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Abstract: The corrosion behavior of the Ti-6Al-4V alloy was investigated in a sulfate-reducing
bacteria (SRB) solution. The results showed that sulfate-reducing bacteria has good affinity with the
surface of the Ti-6Al-4V alloy after 5 days. A potentiodynamic polarization test demonstrated that
the corrosion resistance of the Ti-6Al-4V alloy was initially improved but deteriorated quickly in the
subsequent period. The corrosion mechanism of the Ti-6Al-4V alloy was revealed by analyzing its
microstructure with the aid of scanning electron microscopy, X-ray photoelectron spectroscopy and
X-ray fluorescence. The pitting corrosion was deemed to be a typical cause of the corrosion behavior
of the alloy in the SRB solution. The underlying mechanism of the pitting corrosion was proposed for
the alloy.
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1. Introduction

Corrosion is one of the primary causes that leads to the failure of components, negatively affecting
human and machine systems [1]. Reportedly, every year, the financial loss directly due to corrosion
occurring in the United States is about $276 billion in total. This amount is approximately 3.1% of the
gross domestic product of the nation [2]. To date, the study of microbiologically influenced corrosion
(MIC) has become an attractive topic because MIC is one of the main reasons attributed to the corrosive
damage of metals [3-5]. Typically, sulfate-reducing bacteria (SRB) actively assume the role as corrosive
bacteria that can erode most metallic materials (e.g., steel [6-8], aluminum alloy [6,7,9], and pure
titanium [10]). Furthermore, external factors can also affect the corrosion rate of metals by SRB, such as
stress [11] and FeZ* in the SRB solution [12].

Characterized by high specific strength and excellent corrosion resistance, the Ti-6Al-4V alloy
is the most often used titanium alloy serving in industries such as astronautic and aeronautic
engineering, as well as biomedical engineering [13,14]. In recent decades, attention has been given to
the applications of the Ti-6Al4V alloy in marine engineering [15-17]. However, in the ocean setting,
the alloy suffers damage caused by corrosion from seawater and MIC. To date, very few works have
been reported about the corrosion of the Ti-6Al1-4V alloy by SRB, although demonstrably titanium
alloys are corrosion resistant in seawater [18]. In this paper, to develop the resistance to bacterial
corrosion—and thus to promote the application of the Ti-6Al-4V alloy in marine engineering—the
corrosion behavior of this alloy in SRB solution was investigated by means of surface analysis techniques
and electrochemical methods.
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2. Experimental Methods

2.1. Materials

The actual and nominal compositions of the Ti-6Al-4V alloy used in this work are listed in Table 1.
Specimens (15 mm X 15 mm) used for the study were polished on silicon carbide papers with grit sizes
up to 1000 before experiments.

Table 1. The compositions (wt.%) of titanium alloy.

Compositions Al v Ti

Detail composition 5.61 3.72 Balance
Nominal composition  5.5%-6.75% 3.5%-4.5% Balance

2.2. Corrosion Experiment with SRB

The strains of SRB used in the study were provided by the Guangdong Provincial Microbial
Culture Collection Center (Guangdong, China). A modified Beer medium was used to cultivate SRB.
The chemical composition of the medium is listed in Table 2.

Table 2. The chemical composition of the medium.

Composition Mass (g)

MgSO4 2
Sodium citrate 5
CaSO4'2H20 1
NH4Cl 1

KoHPOy 0.5

Sodium lactate syrup 3.5

Yeast extract 1.0

The strains were inoculated into the medium with the suitable growth conditions for SRB to study
its growth pattern. The growth curve of SRB was measured according to the McFarland standard
proposed by German Bio Mérieux and Marcy L'Etoile [19].

A control set of Ti-6Al-4V alloy coupons exposed to sterilized SRB medium was also observed
for a similar period of time.

