values of R, were significantly
higher than those of R; for all the NSS time. Hence, it
turns out that the value of R, can determine the corrosion
resistance of the corroded sample. Figure 13 shows that
the change regular of R, and R,, values was similar. R
increases from 22523-to 57486 Q-cm” when the salt spray
time increases from 6 to 312 h.This can be ascribed to the
thickened passive film. Specifically, the R value for the
Ti-15-3 alloy sample is considerably large at 312 h of the
NSS test, i.e. approximately 88.28 kQ-cm?, but the R, value
suddenly reduces to about 23.69 kQ-cm? for 720 h, indicat-
ing that its corrosion resistance is weakened. After 720 h of
the NSS test, the weakening of the corrosion resistance can
be also reflected in the increase in CPE; value, which can be
ascribed to the reduction of double-layer thickness because
of the increase of defects (e.g. holes) in the passive film [32].

Electrochemical noise
Potential and current transients

To complete the study on the pitting corrosion behavior
of Ti-15-3 alloy samples exposed to different salt spray
time, the EN test was performed to study the electrochemi-
cal potential and current noise transients analyses in a 3.5
wt.% NaCl solution. The typical electrochemical potential

and current noises recorded of Ti-15-3 alloy samples cor-
rode by different NSS time in 3.5 wt.% NaCl solution is
presented in Fig. 14. For pitting corrosion, the features of
electrochemical noise transients directly reveal processes
occurring in the associated pits [42]. As shown in Fig. 14a,
there appear two transient peaks with a long lifetime
(200 s) for 6 h of the NSS test at test time regions between
1800 and 2400 s. However, the direction of the current
transients only indicates that one of the working electrodes
suffers a local attack, and thus, the current transients of a
small icon in Fig. 14a exhibit an increasing rise towards
their maximum absolute values. As shown in a small icon
from Fig. 14a, the current transient is characterized by a
rapid rise and then slow recovery; those current transients
were produced by the formation of stable pitting caused by
acidification at the oxide film/metal matrix interface due
to the attack of chloride ions [43].

Compared with the curves in Fig. 14a, b shows that the
initiation rate (the number of current peaks per hour) for
72 h of the NSS test increases. Nevertheless, this increase
is not because salt spray corrosion accelerates the growth
of stable pitting, but because of the failure of the cathodic
protective effect of growing pits. Hence, once a pit is rapidly
passivated, a new metastable pitting will initiate because
of the attack of the chloride ion. It is believed that rapid
growth and death of metastable pitting may lead to an
increase in nucleation rate in such case [44]. Two small icons
in Fig. 14b show the amplifying curves of transients from
the black and red boxed regions. It is interesting to note that
the current transient from the black-boxed region is char-
acterized by a fast rise and then rapid drop, meaning that a
metastable event from generation to repair of the metastable
pitting [45]. However, the current transients from the red
boxed region are characterized by a rapid rise and then slow
recovery lasting a long time; meanwhile, in the process of
the attenuation for the current transient peak, many second-
ary noise peaks with a short lifetime and small amplitude
appear, which may be related to the nucleation mechanism
that the formation of stable pitting can promote the initiation
rate of metastable pits [12].

Fig. 13 a R and b R, values of 80 120
Ti-15-3 alloy samples exposed (a) (b)
to different NSS time. These 100
were calculated using the EIS o~ oor “—
data in Fig. 10 £ g 80
¢ l ¢
4o} 60} ]
g g
)21 2 40F
2 ot pl =
| I |
0 0
6h 24h 72 h 312h 720 h 6h 24 h 72 h 312h 720 h
Salt spray time Salt spray time
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Fig. 14 The current and potential EN data examined of Ti-15-3 alloy samples exposed toa 6 h, b 72 h, ¢ 312 h, and d 720 h to salt spray in a 3.5

wt.% NaCl solution

From Fig. 14c, it can be seen that the number of the
large current transients for 312 h of the NSS test mark-
edly decreases when compared with that in Fig. 14b.
There appears a transient peak at about 710 s, which is
the feature of fast rise and slow recovery. Subsequently,
a small icon in Fig. 14c shows the feature of the clus-
ter transients. It is thought that the cluster transients are
caused by repeated dissolution around the same site [46].
In general, during the repassivation process of stable pit-
ting, the areas around the stable pitting site are unstable
and are also preferential sites for the following metastable
pitting events [47].

