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Abstract: Electrochemical microscope (SECM), scanning electron microscopy (SEM) and electrochemical impedance spectroscopy
(EIS) were used to study the nickel-based alloy G3’s corrosive behavior in various sulfur states in a medium environment containing
H>S, CO,, CI" at room temperature (25 °C) and high temperature (90 °C). The results show that the corrosion degree becomes more
serious with the increasing temperature, and slight pitting appears on the surface of the nickel-based alloy G3; the anode polarization
curve has a passivation region at room temperature, and the active dissolution appears and passivation phenomenon disappears at a
temperature of 90 °C. The X-ray diffraction indicates that the passivation film formed on the nickel-based alloy G3 is mainly
composed of oxides of Ni, Cr and Fe. The passivation film is dissolved due to the S$* intrusion film, the corrosion products are
composed of NiS and FeS,, and the G3 alloy’s corrosion resistance is weakened in the sulfur-containing environment. Compared
with the deposition and precipitation of sulfur, the suspended sulfur has the densest passivation film and the least corrosion. Studies
have shown that sulfur is a strong oxidant, and its existence leads to severe local corrosion. The state of elemental sulfur is a key
factor affecting the compactness and growth rate of corrosion product membranes, and also a key factor affecting the corrosion rate

of alloys.
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Currently the high-sulfur gas field containing H,S and CO,
is an important source of natural gas in global oil and gas
exploration, and also an enriched area of sulfur''. CO, and
H,S in the well is extremely corrosive, and H,S is highly

toxic?!

, so there are a series of problems in the corrosion
resistance of metal in highly corrosive environments. For
example, Chuanyu oil and gas field has the problems of
high-temperature, high formation pressure, high-partial
pressures of CO, and H,S, and high content of CI', which may
lead to sulfide stress-cracking, sulfide corrosion-cracking and
hydrogen induced-cracking which destroy the tubing and pipe
rapidly®!. Thus, materials of tubing and pipe are especially
crucial for acid gas wells which contain high partial pressure
of H,S/CO, and elemental sulfur. Considering the safety, only

high alloy stainless steel or nickel-base alloy tubing and
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casing products can be used under severe conditions**. The
nickel-base corrosion resistant alloy is a category of corrosion
resistant material with high-performance due to its superior
localized corrosion resistance, the main elements of which
include Ni, Cr, and Mo™"\. Chromium is used to promote the
formation of a stable passive oxide layer which is highly
resistant to corrosion®. Molybdenum is also added to promote
resistance to pitting and inter granular corrosion”"".
Nickel-base alloys have been used in corrosive acidic gas field,
and many published papers have focused on the nickel-base
alloys in high temperature, high pressure water both in
dynamic flowing conditions or in static autoclaves'>"'®. But
there are not many reports about the corrosion behavior of
nickel-base alloys in co-existence environment of H,S, CO,,
Cl and S. The purpose of this paper is to investigate the
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corrosion behavior of the nickel-base alloy G3 at different
temperatures in simulated corrosion environment containing
H,S,CO,, S and CI, and the influence of elemental sulfur on
the behavior of corrosion, further to reveal the corrosion
mechanisms of alloy G3 in high-sulfur gas field.

1 Experiment

The chemical composition of nickel-base alloy G3 used for
substrate material in this study is as follows (wt%): Ni 41.94,
Cr21.75, Mo 3.25, A1 0.18, Co 0.32, Mn 0.51, Si 0.10, Ti 2.07,
Cu 1.72, C 0.02, Fe bal. G3 alloy has a single-phase austenite
microstructure (as shown in Fig.1) with high corrosion
resistance, which has been used in oil and gas wells in H,S-CI’
environments! """,

The immersion test and electrochemical measurements
were used to assess the corrosion behavior of the experimental
alloys. The samples for immersion test were 30 mmx15
mmx3 mm, and the samples for electrochemical measure-
ments were 10 mmx10 mmx3 mm. All of the samples were
abraded, polished and degreased.

