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Hot corrosion characteristics of Ni—20Cr—18W superalloy in molten salt
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Abstract: The hot corrosion behavior of a Ni—20Cr—18W (mass fraction, %) superalloy in the mixture of 75%Na,SO,—25%NaCl
melts at 700 and 800 °C was studied. The results demonstrate that the alloy suffers from serious hot corrosion attack in the mixture
molten salt. Meanwhile, the degradation of the substrate accelerates with increasing the corrosion temperature. The corrosion layer
has an obvious duplex microstructure, and the Cr-depletion zone is detected obviously nearby the inner corrosion layer. The main
corrosion products at 700 and 800 °C are almost the same and mainly include NiO, Cr,O; and Ni3S,, but a trace amount of NiCrO, is
detected at 800 °C for 20 h. The hot corrosion mechanism and formation mechanism of corrosion scales of the Ni—20Cr—18W

superalloy in the molten salt are proposed.
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1 Introduction

Ni-based superalloys have been widely used in high
temperature applications. However, a variety of corrosive
environments have to be considered for these alloys
when they are used in practical applications, such as heat
engines and heat exchangers [1—4]. Most of these
environments contain oxygen and other reactants such as
sulfur, carbon and chlorine. Moreover, the deposits of
metallic sulfates and chlorides, such as NaCl and Na,SOy,,
may also accumulate on the exposed surface. Under
certain conditions, these deposited salts give rise to
severe hot corrosion attack and accelerate its
degradation [3,5]. In recent decades, Ni-based alloys
have attracted much attention in the field of heat
exchangers and heat engines due to their excellent high
temperature strength and good corrosion resistance [3,6].
Haynes 230 and Alloy 617 have been extensively used in
various environments such as oxidation, carburization
and corrosive conditions owing to their excellent high
temperature corrosion resistance [5]. Ni-based superalloy
M38G has been designed to meet these stringent
conditions by increasing the mass fraction of Cr (16.0%)
in alloy’s composition, and found that the protective and
compact film of the generated Cr,O3 contributes to the
corrosion resistance of the alloy [7].

Recently, a Ni-based superalloy, with the main
composition of Ni—20Cr—18W (mass fraction, %), has
been developed by increasing the mass fractions of Cr
and W in alloy’s composition [8,9]. Ni—20Cr—18W
alloys are strengthened by combining the solid—solution
strengthening and  the  carbides
strengthening. The role of W is to provide solid—solution
strength. Cr serves two purposes mainly: providing
solid—solution strength and improving the corrosion and
oxidation resistance. It has good high temperature
strength, good oxidation resistance and plasticity [8]. The
oxidation behavior of Ni—20Cr—18W superalloys has
been studied under different conditions, the results
revealed that the alloys exhibited good oxidation
resistance [8,10]. From the point of view of
application, it is necessary to evaluate the hot corrosion
resistance of Ni—20Cr—18W superalloy in corrosive
environments.

In the present work, the hot corrosion behaviors of
Ni—20Cr—18W superalloys were studied. The mass loss
versus time of Ni—20Cr—18W superalloys in molten salt
at different temperatures was examined. Then, the effect
of test temperature on the hot corrosion behavior was
examined. Meanwhile, the products of corrosion scale
were systematically characterized. Furthermore, the
formation mechanism of the corrosion scales was
proposed.
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2 Experimental

The chemical composition of the wrought
Ni—Cr—W superalloy is (mass fraction): 19.82% Cr,
18.48% W, 1.24% Mo, 0.46% Al, 0.11% C, 0.0028% B,
0.026% La, <0.004% P and S, and balance Ni. The alloy
was initially vacuum induction melted (VIM) and then
was re-melted twice by vacuum arc remelting (VAR).
The ingot was homogenized at 1200 °C for 24 h under
vacuum condition. Eventually, the ingot was forged and
hot rolled to a sheet with 3 mm in thickness at 1150 °C.

Then, the rectangular specimens with dimensions of
10 mm % 10 mm X 3 mm were cut from the rolled sheet
by the electrical-discharge method. The surfaces were
polished down to 800-girt abrasive paper. The specimens
were cleaned in acetone, ethanol and distilled water in
sequence in an ultrasonic bath before the test. A mixture
salt of 75%Na,S0,—25%NaCl (mass fraction) was used
for hot corrosion study. The Al,O; crucibles were used to
stow the salts and the specimens. The specimens were
immersed completely in the mixed salts during the whole
process. The crucibles were kept in a muffle furnace at
700 and 800 °C for different time, respectively. Then, the
crucibles were taken out from the furnace every 5 h
during corrosion up to 20 h and were cooled in air. After
the tests, the samples were washed with boiling distilled
water to dissolve the remains of Na,SO,~NaCl mixture
salts, and to remove the loose corrosion products with
hydrochloric acid. Three of the specimens before and
after corrosion tests were measured using an electronic
balance with an accuracy of 0.1 mg. The morphologies
and compositions of the surface of the corroded
specimens were investigated by a scanning electron
microscope (SEM, VEGA3 TESCAN) equipped with an
energy dispersive spectroscope (EDS). The phase
compositions of the corroded scales were determined by
X-ray diffraction (XRD, DX2700).