Especially, for 720 h of the NSS test, not only the base-
line of current—time curve increases by 26 times, but the
nucleation events markedly increase when compared with
Fig. 14a, and a large-scale negative shift of average poten-
tial from 0.09 V vs. SCE to—0.11 V vs. SCE (Fig. 14d),
indicating the formation of an increasing number of stable
pitting. Indeed, many pitting corrosions appear on the
surface of the Ti-15-3 alloy sample, as shown in Fig. 4d.

@ Springer

Evaluation of spectral noise resistance

As shown in Fig. 15a, Spectral noise resistance is defined
as the square root of the potential PSD divided by the
current PSD [48]. During the 312 h of salt spray, the R,
values at very low frequencies (below 1 mHz) gradu-
ally increase with lengthening salt spray time, indicating
that the formative passive film enhanced the corrosion
resistance of Ti-15-3 alloy. On day 30, the R, values at
very low frequencies are almost tow orders of magnitude
smaller than those for 312 h of salt spray. Figure 15b
shows comparing the results of the spectral noise resist-
ance (Ry,) and the modulus IZI of the impedance. Com-
paring the values of IZl,,;"> Hz and R, of the polished
Ti-15-3 alloy electrodes after different salt spray time,
a similar tendency can be seen. All R, curves lie above
the IZI curves, from 6 to 312 h of salt spray, the Ry, values
are an order of magnitude higher than the modulus of the
impedance at low frequency. For 720 h of salt spray, the
R, values are very close to the modulus of the impedance
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at low frequency. These differences can be generally attrib-
uted to the sensibility of the EN technique [49].

Hilbert-Huang transform analysis

Hilbert spectra of EPN signals of Ti-15-3 alloy samples
exposed to different salt spray time are shown in Fig. 16. For
HHT analyses, it is widely accepted that the high contribu-
tion of the EPN spectra in high-frequency (107'-10°) and
low-frequency (107*~107") can successively reflect infor-
mation about a passive state or growth or death of meta-
stable pitting and the growth of stable pitting. As shown in
Fig. 16a, the Hilbert spectrum of the EPN signal of Ti-15-3
alloy after 6 h of the NSS test shows the presence of low
instantaneous frequencies (below 1072 Hz) only in the range
of 500 to 2000s, meaning a large time scale phenomenon is
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going on. This indicates relatively localized activity [17].
This result of the analysis is in accordance with the analy-
sis of the inset marked in Fig. 14a. Figure 5a shows that
the characteristic localized attacks form on the surface of
Ti-15-3 alloy at 6 h of the NSS test.

For 72 h of the NSS test, the Hilbert spectrum of the
Ti-15-3 alloy sample exhibits high contribution of spectrum in
low-frequency regions below 10~! Hz, which is influenced to
a large extent by the large potential drop. A slight contribution
of the spectrum can clearly be seen in high-frequency regions
above 107! Hz (as marked by the red arrow in Fig. 16b),
Combined with the very small DC value of the ECN signals
(Fig. 14b), these data indicate a slow transition to a passive
state [50].

For 312 h of the NSS test, only a instantaneous peak is
observed in Fig. 14c, lots of low amplitude fluctuations

x107"7

7S -2
09 e 10 -
“cy, 10°

1600 e Q)
(me 0
L 0 1200 L

Fig. 16 Hilbert spectra of EPN signal fora 6 h, b 72 h, ¢ 312 h, and d 720 h to salt spray. These were calculated using the electrochemical noise

data in Fig. 14

@ Springer



1600

Journal of Solid State Electrochemistry (2022) 26:1585-1603

appear after about 900 s. To investigate this small invisible
transient, only the Hilbert spectrum of the EPN signal after
1200 s was generated, without the influence of the large
low-frequency part. Accordingly, a uniformly distributed
energy contribution of the spectra in high-frequency regions
above 107! Hz along the entire measurement is observed
(Fig. 16c), indicating a white noise type of energy distri-
bution. Actually, a white noise type of spectrum over the
whole high-frequency domain indicates whether the process
is active or passive. But, the EPN signal is almost straight
and smooth, primarily consisting of a DC drift component,
combined with the very small DC value of the ECN signals,
these data indicate a slow transition to a passive state [19,
51]. R, from Fig. 13b verifies these results, Microscopic
observation from Fig. 5c¢ shows the widths of both pitting
corrosions and ditches on the surface remain about 2 mm
when compared with those in Fig. 5a and b. Hence, the pit-
ting corrosion had not actively propagated but remained in
a passive state at longer salt spray time.

