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The effect of sodium chloride (NaCl) on the electrochemical corrosion of the Inconel 625 at 300 + 2 °C
and 16 + 1 MPa was investigated by polarization curves, electrochemical impedance spectroscopy (EIS)
and scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS). The experimental
results showed that NaCl stimulated the Inconel 625 electrochemical corrosion and the oxide film on the
surface of corroded Inconel 625 became less stable with increasing NaCl concentration. The oxide film

was duplex with an inner Mg, Al-rich layer of MgO-+Al,03, with probably some Cr,03, and an outer Ni-
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rich layer, principally Ni(OH),/NiO. The inner layer was more protective than the outer layer due to the
precipitation of magnesium and aluminum oxide in the presence of Cl™. In order to explain the corrosion
behavior of the Inconel 625, an oxide film growth mechanism was discussed in this research.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ni-based alloys are often used in high temperature and high
pressure aqueous environments. Though they are with high
corrosion resistance, some corrosion problems are still observed,
such as general corrosion, pitting corrosion, intergranular corrosion
and stress corrosion cracking [1—7]. Inconel 625 is a high chro-
mium, high molybdenum, nickel-based super alloy. The chromium
contributes to enhance the corrosion resistance of Ni-based alloy
and the molybdenum decreases the resistance of pitting corrosion
[8—10]. At present, corrosion of Inconel 625 at high temperature
and high pressure conditions has been widely investigated. An in-
crease in temperature, pressure and dissolved oxygen could pro-
mote the corrosion process [ 11—13]. The oxide film on the surface of
the corrosive material formed in these conditions was also
researched by X-ray photoelectron spectroscopy (XPS) [14,15],
scanning electron microscope/energy dispersive X-ray spectros-
copy (SEM/EDS) [16,17], and X-ray powder diffraction (XRD) [18,19].
It was duplex-layer oxide structure, with nickel-rich oxides/hy-
droxides in the outer layer and chromium-rich oxides in the inner
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layer [14,20,21].

While Inconel 625 is widely used in harsh working conditions
(high temperature and pressure) like paper industry, seawater heat
changers and waste-fired boilers. chloride ions are the common
ions in above condition [22]. Pitting corrosion and stress corrosion
crack were observed in subcritical and supercritical water with
chloride ions by surface analyses [23,24]. Therefore, chloride ion is
a key factor to affect the corrosion of Inconel 625 in high temper-
ature and high pressure solution. Though the corrosion of Inconel
625 is an electrochemical process, its electrochemical corrosion
behavior was almost researched at low temperature and pressure,
there were only a few in sub-critical and supercritical water envi-
ronment [25,26]. As Sun et al. reported [11], it was attributed to
three reasons: the first is the corrosion of the apparatus results in
the change of solution; the second is the difficulty to develop an
effective reference electrode to detect in situ electrochemical
behavior at high temperature and pressure; the third is that con-
trolling the electrochemical tests in high temperature and high
pressure conditions is not easy. Solving these problems to investi-
gate the effect of chloride ions on the corrosion of Inconel 625 in
harsh working environment is necessary.

In this work, the electrochemical behavior of Inconel 625 in
solution with different concentration of sodium chloride (NaCl) at
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300 + 2 °Cand 16 + 1 MPa was investigated by polarization curves
and electrochemical impedance spectroscopy (EIS) to reveal the
passive mechanism of Inconel 625 under the influence of chloride
ions. The oxide film on the surface of corroded Inconel 625 was
examined by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). Taking the conclusion of the
electrochemical techniques and surface characterization measure-
ments into consideration, the growth process of oxide film on the
surface of Inconel 625 was discussed.