The specimens for immersion test were immersed in H,S+
CO, saturated chloride solution at room temperature (25 °C)
and high temperature (90°C) for 168 h. After deoxygenated by
pure nitrogen for 2 h, 3.5% NaCl solution was saturated by
H,S and CO,. The saturate partial pressure of H,S was 9 MPa
and the saturate partial pressure of CO, was 6 MPa in
accordance with the alloy G3 in-service environment. For
investigating the influence of sulfur in different states on the
corrosion behavior of the experimental alloys, a certain
amount of elemental sulfur was deposited (as deposited sulfur)
or precipitated (as precipitated sulfur) on the surface of the
samples, and suspended with concentration of 10 g/L in the
experimental solution by stirring (as suspended sulfur). The
deposited sulfur is the elemental sulfur melted at 135 °C by
heating and coating on the surface of the sample, while the
preci- pitated sulfur is the elemental sulfur dissolved in toluene
to saturation and precipitated on the surface of the sample until
toluene volatilization. The conditions of immersion test and
electrochemical measurements for G3 are shown as Table 1.

The surface morphology and microstructure of specimens
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Fig.1 SEM image of nickel-base alloy G3

Table 1 Conditions of immersion test and electrochemical
measurements for nickel-base alloy G3 in 3.5%NaCl+
saturated H,S/CO,

Test No. Temperature/°C Elemental sulfur states
1 25 Sulfur-free
2 25 Suspended sulfur (10 g/L)
3 25 Deposited sulfur
4 25 Precipitated sulfur
5 90 Sulfur-free
6 90 Suspended sulfur (10 g/L)
7 90 Deposited sulfur
8 90 Precipitated sulfur

after immersion were observed and analyzed by SEM, XRD
with ZEISS EVO MAI15 instrument and X Pert PRO MPD
instrument. The electrochemical corrosion characteristics of
G3 were investigated using a CHI604D electrochemical
workstation and three electrode cell. Nickel-base alloy G3 was
used as working electrode, platinum electrode as the counter
electrode, and saturated calomel electrode (SCE) as the
reference electrode. Potential dynamic polarization curves
were obtained at a scan speed of 1 mV-s" and a scan range of
~500 mV to +800 mV with the sample area of 1 cm”. EIS
analysis was performed under potential static conditions in a
frequency range from 100 kHz to 0.01 Hz with amplitude of
10 mV AC signal. Also, the electrochemical measurements
were carried out when the electrochemical system was in
steady state.

SECM, a technique in which the current flows through a
very small electrode tip near a conductive, semi- conductive,
or insulating substrate immersed in solution is used to
characterize processes and structural features at the substrate as
the tip is moved near the surface™?. A CHI900C scanning
electrochemical microscope with a 10 um platinum tip as the
probe, an Ag/AgCl/KCl (saturated) reference electrode, and a
platinum counter electrode was employed to test the local
corrosion area. The 6 mm cylinder specimens of G3 were used
as study electrode. The polarization potential of the probe is 0.5
V, the distance between tip-substrate is 30 pum, and the scan
range is 400 umx400 pm.

2 Results and Discussion

2.1 Electrochemical measurements

Polarization curves in test 1 and 5 are shown in Fig.2a. It is
clear that G3 has a passivation region at different temperatures.
The E.,. values at 90 °C is more negative than that at room
temperature (RT). The result indicates that with the increase of
temperature, the surface activity at 90 °C is higher than that at
RT, so the corrosion resistance is reduced. Beyond the E,,, the
anodic current increases rapidly until the passivation potential
(E,) is achieved, indicating that dissolution reaction contributes
most to the current. After passing E,, the anodic current remains
unchanged and tends to hold until the potential reaches the
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Fig.2 Potential dynamic polarization curves of alloy G3: (a) at different temperature without sulfur; (b) in various states of sulfur at room

temperature; (c) in various states of sulfur at 90 °C

pitting one (E;). It is obvious from Fig.2a that the passivation
region at RT is wider than that at 90 °C, and it is clear that the
G3 at RT has stable passivation regions, the E; at RT is also
higher and the passive current density at RT is also much
smaller. The result indicates that a compact passive film forms,
which covers alloy surface, and the active ion cannot contact
with alloy.

Fig.2b shows the potential dynamic polarization curves of
G3 in test 2~4. With the addition of sulfur, it can be seen that a
little difference appears in polarization curves. It is clear that
the specimen also has a passivation region, but the passive
film is unstable and the I, increases slowly. The E,, value in
deposited sulfur environment is more negative than that in
other environment. The result indicates that the surface
activity in deposited sulfur environment is higher than that in
other environment due to the formation of different films on
the alloy surface. Comparing the polarization curves in test 1,
5 and the passivation region obtained in test 2~4, the later
polarization curves have an unstable passivation region, the
corrosion current increases gradually with the increasing
potential, which suggests that the poor corrosion resistance of
films formed in test 2~4.