For 720 h of the NSS test, lots of characteristic peaks
appear after 1200 s, as shown by the small icon in Fig. 14d.
To research these transient peaks, only the EPN Hilbert
spectrum after 1200 s was generated, without the influence
of the DC part at 1200 s before (Fig. 14d). Therefore, high
distribution of the spectra is observed only in low-frequency
regions below 10~! Hz (Fig. 16d), indicating the formation
of large amounts of stable pitting [17]. The presented mac-
rographs from Fig. 5d and CLSM analysis from Fig. 6¢ and
d show the propagation and evolution of pitting corrosions.

Discussion

Mechanisms of oxide film rupture of Ti-15-3 alloy
in Salt spray

After analyzing 3D morphology, 3D Volta potential map, and
chemical composition at various corrosion time, the sche-
matic diagram with various reactions of corrosion behavior

Fig. 17 The schematic diagram
of corrosion behavior of
Ti-15-3 alloy sample in salt
spray

Salt spray

Metal
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for Ti-15-3 alloy in the salt spray is shown in Fig. 17. From
Fig. 3, native oxide films of the polished Ti-15-3 alloy are
mainly composed of TiO,, V,0s, Cr,0;, Al,O5, and SnO,.
According to SEM observation (see Fig. 5), CLSM cal-
culation (see Fig. 6), EDS analysis (see Fig. 7), and SKPFM
measurement (Fig. 8), the salt spray corrosion process can be
mainly divided into two types of corrosion behavior, as shown
in Fig. 17. Type L is the local dissolution of air-formed oxide
film on Ti-15-3 alloy surface, resulting in the formation of
pitting corrosion once the oxide film is destroyed. Type II is
the preferential dissolution of metal matrix around deposits,
leading to the formation of a ditch due to high deformation
[20]. Meanwhile, since heterogeneous oxide film are prone to
break down in salt spray environment, local deposits (Al,O5)
can be formed in contact with aqueous solutions (Fig. 9f):

2A1 + 3H,0 — AlLO5 + 6H* + 6e~ 4)

Thereby, the interface between deposits and matrix
always acts as a site to be destroyed due to the existence of
the adsorption of C1™ and high distortion. Herein, the metal
as an anode is dissolved, while dissolved oxygen acts as a
deoxidizer. As a result, ditches at the deposit/metal interface
are inevitably generated (see Fig. 5).

In short, two types of corrosion behavior both are the dis-
solution of the matrix: type I is the cavities and type II is
some ditches around the deposit (see Figs. 5 and 8). Some
researchers have found that the pit takes place through the
dissolution of Ti in the form of Ti** [52]. With the increase in
the concentration of metal cations within the pit, the CI~ out-
side the pit migrates in to maintain electrical neutrality. The
resulting autocatalytic cell and oxygen-concentration cell are
gradually formed, accelerating the dissolution of the metal
matrix. The electrochemical reactions at this stage are as fol-
lows [53]:

Ti+ H,0 < (TiOH),,;, + H" + e~ 5)

(TiOH),; < (TIOH)** + xe~ ©)
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. Then, (TiOP.I)."Jr is di5591ved to soluble .Ti(OH)ClX species TiO(film) + 4H* — Ti4+aq +2H,0 (11)
in the local acidified environment (see Fig. 9c and h), Pos-
sible reactions are given as follows:

Ti**,, + (n+2)H,0 — TiOynH,0 + 4H* (12)

(TiIOH)** + HY < Ti*t + H,0 (7

As is well known, metallic Ti, Al, V, and Cr are acces-
sible oxidation. Hence, when the bare metal are exposed to
salt spray, the active metal atoms will easily react with H,O
or Cl.