2. Experimental methods
2.1. Experimental facility and electrolyte preparation

All the experiments were performed in an autoclave with three
electrodes, which was detailed described in another paper of our
group [27]. The specimen is Inconel 625 from Beijing Chuanxian-
feng Company. Its chemical composition is given in Table 1, in
which the high concentration of carbon detected by EDS is due to
the conductive adhesive contains carbon. The working electrode
was prepared by cutting the Inconel 625 sample into a cone
frustum with working areas of 0.148 cm?. The auxiliary electrode
was platinum auxiliary electrode, using conical alumina ceramic as
the carrier and platinum powder was sintered on the two circular
surfaces of the conical ceramic, with Pt wire insulating in the
ceramic linking with the two surfaces. The area of exposed surface
was 0.133 cm?. The reference electrode was an Ag/AgCl pressure-
balanced external reference electrode. Ag/AgCl wire was
immersed into saturated KCl solution which worked as the refer-
ence electrode solution, therefore, all the potentials obtained in the
following polarization curves correspond to the Ag/AgCl electrode
in saturated KCI solution.

The experimental solutions were prepared by adding NaCl into
ultrapure water, they were 0 mol/L, 0.025 mol/L, 0.05 mol/L,
0.1 mol/L and 0.2 mol/L, respectively. As the electrolyte was
renewed before every experiment and the inside liner of the
autoclave body was made of a titanium alloy Ti-3Al-2.5V, which is a
highly corrosion resistance material, the electrolyte chemistry
environmental was not significantly contaminated by its container.

2.2. Electrochemical measurements

Before each electrochemical measurement, the working elec-
trode was successively abraded on 1500, 3000, 7000-grit silicon
carbide papers, then rinsed with ultrapure water and acetone.
While the temperature of electrolyte was raised up to 300 °C as
Fig. 1, and the final temperature and corresponding pressure of the
electrode were maintained at 300 + 2 °C and 16 + 1 MPa, respec-
tively. Electrochemical measurements were performed using a
computer-controlled electrochemical measurement system (PAR-
STAT 2263, Princeton Applied Research) with a conventional three-
electrode electrolytic cell that included a platinum auxiliary elec-
trode, an Inconel 625 working electrode and an Ag/AgCl pressure-
balanced external reference electrode. The OCP of the cell were
recorded for four hours in different NaCl concentration (0 mol/L,
0.025 mol/L, 0.05 mol/L, 0.1 mol/L and 0.2 mol/L) to reach a stable
value after the autoclave started to be heated. Afterward, the EIS
tests were performed at OCP and in the frequency range of
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Fig. 1. Heating process of the autoclave.

0.01—10.0000 HZ with a peak-to-peak amplitude of 10 mV and then
the polarization curves were obtained by changing the electrode
potential automatically from —0.4 to +1.3 V (vs. open current po-
tential, OCP) at a scan rate of 2 mV s . ZSimpWin 3.20 (2004)
software was then used to fit the impedance data. To ensure
reproducibility, identical experiments were repeated at least three
times to ensure that the reported results were reproducible (i.e., the
random errors of all three identical experimental results were
within tolerance), and all of the reported results in this study were
averaged.

2.3. Surface characterization measurements

After the Inconel 625 sample was abraded and cleaned, it was
exposed to the solution with different concentration of NaCl (0 mol/
L, 0.05 mol/L, 0.1 mol/L and 0.2 mol/L) at 300 + 2 °Cand 16 + 1 MPa
for 10 h. The surface morphologies of corroded samples were
examined by the JSM-7800F scanning electron microscopy (SEM)
and the chemical compositions of oxide films were investigated
using the connected Apollo XL energy-dispersive X-ray spectros-
copy (EDS).

3. Results and discussion
3.1. Polarization curves

Fig. 2 shows the polarization curves of the Inconel 625 electrode
in the solution with different concentrations of NaCl (0 mol/L,
0.025 mol/L, 0.05 mol/L, 0.1 mol/L and 0.2 mol/L) at 300 + 2 °C and
16 + 1 MPa, with a scan rate of 2 mV s~ . It was observed that the
anodic current density was almost constant throughout the posi-
tive scan of polarization curves in the electrolyte without NaCl,
which is due to the stable oxide films formed on the surface of the
Inconel 625 working electrode. The stable oxide films are mostly
duplex of an outer Ni(OH),/NiO layer and an inner Cr,Os layer
[11,20]. After oxidation of Ni and Cr at the anode by reaction (1) and
(2), they were hydrolyzed to Ni(OH), and Cr(OH)3 by reaction (3)
and (4), respectively. As Ni(OH), can exist metastably in water at