Fig.2¢ shows the potential dynamic polarization curves of G3
in test 6~8. It is clear that the active dissolution and passivation
phenomenon disappear. The
deposited sulfur state is more negative than that in other
environment, and the self-corrosion current is the minimal. It

self-corrosion potential in

suggests that the smaller driving force is required to initiate
corrosion in the suspended sulfur state. Compared with the
results in Fig.2b, the characteristic parameters of both E,,., and
Lo shift in a more negative direction. The result indicates that
the depolarization effect of cathodic reaction increases in the
sulfur environment, which increases the corrosion rate .
Comparing Fig.2a with Fig.2b from passive current density
(Zass), We can see that the /. values in presence sulfur case are
larger than the ones in the absence sulfur case, which indicates

that sulfur accelerates the corrosion attack of the nickel-base

alloys suggesting that sulfur working as a cathodic depolarizer
can accelerate the corrosion process.

This result reveals that the pitting corrosion resistance of
alloy in absence sulfur environment is superior to that of the
alloy in presence sulfur environment, and the critical pitting
point value decreases with increasing the temperature. The
adherent barrier with a greater thickness forms on the alloy
surface. However, the breakdown of the passive film is due to
the corrosion of aggressive environment such as test in sulfur
environment, the pitting corrosion will also occur, and the
corrosion resistance decreases rapidly.

Fig.3a and Fig.4a provide the impedance diagrams recorded
after the formation of corrosion films on nickel-base alloys G3
by immersion tests in acid solution. The plots show similar
capacitive responses over the entire frequency interval. For the
immersion temperature and state of sulfur, the semicircle
diameter decreases. These variations in Nyquist plots can be
related to modifications in the thickness and porosity of the
231 According to Fig.3, the
corrosive resistance of G3 in suspended sulfur environment is
the best. It indicates that the enrichment of sulfur element on
the surface of the substrate has great influence on the

films formed on the alloy

corrosion resistance. In comparison with the results in the
Fig.3a, although the capacitive order has no change, the
capacitance semicircle diameter decreases obviously. It
indicates that with the increase of temperature, the move of
active ions becomes violent, which result in the partial
acidification formation occluded corrosion cell so as to
increase the corrosion.

The Bode plot analysis in Fig.3b, 3¢ and Fig.4b, 4c reflects
the same tendency as Nyquist results for different samples.
For both samples, only one capacitive loop is observed at 10
Hz. In order to study the film property of the alloy immersed
in sour medium, a fitting procedure was carried out using an
equivalent circuit, shown in Fig.5. The model used for fitting
consists of the solution resistance (R,), the charge transfer
resistance (R of the interfacial corrosion reaction and the
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Fig.3 EIS plots of alloy G3 in various states of sulfur at RT: (a) Nyquist plots, (b) Bode 1g|Z| vs lgfplots,

and (c) Bode-phase angle vs Igfplots
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Fig.5 Equivalent circuit

constant phase element (CPE). The double layer capacitance
on real cells often not a pure capacitor but like a CPE. A rough
and porous alloy surface can cause double layer capacitance as
CPE to appear *. The capacitance values were calculated
using the equation 2

ZCPE:Q_IUCO)-H (1)
where Q is the magnitude of the CPE, j is the imaginary unit,
o is the angular frequency, and » is the phase shift which
gives details about the degree of surface roughness'”..

The fitted parameter values are listed in Tables 2 and 3. The
charge transfer resistance with the increase of temperature is
significantly reduced about one to two orders of magnitude.
Compared with suspended sulfur, the precipitated sulfur and

Table 2 Electrochemical parameters obtained from simulation
of EIS plots of alloy G3 in various states of sulfur at RT

CPE/
om? a2
State R/Q-cm < 10° From? R./Q-cm
Suspended 13
39.91 1.85 0.8347 7.3x10
sulfur
Precipitated 6
28.02 2.974 0.8873 1.073x10
sulfur
D ited
CPOSIEE 31.54 3.53 0.8367  9.427x10"
sulfur

Table 3 Electrochemical parameters obtained from simulation of
EIS plots of alloy G3 in various states of sulfur at 90 °C