2.3. Specimen Analysis

First, the specimens were soaked separately in SRB solution for 1, 3 and 5 days, and then they were
examined by fluorescence microscopy (ECLIPSE Ti, Nikon, Japan) to observe the adsorption behavior
of SRB on the surface of the Ti-6A1-4V alloy. The set of specimens was observed via scanning electron
microscopy (S-4800, Hitachi, Tokyo, Japan) to record the presence of bacteria and morphological
features of the corroded titanium alloy coupons. The variation of composition in the surface of
titanium alloy coupons was detected by X-ray fluorescence (XRE, ZSX primus, Rigaku, Japan) after the
immersion test. The specimens were also tested in artificial seawater by electrochemical workstation
(CHI660E C17168, Chenhua, Shanghai, China) for an impedance spectrum and polarization curve.
The final corrosion product was detected via X-ray photoelectron spectroscopy (XPS, EscaLab 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

3.1. The Adsorption Behavior of SRB

In order to maintain the activity of SRB during the experiment, it is necessary to investigate its
growth behavior. Figure 1a shows the growth curve of SRB, revealing that the growth process of SRB
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can be divided into three stages, i.e., slow growth phase, exponential growth phase, and stagnant
growth phase. The study by Oguro concluded that the number of SRB reached the maximum after one
day and began to decrease after three days [20]. Thus, the SRB in the test tubes was replaced with
equal fresh SRB for every three days and the fresh SRB solution had been fostered for 1 day.

Optical Density
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1 1

0 5 10 15 20 25 30 35
Time(h)

(©)

Figure 1. Sulfate-reducing bacteria (SRB) growth curve and its adsorption behavior. (a) Growth curve
of the SRB, (b) the adsorption behavior of SRB for 1 day, (c) the adsorption behavior of SRB for 2 days,
and (d) the adsorption behavior of SRB for 5 days.

The adsorption behavior of SRB on the surface of the Ti-6Al-4V alloy was observed by fluorescence
microscope. Figure 1b shows a fluorescent microscopy picture revealing a little SRB on the titanium
alloy surface for 1 day. Figure 1c shows more and more SRB on the titanium alloy surface; a few
colonies had formed after 2 days. Figure 1d shows a large number of SRB on the titanium alloy
surface and a number of colonies had formed during the five-day period. The results of fluorescence
microscopy show that SRB are easily attached to titanium alloy surface.

3.2. Electrochemical Measurements

The electrochemical reactions of the titanium alloy in sulfate-reducing bacteria solution were
investigated by potentiodynamic polarization and cyclic voltammetry measurements. Figure 2 shows
the potentiodynamic polarization curves of the samples for different immersion time. The anodic
current density levels off near —0.3 to ~0.4 V, demonstrating the passivation characteristics of the
Ti-6Al—4V alloy in SRB solution. This passivation behavior was attributed to the formation of oxide
films on the Ti-6Al—4V alloy surface. As the potential sweeps to more positive values, a substantial
current becomes observable near 0.4 V, which is due to the oxygen evolution reactions [21]. Table 3
lists the values of the corrosion potential and the corrosion current density of the samples for different
immersion times. The results reveal that the corrosion potential of the sample shifted positively first
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and then negatively. The initial magnitude of the current density was at a magnitude of 10~/ A/cm?,
and then the current density maintained at a magnitude of 107® A/cm? finally rose to a magnitude of
10~ A/cm?, which indicates that the sample soaked in SRB for 31 days had been severely damaged.
The value of current density is close to that of the Ti-6Al-4V alloy in NaCl solution [22]. On the other
hand, it can be seen that the potential increased gradually, which demonstrates the corrosion resistance
of the Ti-6Al—4V alloy in sulfate-reducing bacteria solution is enhanced at the initial stage. Then,
the potential decreased rapidly, which demonstrates that the corrosion resistance of the Ti-6Al4V
alloy deteriorated greatly.
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Figure 2. Potentiodynamic polarization curves of the samples for different immersion time.

Table 3. Polarization parameters of the samples for different immersion time.

