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GH3625 alloy is used to a great extent in the manufactur-
ing of key parts such as gas turbine engines, nuclear power
equipment, acrospace engines, and marine applications due
to its good oxidation and corrosion resistance properties, as
well as good thermal stability and creep strength!*. Vari-
ous corrosion problems cause great economic losses and se-
curity risks. Stress corrosion®7” and hot corrosion in mol-

8111 have been studied exten-

ten salts at high temperature!
sively, but the investigation of acidic atmosphere corrosion
has been rarely studied, especially in pure SO, 1",

Yang et al "% investigated corrosion behavior of a new
Ni-Cr-Fe base alloy GH984G at 700 °C in a synthetic flue
gas environment. A dense protective Cr,O;-rich scale forms
on the sample surface, leading to good corrosion resis-
tance. Gillot et al " studied the corrosion behavior of chro-
mium and manganese in pure SO, (890~1350 K, 0.01~0.5
atm). The duplex sulfide/oxide layer formed during the ini-
tial exposure can be explained by the direct reaction of SO,

with the metal rather than oxygen and sulfur.

s HEA: 2020-04-18

In this work, the main objective is to determine the ef-
fects of SO, concentration on the corrosion mechanism of
GH3625. The corrosion tests were performed at 900 °C for
48 h in three gas mixtures (vol%): 2% SO,/98% Ar, 3%
SO,/97% Ar and 100% SO,. The results were compared
with atmospheric oxidation. Corrosion behavior was stud-
ied through mass gain, surface characteristics, and cross-

sectional morphology.

1  Experiment

1.1 Material preparation

The main chemical composition (wt% ) of the GH3625
alloy used in this study is as follows: 60.63% Ni, 21.77%
Cr, 8.79% Mo, 3.75% Nb, 3.68% Fe, 0.4% Ti, 0.21% Al,
0.2% Mn, 0.19% Co, 0.12% Si, 0.042% C. The 10 mmx10
mmx10 mm specimens were obtained from the original al-
loy bar by wire electrical discharging machining (EDM).
The specimen surfaces were polished with emery papers of
240#, 600#, 800#, 1000#, and 1500# grit sizes, followed by
cloth polishing with a buffing compound with a grain size
of 0.1 um. The samples were then cleaned with acetone,
ethanol, and distilled water and immediately dried with
compressed air. Corundum crucibles used in the test were
cleaned and heated at 200 °C to a stable weight. The sam-

ple-filled corundum crucibles were weighed by a digital
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weighing balance (DahoMeter FA1004) with 0.0001 mg ac-
curacy.
1.2 Hot corrosion test

Corrosion tests were carried out for 48 h in a chemical
vapor deposition furnace (PECVD-12II-3Z/G) at 900 ° C
with three gas mixtures (vol%): 2% S0O,-98% Ar, 3% SO,-
97% Ar, and 100% SO, (impurities: O,<4 uL/L, H,0<5 uL/
L). The contrast specimen was tested at 900 °C in air. First,
the samples were placed in the tubular furnace. Next, the
furnace was degassed to negative pressure with a vacuum
pump. Finally, the furnace was filled with the gas mixture.
Heating was conducted under vacuum, and cooling was
conducted under pure argon flow.

As shown in Fig. 1, the two gases were charged into the
mixing tank at different flow rates, and then the gas mix-
ture was charged into the reaction furnace.

The sample-filled corundum crucibles were cooled to
room temperature and weighed. The corrosion rate was de-
termined by the relationship between the mass gain per
unit area and the corrosion time in each gas mixture. The
surface morphologies of the corroded specimens were in-
vestigated with scanning electron microscopy (SEM). The
corrosion products were identified BY energy dispersive
spectroscopy (EDS) and X-ray diffraction (XRD) with a
Cu Ko X-ray source. The specimens were then carefully
ground and mechanically polished for cross-sectional ob-
servation with SEM and EDS.

gas mixture
3

sozl IAr

Fig.1 Schematic diagram of gas mixing principle

2 Results and Discussion

2.1 Corrosion rate analyses

Fig. 2 shows the area specific mass gain A M of the
GH3625 alloy after 48 h corrosion at 900 °C with different
gas mixtures. The samples have a slight weight gain and no
serious corrosion when the SO, concentration is less than
2%. Even in 100% SO, atmosphere, the mass gain is only
about 4.5 mg/cm?® The increase in mass gain indicates that
SO, accelerates the corrosion of the material. The corro-
sion rate V, (V. =AM/f) is calculated by the data in Fig.2, as

shown in Table 1. The rate of corrosion increases slightly
from 0.2861 g'm?h' in air to 0.3750 g'm™h' in 100%
SO.,.
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Fig.2 Mass gain of GH3625 alloy corroded in gas mixtures at 900 °
C for48 h
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Table 1 Corrosion rate V, of GH3625 alloy in each gas mixture

