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In this work, the corrosion behavior of 17-4 stainless steel in a stainless steel (17-4) and carbon steel
(C110) galvanic couple was investigated using electrochemical methods including open circuit
potential, galvanic potential, electrochemical impedance spectroscopy and Mott-Schottky curves. The
results show that the corrosion resistance of 17-4 stainless steel decreases, although it is generally
considered that stainless steel acting as the cathode in this kind of galvanic couple should be protected.
This can be attributed to that the passive film on the 17-4 stainless steel is destabilized by the cathodic
polarization in this galvanic couple. Consequently, a decrease in corrosion resistance of 17-4 stainless
steel can be found.
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1. INTRODUCTION

Normally, the corrosion of the more noble metal would decrease, the corrosion of the less noble
metal would increase, when two dissimilar metals contact with each other in an electrolyte. The
phenomenon is called as dissimilar-metal contact or galvanic corrosion 0. Furthermore, there are
always different metals contact, such as pipeline and heat exchanger, due to the mechanical property,
total cost, special demand and so on 2. The stainless steel and carbon steel may be directly connected
through a thread or collar in industry such as oil and gas field. Therefore, it is of great interest and
importance to understand the galvanic corrosion between stainless steel and carbon steel.

Extensive work about the galvanic corrosion between stainless steel and carbon steel has been
conducted in different environments [3-13]. For example, Ren et al. 3 has studied the galvanic
corrosion of casing pipe joint (17-4) -C110 couple in 13.2 g/L NaCl. It was found that higher galvanic
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corrosion would occur when temperature increases from 40°C to 80°C, and the galvanic effect is about
2.58 when samples in brine water containing H,S and CO, at 40°C and 20 MPa. Moreover, the
galvanic effect is mitigated if the two-metal is placed in vapor. However, most of these work focused
on the corrosion of carbon steel in stainless steel and carbon steel couple (SC couple). The corrosion
behavior of stainless steel is missing, because it is generally considered that in a SC couple the carbon
steel acts as an anode and the stainless steel acts as a cathode. In this case, the stainless steel is usually
protected and therefore no corrosion needs to be considered.

The passive film on the stainless steel plays a significant role in its corrosion resistan ce. In a
SC couple, the passive film may be affected because there is a cathodic polarization on the stainless
surface once the stainless steel is connected with the carbon steel in the electrolyte. In this case, the
corrosion resistance may be greatly changed. Accordingly, it is of great significance to study the
corrosion behavior of stainless steel in a SC couple.

Electrochemical techniques are usually considered as the efficient and reliable ways to
investigate the corrosion behaviors and mechanisms of metal and alloys [14-16]. In this work, the
corrosion behavior of 17-4 stainless steel in a SC couple in formation water was investigated using
electrochemical measurements (open circuit potential, galvanic potential, electrochemical impedance
spectroscopy and Mott-Schottky curves).

2. EXPERIMENTAL

The materials used in this work were 17-4 stainless steel and C110 carbon steel, with the
compositions listed in Table 1. The steel electrodes were machined into two sizes: (1) large samples of
10%10x3 mm and (2) small samples of 5x4x3 mm. It is important to note that small samples only were
used to test galvanic potential of (17-4)-C110 couples at Sc:Sa (cathode/anode area ratio)=1:5 and
Sc:Sa=5:1 in Section 3.1. The samples were sealed in epoxy resin, leaving a fixed area of steel surface
(1 cm? and 0.2 cm? for large samples and small samples, respectively) exposed to the solution. A
copper wire was welded to the backside of the electrode to ensure the electrical contact. Prior to
experiments, the electrode surface was grounded using sand paper with 400 and 800 grit numbers,
sequentially, and then rinsed with distilled water and cleaned in an ultrasonic bath with ethanol.
Specimens then were taken out and dried by nitrogen gas and immediately used for testing.

Table 1. Chemical compositions (wt. %) of steels used in this work.

