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Abstract

In this paper, we studied on the corrosion behavior of copper-nickel alloys in multi-medium environment with dif-
ferent temperature, pressure, and pH value. Referring to the domestic and international standards, we established
a new corrosion model of copper-nickel alloys, and measured as well as analyzed influences on the corrosion
rate, the corrosion products, the corrosion mechanism caused by the corrosion medium, such as H,S, CO,, CI-.
The results showed that, the corrosion behavior were different in different environment; while different corrosion
medium militated the alloys in the same environment, where we found coupling corrosion behavior. We took
the copper-nickel alloys B30, used as the pressure equipment material, in the model experiment under the actual
project condition, which would supported the standards revision of materials and material selection in corrosion
environment with rich experimental data.
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1. Introduction

The research on the material corrosion were main-
ly conducted at the influences of H,S, CO,, Cl and
other corrosion mediums to the materials [1-8]. The
film appearances of carbon steel corroded in CO,/H,S
environment at room temperature and environment
temperature were described, and the reasons were
analysed [2]. Hydrogen sulfide corrosion of welds in
acidic chloride solution was studied as an example of
corrosion behavior in multi-medium environment [3].
The curves of corrosion rate and corrosion products
were drawn on hydrogen sulfide corrosion in CO,
acid solution [5]. The fundamental reason that stain-
less steels (such as 304L and 316L) were corroded in
the acid medium was chemical element, which was
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proposed by comparing the corrosion situations of
these materials [6].

In recent years, the fatigue and failure of the ma-
terials caused by the corrosion has been a major area
in corrosion research [7-8]. The corrosion behavior
of materials with initial defects was studied, and
relevant protective measures were proposed [9-13].
Theoretical work on hydrogen sulfide corrosion in
materials was conducted by coupling model of phase
and polarization behavior [14].

But the survey showed that, the research on the
corrosion behavior of copper-nickel alloys in H_S,
CO,, CI' and other corrosion mediums with different
temperature, pressure, and pH value and interrela-
tionship of them was not conducted, and the material
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comprehensive corrosion was caused actually by the
factors of above. Therefore, we selected the copper-
nickel alloys B30, used as the pressure equipment
material, in the model experiment under the actual
project condition, and provided a large number of ex-
perimental data and curves in this paper.

2. The Corrosion Process Model and the Mech-
anism Analyses of Copper-Nickel Alloys

Figure 2.1 shows the corrosion process of B30
copper-nickel alloys in multi-medium environment
without H,S. In the initial time of corrosion, the sam-
ple surface adsorbs ion formed by the hydrolysis of
CIl, SO?{ and CO,, and the chloride is formed, where
the cationic copper-iron and nickel-ion are discharged
and CI" is the most active iron. Cu is more stable than
Ni in thermodynamic and the chloride soluble in wa-
ter, while monovalence copper ion is increasing on
the sample surface, which will form porous film of
cuprous chloride and converts into dense film of cu-
prous oxide, called passive film of copper-nickel. The
corrosion process can be expressed as

2CuC15(aq) + ZOH(_aq) - CuZO(s) + Hzo(l) + 4C1(_aq) (1)

The cuprous oxide will partially convert into cop-
per oxide as the reaction proceeding. Copper-Nickel
alloys would be decoppered or denickeled in the cor-
rosion process, which mainly depends on the electric
potential and pH value, and denickelification happens
on the sample surface in the acid solution, where the
dense film would form and corrosion rate would re-
duce for dense of maintain current reducing (Qun-Jie
Xu, Mao-Rong Ding, Zi-Chao Chen, Huan Chen,
2006;Rong-Jun Zhang, Tian-Ming Zhang, 2007).

cr cr cr cr
So¥ soF sof sof
B30 HCO; B30 HCO; B30 HCO; HCO;
co¥ co¥ cor co¥
(@) (b) (©) (d)

Figure 2.1. The corrosion process model of B30 copper-
nickel alloys in multi-medium environment (without H,S)
(a)The initial time of corrosion (b)The formation of CuCl
with loose surface (¢)The formation of dense Cu,O on the
sample surface (d)The final formation of corrosion product
film which contained three layers

3. The Model Experiment and the Corrosion
Rate Analyses of Copper-Nickel Alloys

We took B30 copper-nickel alloys as the corro-
sion sample, which is used as the pressure equipment
material, and prepared 4 kinds of corrosion medium