Effect of the salt spray test time on corrosion
behavior of Ti-15-3 alloy

According to surface topography and current transient (see
Fig. 14a), the native oxide film on the Ti-15-3 alloy sur-
face at the initial stage of salt spray was damaged, accom-
panied by the formation of localized corrosion. As shown
in Fig. 16a, the result of the Hilbert spectrum analysis also
confirms that relatively localized activities appear on the
surface of Ti-15-3 alloy.

The results of the Hilbert spectrum analysis in Fig. 16¢
reveal the development of a passive process on the Ti-15-3
alloy surface in the middle of salt spray, combining with
the further electrode/solution interface analysis of the EIS
(Fig. 10), indicating that the inner dense passive film plays
a key role to protect alloy matrix from corrosion after the
native oxide film was damaged. The R, values from Fig. 13a
prove the increase in corrosion resistance of the inner pas-
sive film. Furthermore, the polarization resistance (see
Fig. 13b) and R, analyses (see Fig. 15a) reveal a smaller
corrosion rate in the middle of salt spray, implying that the
anodic reaction of bare metal can be restrained due to the
replenishment of oxygen and the formation of a more stable
passive film. At this moment, the passivation within the pit-
ting may occur [54]:

Combined with surface topography and Hilbert spec-
trum analysis (see Fig. 16d), at the later stage of salt spray,
Ti-15-3 alloy sample surface after salt spray corrosion was
undergoing the growth of stable pitting, accompanied by a
rupture of the oxide film and/or passive film, and further dis-
solution of the metal matrix. Ry and C; values from Fig. 11
prove the degradation of the native oxide film, and the
polarization resistance (see Fig. 13b) and R, analyses (see
Fig. 15a) also reveal the weakening of the corrosion resist-
ance. According to the XPS analysis (Fig. 9), the dissolution
reaction of the passive film can be expressed as follows [55]:

Me, 0,4, +2nH* — Me*t
‘ 13
+nH,0Me,_, 0,5, containsTiO,, SnO,) (13)

Me,, 0,1, + 2nH — mMe"*

+ nH,0(Me,,0, containsV,0s, Cry05,Al, 04
14

Conclusions

Microstructure characteristic, pitting behavior, and pitting
resistance of Ti-15-3 alloy in a salt spray environment have
been evaluated. The main conclusions of this study are as
follows:

(1) The Ry, calculated using the fast Fourier transform
has consistent analytical results with the impedance
IZl modulus obtained from the EIS test. The Ry, value
at the termination frequency and R, value reflects the

Me + H,0 < (MeOH) ,; + H" e~ 3) severity of corrosion.

(MeOH),; + H,O — [Me(OH),),; + H + ¢~ ) () The Hilbert spectra based on the Hilbert-Huang trans-
form of the potential noises can act as the fingerprints

[Me(OH)x1,; = Me,0.g,, + H" + e~ (Me, O, contains TiO,, V,0s, Cr, 05, AL, 05, Sn0O,) (10)

During this process, the dissolution of the bare metal
ejected Ti** cations through the crack of the passive film.
Meanwhile, the hydrate (TiO,-nH,0O) is formed by the
hydrolysis of Ti4+aq cations, which can enhance the resist-
ance of the passive film to the attack of chloride ions. The
result of the XPS analysis also proves the formation of the
hydrate group (see Fig. 9c), the reaction can be given below
[55]:

to identify the form in which the system under the salt
spray test corrodes. The corrosion forms of Ti-15-3
alloy samples after different salt spray time are local-
ized corrosion, self-healing of passive film and nuclea-
tion, and growth of new pitting corrosion.

(3) Based on the observation of surface morphology, the
complementary evaluation of corrosion rate, and the
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Hilbert spectrum, it is found that both the pitting cor-
rosions and ditches with a width of about 2 mm on
the surface of polished Ti-15-3 alloy before 720-h salt
spray are less vulnerable to cause the formation of sta-
ble pitting, while the pit with the width of about 5 mm
on polished Ti-15-3 alloy surface after the 720-h salt
spray is prone to the growth of stable pitting.

(4) According to SEM and CLSM-3D morphology obser-
vation as well as EDS and SKPFM analyses, there are
two mechanisms for the oxide film rupture of polished
Ti-15-3 alloy surface in the process of salt spray cor-
rosion: the first is the local dissolution of natural oxide
film on the surface of Ti-15-3 alloy and the second is
the preferential dissolution of metal matrix around the
deposit.
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