The Samples for Different Corrosion Potential Corrosion Current
Immersion Time V) (A)
with SRB for 0 day —0.374 3.715 x 1077
with SRB for 1 day -0.356 7.161 x 1077
with SRB for 4 days -0.331 5.741 x 10~/
with SRB for 10 days -0.481 3.564 x 1077
with SRB for 17 days -0.253 1.023 x 107°
with SRB for 24 days —-0.162 1.288 x 107°
with SRB for 31 days -0.321 1.188 x 107>

Figure 3a shows the Nyquist plots of impedance module for samples for different immersion
times. Flat and incomplete capacitive arcs are shown in all Nyquist diagrams, which is consistent with
the previous investigations [23-25]. The size of the arc increases as the soaking time increases and then
decreases, which reveals the impedance amplitude also increased first (14 days) and then decreased.
Figure 3c shows the log|Z|- log f (Z represents impedance and f represents frequency) diagram of
Bode plots, revealing the impedance of the sample immersed in SRB for 31 days reduced significantly.
Figure 3d shows the J —log f (D represents Phase) diagram of the Bode plots. It illustrates two time
constants in the impedance spectrum for the last day: one in the low-frequency region and the other
one in the middle frequency region. The time constant in the low frequency region indicates the charge
transfer reaction occurring in the film electrolyte interface, and the time constant in the intermediate
frequency region reflects the characteristics of the passivation layer.
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Figure 3. The electrochemical impedance spectroscopy (EIS) results for the titanium alloys in SRB
solution (0-31 days). (a) Nyquist plots of impedance module for samples for different immersion time,
(b) an enlarged view of the Nyquist diagram, (c) Bode plots (log|Z|- log f) of impedance module for
samples for different immersion time, and (d) Bode plots (& - log f) of impedance module for samples
for different immersion time.

According to the above results, the equivalent electronic circuits are shown in Figure 4, which are
used to fit the EIS results. The fitting result is shown in Figure 5. It is likely that the fit of the capacitive
reactance is fitted by the equivalent circuits and the original impedance spectrum is satisfactory, which
explains that these equivalent circuits can represent the internal structures and reaction processes
of the original electrochemical devices. Rs represents the electrolyte resistance, Rf and Q¢ represent
the resistance and capacitance of the titanium alloy matrix, and Qg represents the constant phase
angle element of the outer layer of the oxide film. The simulation analysis of the capacitive elements
involved in the time is replaced by constant phase elements (the symbol is Q). The specific expression
of the constant phase elements is the following Expression (1) [26,27]. In this expression, Yy represents
the admittance constant, w represents angular frequency, j represents imaginary part, n represents the
exponential term of the constant phase element, 0 < n < 1, if n = 1, Q represents a pure capacitance, if
n =0, and Q represents a pure resistance.

Zg = Yio(jw)_" 1)

The resistance data variation for the circuit elements is shown in Figure 6. The difference between
the maximum and minimum values of R¢ is 1.11 X 10° Q-cm?, but the difference between the maximum
and minimum values of Rs is only about 6 Q-cm?. Therefore, the variation of Ry, compared with R¢,
can be approximately assumed to remain unchanged. Subsequently, the variation of Rs has little effect
on the experimental results. The value of the electrolyte resistance remained at a normal level, which is
similar to previous research [18]. The titanium alloy matrix resistance R¢ reduced slightly after soaking
in SRB for 1 day, which indicates that the Ti-6A1-4V alloy had suffered slight damage. R dramatically
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increased from 5.17 x 10° to the highest 1.11 X 10° and finally drastically decreased to 3.18 x 103, which
depicts that passivation film was formed on the surface of the Ti-6Al-4V alloy at the beginning of
immersion. Meanwhile, as the soaking time increases, the resistance will worsen.

Figure 4. Equivalent circuits. (a) The equivalent circuit for 0, 1 and 4 days, (b) the equivalent circuit
for 10, 17 and 24 days, and (c) the equivalent circuit for 31 days. (W represents Warburg impedance,
Rt represents polarization resistance, R represents the electrolyte resistance, R¢ and Q¢ represent the
resistance and capacitance of the titanium alloy matrix, and Qqj represents the constant phase angle

element of the outer layer of the oxide film).
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Figure 5. (a) The fitting result of each equivalent circuit and (b) the enlarged view of the fitting result
of each equivalent circuit.
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Figure 6. Parameters (resistance) change of equivalent circuits obtained by fitting the experimental
results of EIS.