Steels Ni Cr C Si Mn P S Mo Cu Nb Fe
17-4 383 16.20 0.07 0.77 064 0.03 003 - 232 056 Balance
Cl110 0.04 - 0.27 0.26 048 - - 072 011 - Balance

The test solution was prepared with analytical grade regents and distilled water according to the
composition of formation water produced along with natural gas from the gas field in Southwest
China. It was composed of 17.24 g/L NaCl, 10.54 g/L KCI, 0.45g/L CaCl,, 0.37g/L Na,SO,, 0.5 g/L
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MgCl,*6H,0 and 3.98g/L NaHCOj3. The solution was deoxygenated with a continuous CO, gas flow
purge. Two hours later, put the specimen into the solution. CO, gas purging was maintained to ensure
an entire saturation and stop the O, from entering. After saturated with CO,, the pH of solution is 6.13.
The temperature for all the tests in this work was maintained at 25 + 0.5°C.

To ensure the reproducibility, each type of electrochemical measurements was repeated at least
three times. The electrochemical tests, including open circuit potential (OCP), galvanic potential,
electrochemical impedance spectroscopy (EIS) and Mott-Schottky, were conducted using a CS 350
electrochemical workstation (Wuhan Corrtest Instruments Corp. Ltd., China). A four-electrode
electrochemical cell was used for galvanic potential test where C110 carbon steel was used as working
electrode 1 (WEL), 17-4 stainless steel was used as working electrode 2 (WEZ2), a platinum plate was
used as a counter electrode and a saturated calomel electrode (SCE) was used as a reference electrode.
The OCP of the uncoupled specimens and galvanic potential of the coupled specimens were
continuously recorded during the whole tests. EIS measurements were performed using classical three-
electrode configuration at OCP with a sinusoidal potential perturbation of 10 mV (peak to peak) in the
frequency range from 100 kHz to 10 mHz. It should be pointed out that the EIS measurement of the
electrode in the galvanic couple was conducted after disconnecting electrical contact of the couple. To
investigate the properties of passive film on 17-4 stainless steel, Mott-Schottky curves of 17-4 stainless
steel were measured in CO, purged formation water. Mott-Schottky tests were performed by shifting
the potential from -0.6V (vs. OCP) to +0.5V (vs. OCP) with a scanning rate of 1 mV per step at 1 kHz.

3. RESULTS AND DISCUSSION

3.1. Potential

The OCP of 17-4 stainless steel and C110 carbon steel in CO, purged formation water are
shown in Figure 1. It is seen that the OCP of 17-4 stainless steel increases sharply at the very
beginning, and then slowly increases with time. After about 15000 s, the OCP does not change
significantly any more. The increase in potential could be ascribed to the formation of a passive film
on the 17-4 stainless steel surface. The OCP of 17-4 stainless steel would keep close to a constant
value when there is a balance of formation and dissolution of the passive film on 17-4 stainless steel.
In contrast, the OCP of C110 carbon steel always keeps near a constant value (-0.731 V vs. SCE)
which is more negative than 17-4 stainless steel. These results definitely indicate that 17-4 stainless
steel acts as a cathode and C110 carbon steel acts as an anode in the (17-4)-C110 couple in CO; purged
formation water at 25 °C. More importantly, the potential difference between C110 carbon steel and
17-4 stainless steel is relatively large. For example, the potential difference at 15000 s between these
two steels is about 0.473 V which is a very strong driving force of galvanic corrosion. According to the
literature, a serious galvanic corrosion will occur if the potential difference between both metals
excesses a critical value of 0.25 V 17. Therefore, it is expected that a remarkable galvanic corrosion
between C110 carbon steel and 17-4 stainless steel could occur in the present work.
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Figure 1. Corrosion potential as a function of time of the samples in CO; purged formation water at
25°C and initial pH 6.13.
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Figure 2. Galvanic potential as a function of time of uncoupled C110 carbon steel and (17-4)-C110
couples at various cathode/ anode area ratio (Sc:Sa) in CO, purged formation water at 25°C and
initial pH 6.13.
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The galvanic potential of (17-4)-C110 couple in CO, purged formation water is also shown in
Figure 1. At the very beginning, the galvanic potential is located at about -0.700 V vs. SCE, then
decreases rapidly with time and finally reaches a stable value where the potential vs. time curves is
almost overlapping with that of C110 carbon steel. It is interesting that the final galvanic potential is so
close to the OCP of C110 carbon steel.