Gas mixture V. /g'm?-h!
Air 0.2861
2%8S0, + 98%Ar 0.3028
3%S0,+ 97%Ar 0.3306
100%S0, 0.3750

2.2 Surface morphology and phase constitution
2.2.1 XRD analysis

Fig.3 shows the XRD patterns of the GH3625 alloy be-
fore and after the corrosion test under experimental condi-
tions. Fig.3a shows the XRD patterns of the unprocessed
GH3625 alloy, in which the diffraction peaks indicate the
presence of only Ni-Cr-Co-Mo. Fig.3b shows the XRD pat-
tern of the GH3625 alloy after the corrosion tests in differ-
ent atmospheres at 900 °C for 48 h. The oxidation products
of GH3625 alloy in air are primarily Cr,0,, NiCr,O,, and
NiO. The highest diffraction peak is Ni-Cr-Co-Mo, and the
diffraction peaks of the oxidation products are low, indicat-
ing that the oxidation scale is thin. The result also shows
that the corrosion products of the GH3625 alloy in gas mix-
tures with different SO, concentrations are similar, mainly
Cr,0,, NiO, Ni,S;, CrS, and a small amount of Nb,O;. Nei-
ther Al,O, nor TiO, were detected from XRD analysis, per-
haps owing to their low concentration. The diffraction
peaks of Ni-Cr-Co-Mo are still obvious, and the diffraction
peaks of the corrosion products are low, showing that the
corrosion scale is thin. With increasing the concentration of

SO,, the diffraction peak intensity of Cr,0, increases, indi-
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cating that the degree of corrosion increases.
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Fig.3 XRD patterns of the GH3625 alloy, (a) unprocessed;
(b) corrosion in air, 2%S0,, 3%S0, and 100%S0,

2.2.2 Surface corrosion scale characteristics

Fig.4 shows SEM images of the GH3625 alloy after cor-
rosion in different atmospheres at 900 ° C for 48 h. As
shown in Figs.4a~4d, the alloy shows different features af-
ter the corrosion test. Fig. 5 shows the EDS analysis of
chemical compositions of the surface corrosion of the
GH3625 alloy, which shows significant changes at differ-
ent locations of the corrosion scale.

The SEM plain-view image in Fig.4a demonstrates the
massive and granular oxide unevenly and densely distribut-
ed on the surface of the oxide scale. On the surface, the cor-
rosion scale (Fig.4a, point 1) is rich in Cr, Ni, and O, as
shown in Fig.5a. XRD analysis confirms that the granule-
like oxides are Cr,0; and NiO. At the same time, a larger
cellular oxide formed by agglomeration of the granular ox-
ide is observed on the surface of the oxide scale (as shown
in point 2 in Fig.4a). EDS analysis shows a significant in-
crease in Ni concentration and a significant decrease in Cr

concentration. XRD analysis shows that the cellular oxide

is mainly composed of NiO, NiCr,0,, and a small amount
of Cr,0,. It can be concluded that the surface oxidation
scale of the alloy is primarily Cr,O;, NiO, and NiCr,0,.

As shown in EDS analysis and Fig.4b~4d, under each
experimental condition with SO,, a dense scale forms on
the surface of the alloy. XRD analysis shows that the oxida-
tion scale of the GH3625 alloy in different SO, environ-
ments is still generally Cr,0; and NiO (as shown in points
3,4, 6,8, 10, and 11). However, as shown in Fig.5b, sulfur
can be detected in the corrosion products on the surface of
the alloy. XRD results demonstrate that sulfur likely exists
as Ni,S; and CrS in the corrosion products (as shown in
points 5,7, 9, and 11).

2.3 Cross—sectional morphology

The corresponding elemental mapping of the GH3625 al-
loy after oxidation in air is shown in Fig. 6, where a thin
layer of ~1 um forms on the surface of the alloy. The scan-
ning results of the cross-sectional mapping (as shown in
Fig.6b~6h) show that the main components in the scale are
elemental Cr and O, which can form Cr,0,, and there is a
depletion of elemental Mo and Nb. Cr,0O; can effectively
organize the diffusion of oxygen into the interior of the al-
loy matrix, as can be seen from the low distribution of oxy-
gen in the matrix (Fig.6d).