3.3. Surface Analysis

In order to investigate the effect of SRB on the corrosion of the Ti-6Al-4V alloy, the morphologies
of the surfaces of the Ti-6Al-4V alloy exposed to SRB and artificial seawater without SRB were observed
separately via a scanning electron microscope. Figure 7a shows the morphology of the Ti-6Al-4V alloy
surface, which was soaked in SRB solution for 31 days. A number of rod-shaped SRB cells can be seen
adsorbing on the surface of the Ti-6Al-4V alloy. Figure 7b shows the SEM picture of the morphology
of the Ti-6Al-4V alloy surface after removing corrosion products, which reveals many micropits. The
diameter is approximately 2 pm, which is similar to the corrosion pit of pure titanium in SRB [10].
Figure 7c shows the untreated Ti-6Al-4V alloy with a smooth surface. Figure 7d shows the surface of
the Ti-6Al-4V alloy control coupon exposed to sterilized SRB medium for 31 days. There is almost no
variation between the samples before and after immersion in the sterilized SRB medium for 31 days,
while many micropits are observed on the surface after immersion in SRB solution. The above results
show that the Ti-6Al-4V alloy exhibits excellent corrosion resistance in seawater, while the SRB can
obviously accelerate the corrosion rate of the Ti-6A1-4V alloy.

u ?» % \‘n\>
ATy

COXEM
20.0[KV] SP=12.0 WD=12.9 x6.5k 10[um] < 5/19/2019

Figure 7. Cont.
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(@

Figure 7. Scanning electron microphotograph results. (a) Surface morphology of the Ti-6Al-4V alloy
immersed in SRB solution for 31 days, (b) surface morphology of the Ti-6Al-4V alloy immersed in SRB
solution for 31 days without corrosion products, (c) untreated sample, and (d) surface of the Ti-6Al-4V
alloy coupon exposed to sterile water for 31 days.

In order to analyze the corrosion product of the Ti-6Al-4V alloy in SRB solution, the contents of
various elements in each stage were measured by XRF. Table 4 provides the results of XRF, revealing
sulfide with increasing mass fraction. The effects of sulfide on the passivation behavior of the Ti-6Al-4V
alloy can be identified from the anodic branch of the potentiodynamic tests. It can be observed in the
secondary passive region that the concentration of sulfide increases and the passive current densities
shift positively as the immersion time increases. It is worthwhile to point out that the passive current
densities for 4 and 10 days were smaller than that for 1 day, which means the sulfide cannot dissolve
but rather stabilize the passivation film when a small amount of sulfide concentration is sufficiently
high. This dual role of sulfides can be attributed to the dissolution processes caused by additional
protons, and the dynamic competition of sulfur ions involved in the film formation, which is consistent
with previous reports [18,28]. When the Ti-6Al-4V alloy was immersed in SRB solution, the TiO,
protective film gradually formed on the surface of the matrix early [18]. Pourbaix [29] and Cocke [30]
inferred the oxidation of titanium by cyclic voltammetry, and the resulting equations are as follows:

Ti + HyO — TiO + 2H* + 2~ @)
2TiO + HyO — TiO5 + 2H + 2¢~ )
TiO3 + HyO — 2TiO, + 2H* + 2™ @)

Table 4. The result of X-ray fluorescence.