Table 1
EDS elemental analysis of Alloy 625 before corrosion.
Element Ni Cr Mo Al Mg Fe Si Nb Ti C
Concn. (wt%) 6140 +122 21.14+043 583+040 0.07+0.05 0.08+0.07 450+023 0.02+0.02 203+022 049+0.12 445+0.65
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Fig. 2. The polarization curves of Inconel 625 in different Cyac; solution at 300 + 2 °C
and 16 + 1 MPa, with a scan rate of 0.166 mV/s.

temperatures on the order of 570 K for remarkably long periods and
the presence of metastable Ni(OH), results in the higher solubilities
than Ni(OH),, the soluble Ni(OH), was thermodynamically unsta-
ble with respect to NiO by reaction (5) [28—30]. In addition, the
Cr(OH); changed into Cr,03 according to reaction (6) [11]. As the
diffusivity of Cr in the oxide film was much smaller than that of Ni,
the stable films was duplex of an inner Cr-rich layer and an outer
Ni-rich layer [21].

Ni — Ni%* + 2e~ (1)
Cr — Cr3* + 3e” (2)
Ni?* 4+ 2H,0 < Ni(OH), 4+ 2H* (3)
Cr3* + 3H,0 < Cr(OH)3 + 3H* (4)
Ni(OH)(aq) < NiO(s) + H20 (5)
Cr(OH)3 + Cr — Cry03 + 3H™ + 3e~ (6)

However, while the electrolyte contained NaCl, the unstable
oxide films were examined. When starting the positive scan of
polarization curves, though the passivation region was also
observed, the anodic current density was slightly increased. It
indicated the oxide film became less protective with increasing
concentration of NaCl. Ni dissolution was strongest among dis-
solved metals of Inconel 625 at high temperature and pressure in
the solution containing chloride ions [31,32]. The solubility of nickel
oxide increased with increasing NaCl concentration [33]. Though
chromium oxide solubility was the lowest among the three oxides
(chromium, iron, and nickel), chromium oxide solubility increased
when containing chloride ions in the solution [34].

When the potential increased, the anodic current density
increased swiftly as the results of the decreasing oxide film at the
transpassive region. Cr>* was oxidized to hexavalent compound
(Cr,0%7) in the transpassive state by reaction (7), which stimulated
the dissolution of Cry03, leading to the breakdown of the oxide film
[35]. In addition, the active potential of the Inconel 625 became
more positive with increasing concentration of NaCl, which
revealed the degraded corrosion resistance of the Inconel 625.
Therefore, the chloride ions can effectively promote the Inconel 625
corrosion.

2Cr3* 4+ 7H,0 — Cry0%~ + 14H™ + 6e” (7)

Moreover, with the further positive scan of the potential, the
passive tendency was observed at the end period of the polariza-
tion curves, which indicated that there was other oxide film formed
on the surface of the Inconel 625. The chemical compositions of the
oxide film were magnesium and aluminum oxides according to the
following surface characteristics measurements of corroded
Inconel 625. Al and Mg were oxidized to A** and Mg?* at the
anode. Aluminum is precipitated as aluminum hydroxides at pH 5
[36]. As the pH of ultrapure water was 6.2, the aluminum precipi-
tated as aluminum hydroxides and turned to aluminum oxide at
high temperature. In addition, as Kravchenko et al. reported [37],
magnesium oxidation takes place in aqueous solutions of alkali
earth metals chlorides. Therefore, Al and Mg precipitated as Al,O3
and MgO. As Mg and Fe diffuse more slowly than Nij, the stable film
was duplex of an inner Mg, Fe-rich layer and an outer Ni-rich layer.
Being more compact of the inner layer led to the repassivation of
the corroded Inconel 625.