No. 9 — 2015

Figure 2.2 shows the corrosion process of cop-
per-nickel alloys B30 in multi-medium environment
with H,S. In this condition, the sample surface will
also adsorb ion formed by the hydrolysis of S* and
HS-, and the corrosion process can be expressed as

CU(S) + Cl(_aq) g CuCl(S) +e

CuNi(y) +HS[3q) = CuNi(HS™) - Cu(HS™) +Ni(HS™ )ads

ads ads

Cu(HS™) - Cu(HS),+e”

ads

Ni(Hs”) — Ni(HS),) +2¢7 )

ads aq

Cu(HS)(S) - cu(aq) +HS(,)

. + 24 -

NI(HS) - Nl(aq) + HS(aq)

The following reactions will happen besides (1)
when the corrosion process proceeding

Zcuz—aq) + HS(_aq) + OH(_aq) e Cu2S(S) + H20(1)

Ni2 ) + HS(_aq) + OH(aq)

(;1 d NiS(S) + HZO(I) (3)

At this time, the corrosion products on the loose
layer of the sample surface are cuprous chloride, cop-
per sulfide and nickel sulfide. Cuprous chloride will
convert into copper oxide and copper sulfide will
convert into copper sulfide when the corrosion pro-
cess proceeding, called the toxic effect of sulfur ion.
The corrosion rate will substantially increase for this
effect on extinguishing deactivation compared with
that without H_S.

(@) (b) (©

Figure 2.2. The corrosion process model of copper-nickel
alloys B30 in multi-medium environment (with H2S)
(a)The initial time of corrosion (b)The formation of loose
complex product on the sample surface (¢)The formation
of dense Cu,O on the sample surface (d)The final forma-
tion of corrosion product film which contained two layers

according to the actual project condition, the compo-
nents of which are showed in Tab.3.1. The corrosion
rate curves of the sample in different corrosion medi-
ums are showed in Figure 3.1.
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Figure 3.1. The corrosion rates changing along with the content of H,S, pH
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value and temperature in the four different kinds of corrosion solution
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Table 3.1. The Test Mediums and Other Components

Components MIl M2 M3 M4
Cl /x10°mg-L" | 170 | 100 | 57 1
F /mg-L! 40 40 0 0
Na* Allowance

Peo, /MPa so | 2 | 2 |

The model experiment is conducted in the 4 kinds
of corrosion solutions showed in Tab.3.1, which are
different in the level of hydrogen sulfide. The experi-
ment and analyses of the corrosion rate are on the ba-
sis of the second section. The pitting corrosion test of
B30 copper-nickel alloys indicates that, the corrosion
rate is faster than nickel-base alloy and duplex stain-
less steel but slower than lean alloy steel. The slow
strain rate test of B30 copper-nickel alloys indicates
that, the stress sensitivity index increases greatly as
the temperature increasing from room temperature to
50°C, while it increases not so fast when the tempera-
ture increasing from 50°C to 80°C. The stress sensi-
tivity index of pH=6 is slightly lower than these of
pH=4 and pH=8 when temperature is 50°C, but the
whole range of this index is less than 25%, so the
stress sensitivity of B30 is not obvious.

The variation of corrosion rate of B30 copper-
nickel alloys in differern corrosion solution with
different levels of H,S, pH value and temperature is
summarized and listed as following

The corrosion rate increase along with the in-
crease of the H,S level in the same solution with the
same temperature and pH value, and the corrosion
rate curves turn upward when the H,S level is above
1000mg/L.

The corrosion rate increase along with the increase
of the temperature in the same solution with the same
H.,S level and pH value, and the maximum increase
amount turns up at 80°C.

The corrosion rate increase along with the increase
of the pH value in the same solution with the same
temperature and H,S level. In addition, the corrosion
rate curves nearly overlap with each when pH=4 and
pH=6. Only when the temperature is 80°C and the
solution contains H,S, the corrosion rate curves of
pH=4 and pH=8 will be significantly higher than that
of pH=6.

Furthermore, the chloride ion concentration and
CO, partial pressure are different in different solu-
tions, and the corrosion rate increase along with the
reduce of the chloride ion concentration and CO, par-
tial pressure. Take (c) and (1) for example, the cor-
rosion rate in M4 is nearly 150um/s more than that
in M1 (more than about 70%). The hydrolysis ions
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of CI' and CO, coexist with hydrogen sulfide, and
HS™, g2~ ,HCO3, CO%‘ and other ions will emerge, in
which CI" will be adsorbed on the sample surface and
the toxic effect of sulfur ion will be eased by the surge
of ion species.