. N CPE/ R/
Experiment ~ RJ/Q-cm 5 5 n 4 )
x10” F-cm x10" Q-cm
Suspended
13.87 3.394 0.8313 27.08
sulfur
Precipitated
recipttate 3831 4433 08586 8.486
sulfur
Deposited
10.24 6.045 0.8103 8.076
sulfur
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deposited sulfur enrichment of sulfur on the surface of the
substrate has great influence on the corrosion resistance, and
CI' also plays a key role in accelerating and catalyze this
process. Therefore, with the increase of temperature, the move
of active ions becomes violent, which will result in the partial
acidification formation occluded corrosion cell so as to
decrease the impedance and increase the corrosion.
Fig.6 presents the morphologies of the specimens. From the
RT test, the substrate surface current is smooth which
indicates that there is no active pitting area and slight
corrosion. However, as the sulfur states changes, the tip
current increases. It indicates that with the changing of sulfur
states, the substrate surface becomes active, which will result
in the active dissolution so as to increase the corrosion. In 90
°C test, the surface of substrate began to exhibit obvious
current fluctuation point, the micro-area current of deposited
sulfur changes significantly increases by an order of
magnitude. Compared with the current across RT and 90 °C,
the corrosion condition becomes harsh, the active area and the
pitting sensitivity also increases obviously. The conclusion is
consistent with the above experimental results. Along with the
increase of temperature, sulfur accelerates the corrosion attack
of G3, suggesting that sulfur working as a cathodic depolarizer
can accelerate the corrosion process. With the increase of the
time, the pitting corrosion stable development, it has caused
pitting corrosion pits gradually deepened and aggravated.
2.2 Structural and morphological studies
The morphologies of the specimen surface in Fig.7 show the
product film in the various corrosion conditions. It indicates that
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the densities of the corrosion products under different sulfur

states are different. At room temperature, the scales are

relatively compact and smooth with flocculent particle stacking
growth, the film in the suspended sulfur environment is also the
most compact, and the alloy performs the best corrosion
resistance in suspended sulfur state. But in 90 °C environment,
the corrosion products are loose, porous and easy to fall off.

Fig.8 shows the corrosion morphologies and the macrographs of
surfaces of the two alloys after removal of the corrosion scales.

The corrosion morphologies have great variation, and the
corrosion resistance of alloys also turns worse.

At room temperature, the surface is less corroded and
smooth with a homogeneous morphology. These results prove
that the compact corrosion scale forms on the metal surface
and can effectively protect G3 samples from a corrosive
environment. However, an increase in the roughness and
porosity of the films is observed as the temperature increases,
the product films are loose and porous, and there are clear
boundaries between the particles that provide a convenient
channel for the layer internal and external material exchange.
The suspended sulfur corrosion is slight. Precipitated and
deposited sulfur corrosion pits appear to gather, woven into the
complex network structure. The primary reason is that the

product film is not dense, resulting in severe local corrosion.
Moreover, under deposited sulfur condition, G3 even shows
local corrosion cracks which indicates that the sulfur deposition
forms have a great influence on the corrosion rate and the metal
materials morphology. The sulfur direct contact with metal
surface is the main reason that induces rapid corrosion and also
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Fig.6. SECM 3D view: (a) RT suspended sulfur, (b) RT precipitated sulfur, (¢) RT deposited sulfur, (d) 90 °C suspended sulfur, (e) 90 °C

precipitated, and (f) 90 °C deposited sulfur
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Fig.7 SEM images of corrosion films: (a) RT suspended sulfur, (b) RT precipitated sulfur, (¢c) RT deposited sulfur, (d) 90 °C suspended sulfur,
(e) 90 °C precipitated sulfur, and (f) 90 °C deposited sulfur
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Fig.8 SEM images of substrate: (a) RT suspended sulfur, (b) RT precipitated sulfur, (c) RT deposited sulfur, (d) 90 °C suspended sulfur, (e) 90

°C precipitated sulfur, and (f) 90 °C deposited sulfur

is the indirect evidence that sulfur directly involved in corrosion
electrochemical reactions, which has accelerated the corrosion
process. The result indicates that the local corrosion caused by
sulfur is closely related to the sulfur contact forms with
materials.

Fig.9 shows the XRD patterns of the corrosion films on G3.