Fig.6 Cross-sectional SEM image (a) and EDS mapping
(b~f) of the GH3625 alloy after oxidation at 900 °C for
48 h

Corrosion severity was also investigated through cross-
sectional morphology analysis. Fig.7 shows the cross-sec-
tional morphology images of the GH3625 alloy after corro-
sion testing. The images show that a thin scale (approxi-
mately 0.8 to 2.5 um) forms on the surface of the alloy
with some eroding holes.

Fig.8 shows the line distribution characteristics of the al-
loy elements of the GH3625 alloy after corrosion, along a
direction perpendicular to the interface between the sub-
strate and the scale. As shown in Fig.8, the elements of the
surface oxide layer are generally Cr and O. In the vicinity
of the contact between the oxide layer and the alloy sub-
strate, the concentration of elemental S and Ni increases.
From these data, it can be seen that the thin layer is Cr,0;,
and that elemental sulfur can penetrate into the alloy ma-
trix through the oxidation layer.

Fig.9 shows the cross-sectional EPMA mapping of the
GH3625 alloy after corrosion in 2% SO,. Table 2 shows

the EDS results of chemical compositions of the corrosion
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Fig.4 SEM images of GH3625 alloy after corrosion in different atmospheres at 900 °C for 48 h: (a) air, (b) 2% SO,+98% Ar, (¢) 3% SO,+

97% Ar, and (d) 100% SO,

products of the GH3625 alloy. It is shown that the outer
layer is rich in Cr and O and contains a small amount of
Ni, Mo and Nb, as shown in Fig.9b~9f and point 1 in Table
2). Combined with XRD data, it is confirmed that it is a
layer of Cr,0, with Mo and Nb oxides. The segregation of
Mo and Nb is found at the interface between the oxide lay-
er and the alloy matrix. At the same time, Ni and S increase
and S extends into the interior of the alloy matrix with ap-
proximately the same distribution (as shown in Figs.9e and
9¢g). In the internal corrosion area, it is found that the two
substances are mainly gray and white (as shown in points 2
and 3 in Fig. 9a). Combined with EDS analysis results
shown in Table 2, compounds in these distribution areas
are primarily CrS with a small amount of eutectic Ni-Ni,S,,
which is consistent with the XRD results in Fig. 3. Al-
though the formation of the Cr,0O, layer can protect the sub-
strate from corrosion, sulfur still penetrates the oxide layer
and enters the interior of the substrate (as shown in Fig.9g),
which exacerbates alloy corrosion. At point 4 in Fig.9a, it
is found through EDS and EPMA results that the element
composition here is basically the same as that of the matrix
element, and no S element or O element is detected, indi-

cating that the corrosion is basically stopped.

2.4 Corrosion mechanism

Alloy oxidation depends on the concentration of a cer-
tain element and its Gibbs free energy"* .. Based on the
analysis of Fig.6~9, the GH3625 alloy first forms an outer
oxide layer of Cr,O, under experimental conditions that
contains NiO, a small amount of NiCr,O, and TiO,. From
thermodynamic analysis, the Gibbs free energy of Cr,0; is
low and the Cr concentration is high, so a layer of continu-
ous and dense Cr,0, film is preferentially formed. Ni has
low oxidizing driving force and is oxidized to form NiO,
which may react with the Cr,0; solid phase to form
NiCr,0O,. Ti has a strong affinity for oxygen, and the out-
ward migration rate is relatively high?Y, but the concentra-
tion is too low to detect with XRD.

When SO, and O, are present in the simulated flue gas
environment, they appear as corrosion of a metal-sulfur-ox-
ygen system, and the formation of oxides is usually accom-
panied by the formation of sulfides!". When the SO, con-
centration is higher than 1%, SO, will directly react with
metal . Since the concentration of SO, in this experimen-
tal environment is higher than 1%, the reaction can be per-
formed according to Eq.(1) and Eq.(2). This is consistent
with the XRD results in Fig.2b.
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Fig.5 Chemical composition of points marked in Fig.4 of GH3625 alloy after corrosion test