According to the classic mixed potential theory, the galvanic potential should be located
between the potential of 17-4 stainless steel and the potential of C110 carbon steel. It is indeed true for
the galvanic potential at the very beginning when the two electrodes are connected. However, the
stable galvanic potential of (17-4)-C110 couple approximates the potential of anode sample C110
carbon steel. For that situation, it can be assumed that 17-4 stainless steel suffered cathodic
polarization, which destabilizes the passive layer of the 17-4 stainless steel, resulting in a decrease in
corrosion potential of 17-4 stainless steel 18. That’s why the galvanic potential decreases with time
and then keeps at a stable value which is very close to the potential of C110 carbon steel.

To further investigate the effect of cathodic polarization on the passive film, galvanic potential
of (17-4)-C110 couple at various cathode/ anode area ratios in CO, purged formation water were
studied, as shown in Figure 2. It reveals that the galvanic potential increases with increasing cathode/
anode area ratio. For example, the galvanic potential of (17-4)-C110 couple at Sc:Sa=1:5 is slightly
lower than the OCP of C110 carbon steel. With the cathode/anode area ratio increasing to 5:1, the
galvanic potential is considerably higher than that when the cathode/anode area ration is 1:1. This
indicates that a bigger cathodic area is benefit for preventing the passive film on 17-4 stainless steel
from destabilization.

3.2. Electrochemical impedance spectroscopy

The EIS results of uncoupled 17-4 stainless steel in CO, purged formation water are shown in
Figure 3. The variation in the diameter of Nyquist plots decreases with immersed time, the impedance
of 17-4 stainless steel at 1h is relatively small. After 6h, the change in the impedance of 17-4 stainless
steel is much small. It can be ascribed that passive film generates and grows on stainless steel at initial
stage. At 6h, the passive film reaches relatively stable stage, changing to thicker, denser and more
protective.

Figure 4 shows the EIS results of 17-4 stainless steel coupled with C110 carbon steel in CO,
purged formation water. Obviously, the diameter of Nyquist plot decreases over time. Compared to
uncoupled 17-4 stainless steel, as shown in Figure 3, the impedance of coupled 17-4 stainless steel is
much smaller, which means coupled 17-4 stainless steel shows a smaller corrosion resistance. The
galvanic effect on 17-4 stainless steel (acting as cathode) is much apparent, which is inconsistent with
the early cognition of galvanic corrosion Error! Reference source not found. . It can be contributed
to the cathodic polarization and the destabilization of passive film on 17-4 stainless steel surface.
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Figure 3. EIS results of the uncoupled 17-4 stainless steel in CO, purged formation water at 25°C and

initial pH 6.13.
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Figure 4. EIS results of the coupled 17-4 stainless steel in CO, purged formation water at 25°C and

initial pH 6.13.
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In order to demonstrate the results of EIS of coupled 17-4 stainless steel, the EIS experiments
of the 17-4 stainless steel polarized at different cathodic potentials for 6h were also measured, the
results are shown in Figure 5. Apparently, the diameter of Ntquist plot of 17-4 stainless steel decreases
with the increasing strength of cathodic polarization. As presented in Figure 1, the distinction of OCP
between C110 carbon steel and 17-4 stainless steel in deoxygenized formation water is about 0.47 V,
so the EIS data of 17-4 stainless steel polarized at -0.5 V vs. OCP should be similar to that of coupled
17-4 stainless steel. It is really true that these two diameters of Nyquist plots are very close to each
other, as shown in Figures 4 and 5. The experiments demonstrate that in the (17-4)-C110 couple, 17-4
stainless steel acted as cathode where the cathodic polarization can result in the destabilization of the
passive film. Consequently, the corrosion resistance of 17-4 stainless steel decreases in this galvanic
couple.
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Figure 5. EIS results of the 17-4 stainless steel polarized at different potentials in CO, purged
formation water at 25°C and initial pH 6.13.

3.3. Mott-Schottky curves

The Mott-Schottky curves describe the C_* as a function of the potential becomes to 20:

For n type semiconductor ! ~= 2 (E ~E, _k_Tj 1)
o E5,eNp e

For p type semiconductor ! = -2 (E ~E, _k_Tj @
6N, e

Where C_, is the space-charge capacitance, N, and N, are donor and accepter densities (cm’
%), e is the electron charge, ¢ is the dielectric constant of iron oxide (& =12 21), &, Is the vacuum
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permittivity (8.854x10™* F/cm), k is the Boltzmann constant (1.38x10% J/K), T is the absolute
temperature and E, is the flat band potential.