We have calculated the electrochemical corrosion rate to further
explained the effect of chloride ion on corrosion. The corrosion
potential (Ecory), corrosion current density (icorr; Obtained using the
Tafel extrapolation method), and passive current potential (ipass) of
Inconel 625 derived from polarization curves were exhibited as
Table 2. With increasing NaCl concentration, the E.o decreased
from —0.088 + 0.002 to —0.308 + 0.003 V, the ico increased from
5.97 + 0.27 to 25.48 + 0.84 A cm 2 and the ipass increased from
92.82 + 5.09 to 371.92 + 7.29 pA cm~2, also confirming that the
passive film became less stable. Therefore, NaCl could effectively
stimulate the electrochemical corrosion of Inconel 625.

3.2. Electrochemical impedance spectroscopy

Fig. 3 presents the Nyquist plots of Inconel 625 in the electrolyte
with different concentration of NaCl (0 mol/L, 0.025 mol/L,
0.05 mol/L, 0.1 mol/L and 0.2 mol/L) at 300 + 2 °C and 16 + 1 MPa.
The Nyquist plots were composed of three depressed capacitive
loops (Fig. 4). It is consistent with the surface structure of Inconel
625, on which the oxide film was composed of two layers. The first
capacitive loop with high frequencies is attributed to the protective
properties of the outer porous layer which is corresponding to the
Ni-rich layer [20]. The second capacitive loop with middle fre-
quencies is related to the passive properties of the inner porous
layer. It is the Cr-rich layer in the solution without NaCl and the Mg,
Al-rich layer in the solution with NaCl as the surface morphologies
research of corroded Inconel 625. The third capacitive loop with
low frequencies is attributed to the double layer between the
Inconel 625 and the outer Helmholtz plane. As Zahrani et al.
researched [38], the corresponding equivalent circuit model is
shown in Fig. 4, where R is the electrolyte and other ohmic resis-
tance, Ry is the charge transfer resistance of ions through the outer
porous layer, the constant phase element (CPE) is utilized to
replace the capacitive behavior of outer porous layer due to fre-
quency dispersion and surface inconsistencies and n shows the
phase shift that can be explained as the degree of surface in-
homogeneity, Rjg is the charge transfer resistance of ions through
the inner porous layer, Cis) represents the corresponding capacitive

Table 2

Corrosion parameters associated with polarization of Inconel 625 electrodes.
Cnaci/mol Lt Ecorr/V icorr/ A cm™2 ipass/IJ-A cm™2
0 —0.088 + 0.002 5.97 +0.27 92.82 + 5.09
0.025 —0.163 + 0.002 17.85 + 0.88 106.32 + 3.80
0.05 —0.258 + 0.004 21.70 + 0.84 173.79 + 6.52
0.1 —0.286 + 0.003 23.48 + 0.66 256.90 + 3.10
0.2 —0.308 + 0.003 2548 + 0.84 37192 +7.29
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Fig. 3. Nyquist plots of Inconel 625 at OCP in different Cnac solution at 300 + 2 °C and
16 + 1 MPa.

CPE

isl

Rdl

Fig. 4. Equivalent circuit of Inconel 625 in different Cnac solution at 300 + 2 °C and
16 + 1 MPa.

behavior of inner porous layer, Rg and Cq is the charge transfer
resistance of ions through the double layer and the double layer
capacitance, respectively.

The impedance parameters obtained by fitting the EIS data to
the equivalent circuits are presented in Table 3. As the NaCl con-
centration increased, the values of Rjg}, Rosi, Rq1 were all decreased,
which showed that chloride ions promoted the Inconel 625
corrosion. The conclusion of EIS was consistent with those from
polarization curves study. A higher C4 and lower Rq; indicated that
the charges more easily diffused through the electric double layers,
i.e., the electrochemical corrosion of Inconel 625 was easier. In
addition, A lower Rjg; and R indicated that the passive film became
less protective to inhibit Inconel 625 dissolution due to the strong
penetration of chloride ions. While the Rjs value was much bigger
than the Ry value at the same NaCl concentration, the inner porous
layer was the main passive factor. As nickel oxide were easier dis-
solved with increasing NaCl concentration and chloride ions could
penetrate the passive film due to their small ionic radius, the Ry
value decreased dramatically [33]. Though the Rjs value also
decreased, it decreased more smoothly with increasing NaCl con-
centration. NaCl can cause breakdown of protective oxide layers
containing Cr,03, which led to the decrease of the Rj5 [39]. Mean-
while, Al and Mg precipitated by Al,03 and MgO. Therefore, the
concentration of Al;03 and MgO at the inner layer increased with
increasing NaCl concentration to form a new inner layer of the
oxide film. The conclusion was accordance with the surface char-
acteristics analyses of corroded Inconel 625.