3 Results and discussion

3.1 Hot corrosion behavior

Figure 1 shows the mass loss per unit area of the
alloys as a function of time in 75%Na,SO4,~25%NaCl
molten salts at different temperatures. The mass loss is
defined as
Am=(m;—m,)/S (D)
where m; is the original mass of the specimens, m,
represents the finanl mass of the corroded specimens and
S is the original area of the spcimens. The value of Am
less than 0 indicates the mass increase of the spcimens
and no spallation of the corrosion scales after corrosion.
While the value of Am greater than 0 suggestes the mass
reduction of the specimens and the occurrence of the

spallation of the scales after corrosion.

It can be seen that the mass loss of the alloys
exhibits different stages with increasing the exposure
time. At 800 °C, the mass loss increases with the
extension of corrosion time, which is closely associated
with the spallation of the corrosion scales. At 700 °C,
however, the mass loss slightly decreases with increasing
the corrosion time during the first 7 h, which can be
attributed to no corrosion scales spalling off in this
period. Moreover, the mass loss of the specimens at
700 °C is obviously lower than that at 800 °C. Compared
with the corrosion at 800 °C during the first 7 h, the mass
loss of the specimens corroed at 700 °C is not significant
and the corrosion rate is slow, and then the mass loss
starts to increase with increasing the corrosion time. The
mass loss is ~2.10 mg/mm?’ after hot corrosion at 700 °C
for 20 h, while the mass loss at 800 °C reachs up to
~7.70 mg/mm*, which indicates that the spallation of
specimens corroded at 800 °C is serious. The corrosion
rate of the experimental alloy at 800 °C reaches as high
as ~0.385 mg/(mm?h), which is much higher than that at
700 °C (~0.105 mg/(mm>h)). It is concluded that the
corrosion process accelerates extremely with increasing
the temperature. ZHAO et al [11] indicated that the
oxidation kinetic curve of the Inconel 740 without
Na,SO, deposit followed the parabolic law at 950 °C,
while the kinetic curve of the alloy with Na,SO, deposit
at 950 °C did not follow a parabolic law owing to the
corrosion scale spallation. Obviously, the spallation of
the scale occurs during the whole process and the kinetic
curves of the specimens do not obey the parabolic law

Mass loss/(mg-mm2)

0 5 10 15 20
Corrosion time/h
Fig. 1 Mass loss as function of corrosion time of Ni—20Cr—
18W superalloy in molten salt at 700 and 800 °C

Figure 2 shows the XRD patterns of the specimens
after corrosion for 1 h. The results reveal that the
corrosion products on the specimen surface are similar at
different temperatures, including mainly NiO, Ni;S, and
Cr,0;. In addition, the peak intensities of the substrate
corroded at 700 °C for 1 h are much stronger than those
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treated at 800 °C, suggesting the formation of a thinner
corrosive scale on the specimen corroded at 700 °C for
I h [12]. Figure 3 shows the XRD patterns of the
corrosion products spalled from the substrate after
corrosion for 20 h. Compared with the XRD pattern of
the specimen corroded at 700 °C for 20 h, the intensities
of Bragg peaks of the Ni;S, corroded at 800 °C for 20 h
are obviously stronger, indicating the increased content
of Ni;S,. Furthermore, a trace amount of NiCrO, forms
after corroded at 800 °C for 20 h. The difference of the
products may be related to the difference of the diffusion
of elements at different temperatures [13]. Ni—20Cr—
18W superalloy contains a high content of Cr, and the
previous work has demonstrated that the alloy exhibited
good oxidation resistance due to the formation of the
compact film of Cr,O; [10]. The recent research has
indicated that the compact film of Cr,O; on the surface of
Haynes 230 also contributed to the corrosion
resistance [5]. ZHAO et al [14] demonstrated that the
elements of Co and Cr improved the corrosion resistance
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Fig. 2 XRD patterns of corroded scales on Ni—20Cr—18W
alloys after corrosion in molten salt at 700 °C (a) and 800 °C (b)
for1h
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Fig. 3 XRD patterns of corroded scales on Ni—20Cr—18W
alloys after corrosion in molten salt at 700 °C (a) and 800 °C (b)
for 20 h

of the Inconel alloy 740, and the rapid degradation of
corrosion resistance of the alloy could be attributed to the
dissolution of the protective oxide on the surface.
However, in this work, a small amount of Cr,O; is
detected on the corrosion scales. This is possibly
associated with the fact that the generated Cr,O; is
immediately consumed at the relatively high temperature
in the molten salts.