Generally, the space-charge capacitance C_ is substituted by the capacitance of the film-

electrolyte interface C, which could be described by the following equations 22, 23]:

1 1 1

e 3)

C C, C,

Where C,, is the Helmholtz capacitance. However, at high frequency, such as 1 kHz used in
this paper, C is mainly expressed as C., due to the Helmholtz capacitance is negligible 24. The

interfacial capacitance C is obtained from equation (4).
1

C=- 4
21 2" )

Where Z" is the imaginary component of the impedance and f is the scan frequency.

The results of Mott-Schottky test of 17-4 stainless steel are shown in Figure 6, which is similar
to Liz Pons 25. In the potential range of -1.1 V to -0.3 V, it plays p-type semiconductor on the basis of
positive slope and presents two linear regions. C_* decreases with potential increasing at first stage,
due to the ionization of deep acceptor 26. However, an obvious shift occurs at -0.82V, the slope of the
curve increases with the increasing potential. But n-type semiconductor is exhibited in higher potential
range.
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Figure 6. The Mott-Schottky plot of passive film on 17-4 stainless steel in CO, purged formation
water at 25°C and initial pH 6.13.
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The bi-layer structure could attribute to obvious difference layers, the inner layer rich in
chromium oxide (Cr,03), acting as p-type semiconductor and the outer layer mainly containing iron
oxides (Fe;O3) and hydroxides (Fe(OH)3), performing as n-type semiconductor 26. Based on the
factors above, the deep acceptor density N,, and shallow acceptor density N,, should be separated,

and evaluated by following relationship 27:

For region II S, =- 2 5)
£6,eN
For region I S, =- 2 (6)
s b ege(Ny+N,,)

The value of N, N,, and N,, are calculated and listed in Table 2.

Table 2. Charge carrier densities in passive film on 17-4 stainless steel in CO, purged formation water
at 25°C and initial pH 6.13.

-3 -3

N, ,cm? N,,,cm N,,,cm

1.853x10% 5.307x10% 1.794x10!

Due to the galvanic potential is about -0.73V, region I would not be discussed in detail.
According to the results of Hakiki 28, the response of capacitance, as region II, controlled by electron
of inner layer mainly containing chromium oxide. Meanwhile, the spaced charge layer of chromium
oxide in the run out of state, the one of iron oxide in an enrich state that equal to conductor.
Consequently, the distance between excess electron in the passive film and solution electron is much
short, and the film formed on 17-4 stainless steel presents as p-type semiconductor for the p-type
semiconductor character of chromium oxide 28. However, the region III acts as n-type semiconductor,
mostly controlled by iron oxide and hydroxides, and the space charge condition is opposite to the one
of p-type semiconductor 29. Theoretically, the larger the carrier densities, the greater the conductivity
of passive film, the worse the corrosion resistance 30. The shallow acceptor density is almost three
times as much as the donor density, based on the results presented in Table 2, which can be attributed
to the higher doping density and the worse degree of order of passive film at region II, it causes the
worse the corrosion resistance of passive film. Thus, it causes the decrease of the stability of passive
film on 17-4 stainless steel coupled with C110 carbon steel. Based on above mentioned, the results are
strongly in agreement with the results of EIS, shown in Figures 3-5. Thus, the potential of (17-4)-C110
couple decrease (as Figure 1).

4. CONCLUSION

In this work, the corrosion of 17-4 stainless steel in the SC couple was studied by
electrochemical experiments, i.e., open circuit potential, galvanic potential, electrochemical impedance
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spectroscopy and Mott-Schottky curves. 17-4 stainless steel acted as cathode when it coupled with
C110 carbon steel. Although there is a huge potential difference between them (0.47V), the galvanic
potential of (17-4)-C110 couple at Sc:Sa =1 is almost overlapping with the OCP of C110 carbon steel.
Besides, the galvanic potential increases with the increase of Sc:Sa. In the potential range of -1.1 V to -
0.3V, the film formed on 17-4 stainless steel presents as p-type semiconductor because of the p-type
semiconductor character of chromium oxide in bi-layer structure. Due to a strong cathodic polarization
on 17-4 stainless steel when it coupled with C110 carbon steel, the stability and integrity of passive
film on 17-4 stainless steel decreases. Thus, a decrease in corrosion resistance of 17-4 stainless steel
over time can be found.
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