4. Corrosion Morphology and Corrosion Prod-
ucts Analyses of Copper-Nickel Alloys

Figure 4.1 shows the macro morphology of B30
after comprehensive corrosion in M1 and M4. The
sample surface is rust red in (a) when pH=8 and tem-
perature is 80°C without H,S, inferring the possible
components are cuprous oxide (dark red or bright red)
and copper oxide (black). The sample surface is grey
black when pH=8 and temperature is 80°C with H,S
level is 2000mg/L, inferring the possible components
are copper sulfide (black) and copper oxide (black).

Figure 4.1. The macro morphology of B30 after com-
prehensive corrosion (a)contained no H,S (b)contained
H,S=2000mg/L

Figure 4.2 shows the microstructure of B30 after
comprehensive corrosion in M4 when H,S level is
2000mg/L, pH=4, temperature are 20°C, 50°C, 80°C
respectively. (a) shows that pits like honeycomb dis-
tribute in the corrosion product layer on the sample
surface. (b) shows that the size of these pits increases
and the corrosion products fall off partly. (c) shows
that the shedding is very obvious and the adhesive
rate goes down further than that in (b).

Figure 4.3 shows the element analyses of corro-
sion products on the sample surface in M4 when H,S
level is 2000mg/L and pH=4, which are Cu, S, O and
a bit of Ni. The corrosion products contain oxide of
Cu and sulfide of Cu. The main corrosion product is
cuprous oxide in seawater or solution with chlorine
ion, which is red or dark red and insoluble in water.
But porous product layer of copper sulfide is easy
to form when sulfur ion exist by the obvious toxic
effect of it. The molar volume of copper sulfide is
28.4 cm® and the molar volume of cuprous oxide is
23.9 cm’, so the strain makes the shedding of the cor-
rosion product layer more serious in the conversion
process from cuprous to copper sulfide with the in-
crease of the reaction time and temperature.

Figure 4.4 shows XPS atlas of corrosion products
on the sample surface in M1 and M4. The corrosion
products curve of M1 is above that of M4, and they
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all contain C12p, Ols, Cu2p, Ni2p. However, the C12p
peak signal and Ni2p peak signal of M4 are relatively
strong than that of M1, and S2p peak signal of M4
emerges.

Figure 4.5 (a) (b) show the XPS atlas of Cu in
the corrosion products on the sample surface respec-
tively in M1 and M4. (a) shows that the bending en-
ergy of Cu2p3/2 of M1 is between 926eV and 936¢eV,
and the relative intensities got from the fitting curve
are 930.8eV, 932.5eV and 933.6eV, which are cor-
respond to CuCl, Cu,O/Cu, CuO respectively. So it
can be calculated that the components of corrosion
products are 9%CuCl, 63%Cu,0/Cu and 28%CuO
(V. Garcia-Arriaga, J. Alvarez-Ramirez, M. Amaya,
E. Sosa, 2010; J. Amri, T. Souier, B. Malki, B. Ba-
roux, 2008; C.D. Wagner, J.F. Moulder, L.E. Davis,
W.M. Riggs, 1992), and the dense corrosion product
layer on the sample surface is mainly cuprous ox-
ide (J. Amri, T. Souier, B. Malki, B. Baroux, 2008).
Besides, Cu,(OH),Cl is not found in the corrosion
products layer because of the corrosion time is not
enough probably. (b) shows that the bending energy
of Cu2p3/2 of M4 is also between 926eV and 936¢V,
and the relative intensities got from the fitting curve
are 930.8eV, 932.5¢V and 933.8eV, which are corre-
spond to CuCl, Mixture of Cu/Cu,S/Cu,O (which are
difficult to distinguish with each other for the bend-
ing energy differ no more than 0.1eV), CuO respec-
tively. So it can be calculated that the components
of corrosion products are 32.5%CuCl, 53.4%Cu/
Cu,S/Cu,0 and 14.1%CuO (G. Kear, B.D. Barker,
K. Stokes, F.C. Walsh, J. Appl, 2004; H. Jang,
H. Kwon, 2006;C.D. Wagner, J.F. Moulder,
L.E. Davis, W.M. Riggs, 1992), and the level of cu-
prous chloride increased in the corrosion products on
the sample surface in the solution with H,S.