3.2 Morphology of corrosion scale

The surface morphologies and corresponding EDS
analysis of the specimens are presented in Fig. 4 and
Table 1, respectively. It can be seen that the surface
morphologies of the specimens exhibit different features
after corrosion at 700 and at 800 °C for 1 h in mixed
molten salts (Figs. 4(a) and (b)). At 700 °C, its surface is
composed of many fine grains and there are no obvious
corrosion scales spalling from the specimen. The surface
of the scales is compact and flat (Fig. 4(a)). At 800 °C, it
is shown that its surface consists of many grains in the
same way, but its size is big and fluctuant. The surface of
the specimen corroded at 800 °C is loose and uneven.
Meanwhile, the cracks can be detected on the surface
(Fig. 4(b)). The EDS results reveal that the big grains are
rich in Ni and S (marked as Spectrum 4 in Fig. 4(b)). It
can be deduced that there are some corrosion products
spalled off, which is consistent with the analysis of the
kinetics of hot corrosion.

Figure 5 shows the surface morphologies
and corresponding cross-section morphologies of the

Fig. 4 Surface morphologies of specimens after hot corrosion
in mixture melts at 700 °C (a) and 800 °C (b) for 1 h
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Table 1 EDS analysis results of points shown in Fig. 4

Mass fraction/%

Point in Fig. 4

Ni Cr S O Na C i Cl
A 7.60 30.96 2.88 39.48 1.69 17.38 - -
B 3.78 34.73 1.16 42.28 3.03 14.29 - -
Cc 10.3 31.76 8.66 35.36 14.19 - - -
D 62.84 3.26 27.43 6.47 - -
E 5.84 29.05 2.04 42.97 4.10 12.37 3.63 -
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Fig. 5 Surface morphologies (a, b), corresponding cross-section images (c—f) and linear analysis of specimens (g, h) after hot
corrosion in mixture melts at 700 °C (a, c, e, g) and 800 °C (b, d, f, h) for 5 h
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specimens corroded in the mixed molten salts at 700 and
800 °C for 5 h. As the corrosion processes at 700 °C, the
surface morphology gradually becomes loose and porous,
along with the increase of the grain size. Moreover, it can
be seen from Fig. 5(a) that a small amount of corrosion
scales spalls from the substrate in the form of particles.
However, the surface morphology of specimen corroded
at 800 °C for 5 h, as shown in Fig. 5(b), presents obvious
cracks and the corrosion scales spall off in the form of
large lamella. It is revealed that a relatively thick
corrosion layer forms on the surface of the specimen
shown in Fig. 5(b). The thickness of specimen corroded
at 800 °C (Fig. 5(d)) is thinner than that corroded at
700 °C (Fig. 5(c)), which can be related to the severe
spallation of the corrosion scales at 800 °C, and it is
insignificant at 700 °C. As shown in Figs. 5(¢) and (f),
the corrosion scales exhibit a duplex structure, consisting
of outer layer and inner layer. The inner layer is thinner
than the outer one. The outer layer contains more cracks
and inclusions than the inner one, which indicates that
the corrosion resistance of the inner layer is superior to
that of the outer layer. Compared with the scales formed
at 700 °C, the loose scales formed at 800 °C contain
more cracks and inclusions. The inner layer formed at
700 °C is thicker than that formed at 800 °C, while the
thickness of outer layer formed at two different
temperatures is reverse. As can be seen from Fig. 5(f),
the outer layer stacks in the form of a lamellar structure.
Combining the results of XRD and EDS analysis (as
indicated in Fig. 5(f)), the inclusions are Ni;S,, and the

cracks derive from these inclusions, which accounts for
the spallation of corrosion scales [7,13]. A large quantity
of cracks in the remain corrosion scales are presented in
Fig. 5(f), and which is rare in Fig. 5(e). It can be seen
that a thin corrosion affected zone (CAZ) [1] appears
beneath the corrosion layer in Figs. 5(e) and (f). Figures
5(g) and (h) show the line distribution of different
elements along the arrow marked in Figs. 5(e) and (f),
respectively. It is clearly seen that a trace amount of
sulfur is detected in the substrate, which implies that
internal sulfidation occurs. The detected Cr-depletion
zone [14], as shown in Figs. 5(g) and (h), consists well
with the CAZ region as indicated by dashed line in
Figs. 5(e) and (f), respectively.