3.3. Surface characterization measurements

The surface morphologies of corroded samples were investi-
gated by scanning electron microscopy (SEM) and the element
distribution of oxide films was determined using an energy-
dispersive X-ray spectroscopy (EDS).

Fig. 5 shows the effects of chloride ions on the surface mor-
phologies of the Inconel 625 after 10 hat 300 + 2 °C and 16 + 1 MPa.
Before corrosion, the Inconel 625 sample was abraded and cleaned,
there were no points of pitting corrosion (Fig. 5a). After exposing to
the 0 mol/L NaCl solution for 10 h, pitting corrosion was observed
on the surface of corroded Inconel 625 (Fig. 5b). As Tang et al.
founded [40], the chloride and oxygen had the synergistic effect to
alloy corrosion. While the concentration of NaCl solution was
0.2 mol/L, the points of pitting corrosion became more and bigger
obviously (Fig. 5c). Therefore, the chloride ions effectively pro-
moted Inconel 625 corrosion.

The X-ray mapping of Ni, Cr, O, Mg and Al about the oxide film of
Inconel 625 in solution with different concentration of NaCl at
300 + 2 °Cand 16 + 1 MPa were investigated (Fig. 6). The Ni and Cr
concentration about the oxide film of pitting corrosion are lower
than the surrounding, however, the O, Mg and Al concentration
about the oxide film of pitting corrosion are higher than the sur-
rounding. That's because Ni and Cr diffused into the solution by
ions, while O, Mg and Al precipitated on the surface of Inconel 625
by the oxide. In addition, with the increasing chloride ions, we
observed the deficiency of Ni and Cr and the gather of O, Mg and Al
are more obvious. The oxidation mechanism of Inconel 625 in so-
lution without/with NaCl at 300 + 2 °C and 16 + 1 MPa was
exhibited in Fig. 7. As showed in Table 4, the Ni and Cr concentration
decreased from 45.24 + 090 wt% and 1647 + 0.33 wt% to

Table 3

Model parameters for equivalent circuit of Fig. 3
NaCl (mol L 1) Rs (Q cm?) CPEiq, Yo (Scm™2s™™) n Ris1 (Q cm?) Cost (Fcm™2) Rost (Q cm?) Cai (Fcm™2) Rai (Q cm?)
0 68.830 4091 x 103 0.5555 9549 1.842 x 10~8 696.90 5.702 x 1073 105.800
0.025 6.723 4563 x 1073 0.4448 2932 2.663 x 1074 72.81 4833 x 1073 4747
0.05 3.922 6.236 x 103 0.4817 1571 3.183 x 1074 51.30 6.690 x 10~3 2.844
0.1 5.482 1.243 x 1072 0.5157 1113 1.846 x 103 12.48 1.267 x 1072 1.788
0.2 1.298 1.320 x 1072 0.4814 1009 3.740 x 1073 2.682 2.362 x 1072 1.298
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Fig. 5. SEM photomicrograph of Inconel 625 after 10 h exposure to different Cnaci solution at 300 + 2 °C and 16 + 1 MPa: (a) before corrosion, (b) 0 mol/L and (c) 0.2 mol/L.
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Fig. 7. The oxidation mechanism of Inconel 625 in solution without/with NaCl at
300 + 2 °C and 16 + 1 MPa.