Fig.7 Cross-sectional morphologies of the GH3625 alloy after corrosion testing at 900 °C for 48 h in different environments: (a) 2% SO,, (b)
3% SO,, and (¢) 100% SO,
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Fig.8 Line scan results of the GH3625 alloy after corrosion testing in different atmospheres at 900 °C for 48 h. (a) 2% SO,; (b) 3% SO,; and
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Fig.9 SEM image in backscattered electron mode (a) and cross-sectional EPMA mapping of the GH3625 alloy after corrosion in 2% SO, atmo-

sphere at 900 °C for 48 h (b~g)

Table 2 Chemical composition of points marked in Fig. 9a of

GH3625 alloy after corrosion test

Point Ni Cr (0] S Mo Nb
1 34 59.2 29.4 2 0.3 5.7
2 4.8 42.7 0.2 47.6 1.5 32
3 10.1 42.0 0 422 1.9 3.8
4 69.4 20.6 0 0 7.6 24

7 3 3
ECr+5S02—Cr203+5CrS D

7Ni +280, = 4NiO + Ni, S, )

In the initial stage of corrosion, the surface of the alloy
forms a dense Cr,O, oxide scale, so it has better physical
resistance to SO, penetration and resists the SO, corrosion

in the alloy matrix®. As the experiment progresses, a large

concentration of Cr is consumed, forming a Cr-depleted re-
gion in the matrix near the oxide film. The Cr concentra-
tion is too low to continuously form a dense Cr,O, oxide
layer which causes the oxide layer to be weak or defective
in the nearby area. Therefore, SO, can penetrate into the in-
terior of the matrix through the physical defects in the sur-
face corrosion layer and further form sulfides. Meanwhile,
the corrosion rate of metal sulfide is one to two orders of
magnitude higher than that of simple oxidation!”. The
main reason is that the defects in the metal sulfide are sev-
eral orders of magnitude higher than the corresponding ox-
ides. Therefore, as the SO, concentration increases, the cor-
rosion intensifies.

According to Gibbs free energy, the thermodynamic driv-

ing force of chromium vulcanization is the strongest, and
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the stability of sulfides is strong, so chromium can prefer-
entially fix sulfur in the form of sulfides (primarily CrS).
The element S is fixed, thereby reducing the appearance of
eutectic Ni-Ni,S,? with a melting point of 645 °C 1, At
900 °C, the Ni-Ni,S, eutectic will be in a molten state, de-
stroying the oxide film and accelerating the alloy corro-
sion. Therefore, reducing its presence can effectively pro-

tect the oxide layer and retard alloy corrosion.
3 Conclusions

1) The degree of corrosion of the GH3625 increases with
increasing the SO, concentrations.

2) Due to the high concentration of Cr in the GH3625 al-
loy, a dense Cr,O, oxide layer forms on the surface of the
alloy, shielding against penetration by oxygen and sulfur,
in different concentrations of SO, at 900 °C for 48 h. At the
same time, chromium can fix sulfur in the form of sulfide,
thereby slowing the corrosion rate of the alloy. Therefore,
the GH3625 alloy exhibits excellent corrosion resistance in

SO, environment.
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High Temperature Corrosion Behavior of GH3625 Alloy Under Acidic Atmosphere SO,

Ding Yutian'?, Wang Jingjie'?, Ma Yuanjun'?, Gao Yubi'?, Chen Jianjun'?, Zhang Dong’

(1. State Key Laboratory of Advanced and Recycling of Nonferrous Metals, Lanzhou 730050, China;

2. School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China;

3. State Key Laboratory of Nickel and Cobalt Resources Comprehensive Utilization, Jinchuan Group Ltd, Jinchang 737100, China)

Abstract: The corrosion behavior of GH3625 alloy under acidic atmosphere SO, at 900 °C was investigated. The surface morphologies of the

corroded specimens and the corrosion products were investigated by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),

and X-ray diffraction (XRD). The cross-sectional morphology was examined by SEM, EDS, and electron probe micro-analyzer (EPMA) to

analyze the internal corrosion. The results demonstrate that the corrosion rate of the GH3625 alloy only slightly increases with increasing the SO,
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concentration in the acidic environment. A dense oxide film (primarily Cr,0;) forms on the alloy surface which can effectively prevent SO, from
diffusing into the interior of the alloy matrix. Additionally, chromium inside the matrix can combine with sulfur (primarily CrS) to retard
corrosion. GH3625 alloy exhibits excellent corrosion resistance in an SO, environment.

Key words: corrosion behavior; SO, concentration; high temperature; GH3625 alloy
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