We observe the presence of similar peaks at both temperatures.
At room temperature, we note the presence of nickel sulfide
(NisS,) and substrate alloy. However, when the temperature
grows up to 90 °C, corrosion product begins to show a lot of
different types, mainly including oxides and sulfides. It seems
that the temperature slightly modifies the chemical composition
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Fig.9 XRD patterns of the corrosion films in different conditions:
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of the sulphide films. We note the presence of nickel sulfide
(NiS), cubic pyrite (FeS,), chromium oxide (Cr,0;) and nickel
oxide (NiO).

The majority of strong peaks come from intermetallic
compound of Fe/Ni/Cr, NiS substance, and some weak peaks
of FeS,, Cr,05 and FeO occur in the patterns.

Nickel and chromium react with sulfur by outward
diffusion of metal cations and inward migration of sulfur
anions. The diffusivity of nickel is faster than that of chromium
and thus the sulfidation rate of the former is higher than that of
the latter. Therefore, as expected, there is a peak of NiS, and
metal oxides are superior to precipitating on the surface".
Nickel oxide (NiO) is generally accepted as the main
component in the passive film on nickel in both acidic and
B studied

the passive film formed anodic alloy on nickel in borate buffer

alkaline environments”®. Okuyama and Haruyama

solution and concluded that NiO was responsible for passivity.
In suspended sulfur environment, there are NiO and Cr,0s,
while in precipitated sulfur and deposited sulfur environment
NiO and Cr,0O; disappear. The change occurring in passive
film is subjected to high temperature and a high level of sulfur
is probably the chief mechanism for decline in the corrosion
resistance capability of G3. Sulfur is a strong oxidant, and the
presence of sulfur leads to a serious localized corrosion.

As mentioned above, in high temperature and high sulfur
environment, the G3 passivation film has been eroded by the
media and the corrosion resistance is reduced. At high

temperature, sulfur in the case of a large content through the
disproportion reaction can produce a large number of S* and
HS'". The equation is as follows:

4S+4H,0—3H,S+H,S0,—6H +2HS +80,”+S* )

According to Macdonald’s point defect model **), oxygen
vacancies of passivation film migrate to the passivation
film/solution interface, through Mott-Schottky pair reaction,
resulting in the metal cations undergoing dissolution formed
the metal sulphides FeS, and NiS. The polarity of S* is higher
than that of CI', the S™ is likely to compete with CI” on the
oxygen vacancies and gradually form a metal sulfide on the
surface of the passive film, and the further reaction can cause
the S* to migrate to the inner layer of the passive film. So the
transition of the metal oxide passivation film to the sulfide
passivation film may be the main reason for the corrosion
resistance decreasing of nickel-base alloy G3. Also, S* can
cause alkaline hydrolysis. With the increase of temperature,
the hydrolysis is more serious formed hydroxide. While the
hydroxide reacts with inner layer S* formed sulfides destroy
stability of passive film. When the proton reaction of OH"
generates H" and O, hydrogen ions move to the surface layer
of the film. The O enters into the inner layer of the film react
with the metal ions to form oxide maintaining the stability of
the passive film. We can infer that the passivation film is
between the corrosive medium and the substrate, so as to
reduce the corrosion medium ion attacking the substrate, the
passive film stability is better at room temperature. However,
at higher temperature, along with changing of the sulfur states
the dissolution of the passive film occurs and the small anode
large cathode forms, accelerating the corrosion. Origin of
passive film of nickel-base alloy is as follows:

S*+Ni* —NiS 3)
HS+Ni*' S>Nis+H" 4)
S*+Ni(OH),—NiS+20H" 5)
NiO+20H —Ni(OH),+0* (6)
NiZ+0*—NiO 7

3 Conclusions

1) The G3 corrosion inhibition decrease with increasing the
temperature, which may be attributed to the move of active
ions becoming violent, which results in the partial
acidification formation occluded cell so as to decrease the
impedance and increase the corrosion.

2) The sulfur direct contact with metal surface is the direct
reason that induces rapid corrosion and is also the indirect
evidence that sulfur directly involved in corrosion electro-
chemical reactions accelerates the corrosion process. The local
corrosion caused by sulfur is closely related to the sulfur
contact forms with materials.

3) At room temperature, the corrosion films consist of
nickel sulfide (Ni;S,) and substrate alloy. However, when the
temperature grows up to 90 °C, a lot of different types of
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