Figure 6 shows the surface morphologies and
corresponding high magnification images of specimens
corroded at 700 and 800 °C for 20 h. At 700 °C
(Fig. 6(a)), the cracks are presented and some inclusions
are exposed. Combining the results of XRD (Fig. 3) and
EDS analysis (Table 2), it can be deduced that the
inclusions are Ni;S,. The cracks originate from the
inclusions, as shown Figs. 5(f) and 6(a), which
eventually leads to the corrosion scales spalling off.
Compared with the corrosion at 700 °C, the inclusions
formed at 800 °C are big, and the specimen suffers from
serious corrosion attack, as shown in Figs. 6(b) and (d).

3.3 Formation mechanism of corrosion scale
Similar to many alloys [4,11,15], the scales formed
on the alloys have a duplex microstructure during the hot

o]

Fig. 6 Surface morphologies and corresponding high magnification images of specimens after hot corrosion in mixture melts at

700 °C (a, ¢) and 800 °C (b, d) for 20 h
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Fig. 7 Schematic diagram showing transition of corrosion scales on substrate during hot corrosion in molten salts

Table 2 EDS analysis results of points shown in Fig. 6

Mass fraction/%

Point in Fig. 6

Ni Cr S (6]
F 60.52 14.33 20.91 4.24
G 57.17 16.64 20.98 5.4
H 66.0 9.15 23.08 1.77

corrosion (Figs. 5(¢) and (f)). The outer layer consists of
coarse grains with many pores and cracks, the inner one
is composed of fine grains and is compact, and the
thickness of the inner layer is thinner than that of the
outer one. The difference between two layers can be
described as oxide dissolution/reprecipitation mechanism
[16,17]. According to the reaction: 4M+SO; =MS+
3MO+0?", the corrosion scales form on the substrate
surface firstly [12]. This inner layer is compact and
dense. Secondly, the formed scales dissolve into the
molten salt simultaneously, according to reaction:
MO=M*"+0"", owing to the concentration gradient of
O”". Subsequently, the dissolved oxides diffuse outward
through molten salt, and reprecipitate according to
reaction: M**+0? =MO [12], to form the outer oxide
layer. As a result, the microstructure of outer layer would
be porous and incomplete, as shown in Figs. 5(a) and (b).
In addition, the molten salt penetrates through the defects,
e.g., pores and cracks, and SOﬁ_ is reduced by the
chemical equilibrium: 2SO;~ =20%+30,+2S. Then, the
released S attacks the substrate, leading to internal
sulfidation and forming the sulfide. The corrosion
process of the Ni—20Cr—18W superalloy can be
considered to follow a sequence presented in Fig. 7.
Firstly, S and O diffuse inward, and metal elements, such
as Ni, Cr and W, diffuse outward through the molten
salts. Secondly, the oxides nucleate at the substrate/salt
interface, such as MO (its vapor pressure is high and can
evaporate easily) and M,O (its vapor pressure is
relatively low and can dissolve and precipitate easily). As
the corrosion progresses, S diffuses inward through the
salt, meanwhile M,O will dissolve in the scales and M,
diffuses outward, eventually leading to the formation of
sulfide (such as Ni3S, [14]) in the corrosion scales.

Finally, as the vapor pressure of M0 is high enough that
some MO evaporates, meanwhile, M,O reprecipitates
on the surface of the scales and its morphology is porous
and incompact. The inclusion of the sulfide is generated
in the scales. And it can be deduced that the cracks
originate from the inclusion, e.g., NizS,, which consists
with the analysis results presented in Fig. 5. The outer
layer peels off easily from the substrate, and the residual
outer layer is divided into a layer structure by those
inclusions.

It is also noticed that the difference of surface
microstructures of the different
temperatures. At 700 °C, the precipitate grains are fine
and granular, but at 800 °C, the shape is irregular and the

scales forms at

size of precipitate grains increases significantly. It can be
ascribed to the difference of the diffusion rates of
elements and molten salts at different temperatures. At
800 °C, they grow rapidly due to the high diffusion rates
of the elements, resulting in a considerably large size.

4 Conclusions

1) The Ni—20Cr—18W superalloy suffers from
severe hot corrosion attack in the mixture of
75%Na,S04~25%NaCl melts, and the corrosion rate at
800 °C (~0.385 mg/(mm™h)) is obviously higher than
that at 700 °C (~0.105 mg/(mm*-h)).

2) The corrosion products at different temperatures
are similar, including NiO, Ni;S, and Cr,0;, but a trace
amount of NiCrQ, is detected at 800 °C for 20 h.

3) The corrosion layer has duplex microstructure.
The outer layer consists of coarse grains with many pores
and cracks, the inner layer is composed of fine grains and
is compact. The outer layer is divided into a layer
structure by those inclusions. Some cracks exist in the
outer layer and they derive from the formation of
granulated Ni3S,.

4) The Cr-depletion zone is detected obviously
nearby the inner corrosion layer. The difference between
two layers can be described as the oxide dissolution/
reprecipitation mechanism.
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