10.29 + 0.26 wt% and 5.00 + 0.14 wt%, respectively, when the
chloride ions increased from 0 mol/L to 0.2 mol/L. The significantly
decreasing of Ni and Cr were due to the strong penetration of
chloride through the oxide film and the increasing solubility of
nickel and chromium oxide. Though Mo improves the pitting and
crevice corrosion resistance of nickel-base alloys by forming a
stable oxide in the dealloyed oxide layer, Mo itself without Cr does
not provide suitable protection at high temperature and pressure
[10,41]. As exhibited in Table 4, the Mo concentration decreased
from 2.20 + 0.23 wt% to 0.84 + 0.11 wt¥%. It is in agreement with
previous findings that the resistance of Mo degraded in the
chemical composition of the penetrated molten phase [38]. How-
ever, comparing to the concentration of O, Mg and Al are
12.54 + 1.14 wt%, 6.25 + 0.61 wt% and 5.53 + 0.63 wt% at 0 mol/L,
they increase to 36.71 + 3.04 wt%, 27.09 + 193 wt% and
13.97 + 1.06 wt% at 0.2 mol/L, respectively. There are two reasons.
On the one hand, the concentration of Mg and Al grew on the
surface of the alloy by the formation of magnesium and aluminum
oxide; on the other hand, the deficiency of Ni and Cr further led to
the increasing concentration of Mg and Al. The conclusion of oxide
film analyses effectively explained the phenomenon of polarization
curves and EIS.

4. Conclusions

The work investigated the influences of sodium chloride on the
oxidizing dissolution of Inconel 625 at 300 + 2 °C and 16 + 1 MPa
and further analyzed the oxide film grown on it, leading to the
following conclusions:

Table 4
EDS elemental analysis (wt%) of Alloy 625 after 10 h exposure to different Cnac
solution at 300 + 2 °C and 16 + 1 MPa.

0 mol/L 0.05 mol/L 0.1 mol/L 0.2 mol/L
Ni 45.24 + 0.90 26.98 + 0.46 20.99 + 0.36 10.29 + 0.26
Cr 16.47 + 0.33 11.10 + 0.19 8.38 +0.17 5.00 + 0.14
Mo 2.20+0.23 1.45 + 0.12 132 +0.12 0.84 + 0.11
0 12.54 + 1.14 24.92 + 2.01 29.05 +2.43 36.71 + 3.04
Al 6.25 + 0.61 18.98 + 1.51 20.80 + 1.60 27.09 + 1.93
Mg 5.53 + 0.60 10.88 + 0.88 12.85 + 1.07 13.97 + 1.06
Fe 4.40 + 0.19 244 +0.10 0.62 + 0.07 0.59 + 0.09
Si 2.18 + 0.22 0.18 + 0.04 0.19 + 0.04 0.27 + 0.06
Nb 0.95 +0.14 0.46 + 0.07 1.89 + 0.13 1.81 + 0.14
Ti 2.51 +£0.11 1.24 + 0.05 3.03 + 0.09 1.77 + 0.08
C 1.73 + 033 1.38 £ 0.24 0.88 + 0.19 1.67 +0.33

1. The oxide film on the surface of corroded Inconel 625 was
consisted of two porous layers. The outer layer was Ni-rich layer
and the inner layer turned from Cr-rich layer to Mg, Al-rich layer
with increasing NaCl concentration due to the increasing solu-
bility of Cry03.

2. NaCl stimulated the Inconel 625 electrochemical corrosion for
two reasons: one is the strong penetration of chloride ions due
to their small ionic radius; the other is the less stable oxide film
grown on the surface of Inconel 625 due to the increasing
dissolution of NiO and Cry0s3.

3. According to EIS results, the Rjs) value was much bigger than the
Ros1 value at the same NaCl concentration, indicating the inner
layer was more significant in inhibiting Inconel 625 dissolution
comparing to the outer layer. While NiO of the outer layer dis-
solved by ions, Al and Mg precipitated by oxides to form the
inner layer though Cr,03 of the inner layer were also dissolved
by ions in the presence of NaCl, resulting in that the outer layer
was looser than the inner layer.
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