Porous corrosion product layer of cuprous chlo-
ride is ordinarily regarded as the first generation on
the copper-nickel alloys corroded in the chloride
ion medium environment (G. Kear, B.D. Barker,
K. Stokes, F.C. Walsh, J. Appl, 2004; H. Jang,
H. Kwon, 2006). The level increase of CuCl and the
level decrease of Cu,O indicate that the corrosion re-
action is continuous on the sample surface in the so-
lution with H,S, leaving a loose and porous layer by
destroying the dense oxide film, refer to Figure 4.2.
The level increase of CuCl is the specific example of
toxic effect of sulfur ion.

Figure 4.6 (a) (b) show the XPS atlas of Ni in the
corrosion products on the sample surface respective-
ly in M1 and M4. (a) shows that level of Ni is very
low, which are mainly NiO and Ni(OH), . (b) shows
that nickel sulfide is the mainly corrosion product,
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and the relative intensities got from the fitting curve
are 852.8eV, 853.6eV and 855.2eV, which are corre-
spond to Ni/NiS, NiO, Ni(OH) respectively.

The corrosion product layer of copper-nickel al-
loys is ordinarily composed with 2 layers in seawater,
which is mainly CuO and Cu(OH), of the outer layer
and Cu,0 mingle with Ni or Fe of the inner layer.
There may be a third one in the internal layer and
could not display in the atlas, which is extremely thin
and porous CuCl layer coverer by the 2 dense lay-
ers outside (M.P. Seah, 2005; V. Garcia-Arriaga, J.
Alvarez-Ramirez, M. Amaya, E. Sosa, 2010). As a
result of the porous outer layers in the solution with
H,S, CuCl is able to display in the atlas.

According to the corrosion thermodynamics (Vé-
ronique Smanio, Marion Fregonese, Jean Kittel,
2011), the HCR of Cu and Ni are as follow

Cuo Cu?* +2¢7, E;=0337V
Ni > Ni2* +2¢7, E,=-025V )

Therefore, Ni is more easily dissolved than Cu in
open circuit, and dense protective layer is formed on
the sample surface in oxidizing atmosphere condition,
where the oxide of copper is generated with increase
level of copper and the oxide of nickel is mixed in.
Figure 4.7 shows the XPS atlas of S in the corro-
sion products on the sample surface respectively in
M1 and M4. The XPS curve of S of M4 is above that
of M1, but S2p signal is relatively strong. The fitted
peak spectrum of M1 is about 168eV corresponding
to SO?[ , and the fitted peak spectrum of M4 are about
161.6eV and 162.8¢V corresponding to 70%Cu,S and
30%NiS/CusS respectively, so the sulfide of corrosion
product is mainly Cu,S.

1
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Binding energy (eV)

NiS, CuS

Intensity (Arb. Units)

Figure 4.7. XPS atlas of Ni in the corrosion product on the
sample surface

(a)contrast between Ml
H,S=2000mg/L

and M4 (b)contained

5. Conclusions

The corrosion rate of B30 copper-nickel alloys is
low in the solution with hydrogen sulfide because of
the dense oxide layer on the sample surface. On the
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contrary, the corrosion rate aggravates along with the
H,S level, pH value and temperature in the solution
with hydrogen sulfide because the sample surface is
porous.

The polarization behavior curves of B30 copper-
nickel alloys in different corrosion mediums indicate
that, the toxic effect of sulfur ion will be eased by the
raise of the chloride ion concentration and CO, par-
tial pressure when the H S partial pressure remains
unchanged.

The pitting corrosion test of B30 copper-nickel al-
loys indicates that, the corrosion rate increases rapid-
ly along with the raise of temperature, which is faster
than nickel-base alloy and duplex stainless steel but
slower than lean alloy steel.

The microstructure of B30 copper-nickel alloys
shows that, the center part of the corrosion pits is not
corroded, the main components of which are Cu and a
bit of O and S, therefore, pitting begins from the grain
boundary or on the interface of a-phase and matrix.

The slow strain rate test of B30 copper-nickel al-
loys indicates that, the whole range of the stress sen-
sitivity index is less than 25%, so the stress sensitivity
of B30 is not obvious.
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