Element Mass% (0 day) Mass% (15 days) Mass% (31 days)

Ti 71.47 65.8 65.0
C 8.06 241 3.97
Al 547 3.69 3.31
A% 3.56 297 2.98
(@) - 13.3 23.0
P - 0.0329 0.0348
S - 0.0440 0.234
Fe - 0.0336 1.24

In order to determine the corrosion products of the Ti-6Al-4V alloy in SRB, the valence state of
sulfur, aluminum, and titanium in corrosion products was determined by XPS. Figure 8a—c shows the
XPS analysis of the Ti-6Al-4V specimens. XPS analysis of the exposed Ti-6Al-4V specimens with
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corrosion products on the surface showed significant peaks for sulfur (5>~ and S°*), aluminum (A13*),
and a small amount of titanium (Ti**). According to Figure 8, sulfates in SRB solution were reduced to
sulfides under SRB metabolism as shown by the following reaction [31,32]:

Hyd:
H+ y ro_g)enase [H] (5)
502~ + 8[H] T 4H,0 + 52 6)

S?~ and Ti** will react to form Ti-containing sulfide depositing on the Ti-6A1-4V surface. Then,
the electron transfer between the TiO, protective film surface and the corrosion product may be
enhanced by the sulfide, which accelerated corrosion of the matrix. In addition, the ionization of H,S
may lead to the acidification of the solution. The matrix corrosion process was enhanced by the sulfide
accumulation and the electrolyte acidification. Moreover, it is generally accepted that SRB can obtain
electrons from metals by direct or indirect contact with metal surfaces. Therefore, there may be an
additional corrosion microbattery circuit including anode (steel surface), cathode (bacteria), electron
mediator (i.e., nanowire [33] and riboflavin [34]) and ionic medium (solution). It can be reasonably
assumed that the electron acquisition process of SRB plays an important role in the corrosion process.
Consequently, the sulfide and electron acquisition process is the main mechanism of local corrosion
caused by SRB [11]. Rao et al. [10] studied the MIC of ASTM Grade 2 titanium, which proves that the
final corrosion product is TiS,. The increase in corrosion of the aluminum-magnesium alloy may be
due to sulfide ions produced by SRB, which will react with aluminum to form aluminum hydroxide,
as shown below [32].

H,O —» H" 4+ OH"~ )

Al +3H" — APT 4 3[H] (8)
APt 4+ 877 5 AlLS; )

AlS3 4 6H,0 — 2A1(0OH), + 3H,S (10)

According to the results determined by the above researchers and the experimental data of this
test, it can be inferred that the pitting corrosion process of the Ti-6Al-4V alloy is shown in Figure 9.
The results of XRF and XPS analysis are also consistent with the aforementioned articles, so the final
corrosion products of the Ti-6Al-4V alloy in SRB solution are a small amount of TiS, and AI(OH)s,
which indicates that the chemical reaction of aluminum in Ti-6Al-4V is the main cause of the Ti-6Al-4V
alloy corrosion in SRB solution.
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Figure 8. Multiple graphs of the X-ray photoelectron spectroscopy spectra of the three dominant
elements coupon exposed to SRB culture. (a) sulfur, (b) aluminum, and (c) titanium.

Figure 9. Schematic illustration of a probable mechanism of Ti-6Al—4V alloy corrosion by SRB.

4. Conclusions
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This study provides clear evidence for pitting corrosion of the Ti-6Al4V alloy on exposure to a
culture of SRB and theoretical analysis for the application of the Ti-6Al-4V alloy in marine engineering.
The following are the key observations and inferences of this study:

e  The bacterial adhesion test concludes that SRB will adhere to the surface of the Ti-6A1-4V alloy at
a small amount in the initial stage, then colonies will gradually form, and finally, a large amount
will adhere to the surface of the Ti-6Al1-4V alloy.

e The content of sulfur in the solution increased as the immersion time increased, and a small
amount of sulfur has a protective effect on the oxide film on the surface of Ti-6Al-4V. However, as
the sulfur element continues to increase, sulfur accelerates the destruction of the oxide film as the
immersion time increases.

e  SRB metabolites can cause corrosion on Ti-6Al-4V surfaces. The final corrosion product is a small
amount of TiS, and Al(OH)3, and the chemical reaction of aluminum in Ti-6Al-4V is the main
cause of Ti-6Al-4V alloy corrosion.
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