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Abstract: The hot corrosion behaviors of Ni—16Cr-xAl(x=4.5%, 6.8%, 9.0%, mass fraction) based alloys in Na,SO4~25% NaCl
molten salts at 600 °C were investigated. The effects of pre-oxidation and Al content on the resistance to hot corrosion were
examined. The hot corrosion resistance of Ni—16Cr—xAl based alloy with Al addition from 4.5% to 9.0% increases with increasing Al
content. The alloy with Al content of 9.0% shows the highest hot corrosion resistance among the examined alloys because more
J—-NiAl phases are obtained to sustain the Al,O; scale repaired during hot corrosion. Pre-oxidized specimens have a superior hot
corrosion resistance compared with the as-cast specimens, due to a protective oxide scale formed after pre-treatment.
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1 Introduction

The energy crisis and protection of the environment
require that coal-fired power plants have high power and
low emissions, which introduces new demands for filter
materials, such as hot corrosion resistance and good
high-temperature mechanical properties [1—3]. Although
the metallic filters based on the Fe;Al intermetallic
compound have been well developed, the brittle
properties at ambient temperature and insufficient high
temperature strength make it difficult to withstand
typical operating conditions. Recently, Ni-Cr—Al based
alloy has attracted much attention in the field of gas
purification at high temperature, because of its both
to high
corrosion as the Fe;Al and good mechanical properties

nearly equivalent resistance temperature
[4]. However, investigations about the hot corrosion
behavior of Ni—Cr—Al based alloys were still limited
[5—-6].

For the Ni—Cr alloys, there are some reports about
the effect of Al addition from 0 to 6% on its sulfidation
behavior [7-8]. MOTOI and YUTAKA [7] studied the

corrosion behaviors of Ni—20Cr, Ni—20Cr-2Al and
Ni—20Cr—5Al alloys immersed in molten Na,SO,—NaCl
at 1 173 K. The corrosion mass loss was found to
increase with the increase of the Al content. However,
researches on Ni—Cr—xAl (x=1%, 3%, 4.5%, 6%) alloys
tested in a burner rig with diesel fuel burned at 8§70 °C
showed that a peak of corrosion mass loss appeared in
the Ni—Cr alloy with 4.5% Al. Whereas, there existed a
smaller value of the corrosion mass loss for Ni—Cr alloy
with 6% Al compared with the Ni—Cr alloy with 4.5% Al
[8]. Therefore, it was deduced that the sulfidation
resistance of the Ni—Cr alloys, with Al content larger
than 4.5%, increased with increasing Al content.

In the present study, the hot corrosion behaviors of
Ni—16Cr—xAl based alloys with 4.5%, 6.8% and 9.0% Al
in Na,SO4,~25% NaCl molten salts at 600 °C were
examined. The effect of pre-oxidation on the hot
corrosion behaviors of the Ni—16Cr—xAl based alloys
with different contents of aluminum was studied. The
corroded scales were systematically characterized.
Furthermore, the mechanism was discussed and possible
sulfidation process of the pre-oxidized alloys was
proposed.
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2 Experimental

Three Ni—16Cr—xAl based alloys containing
different aluminum contents of 4.5%, 6.8% and 9.0%
were prepared using high-purity materials (99.99%) by
arc melting in a vacuum furnace. The nominal
compositions of the alloys are shown in Table 1. The
as-cast alloys were cut into cylindrical specimens of
8 mm in diameter and 7 mm in height. The surfaces of
the specimens were polished with SiC papers down to
2000 grit, cleaned sequentially in alcohol and distilled
water in an ultrasonic bath, and then dried in hot air.
Pre-oxidation treatment was conducted in the mixture of
nitrogen (with the flow rate of 0.03 m*/h) and air at 1 000
°C for 50 h, followed by air cooling. The as-cast and
pre-oxidized specimens were then put into the Al,O;
crucibles, immersed completely in the mixed
Na,S0,—25%NaCl salts, and placed in a tube resistance
furnace. The corrosion tests were conducted at 600 °C in
air for 25, 50, 75, and 100 h, respectively. After the tests,
the samples were washed with boiling distilled water to
dissolve the remains of Na,SO,~NaCl, and to remove the
loose corrosion products with hydrochloric acid. The
morphology and compositions of the surface for the
corroded specimens were investigated by field emission
scanning electron microscope (FE-SEM, Nova Nanosem
230) equipped with an energy dispersive spectroscope
(EDS). The phase compositions of the corroded scales
were determined by X-ray diffraction (XRD, Rigaku,
D/max—2550VB). Both of the specimens before and after
corrosion tests were measured using an electronic
balance with an accuracy of 0.1 mg.

Table 1 Nominal compositions of studied alloys

Alloy w(Cr)/% w(Al)/% w(Fe)/% w(C)/% w(Y)/%
Ni—16Cr-4.5A1 16 4.5 3.0 0.05 0.01
Ni—16Cr-6.8A1 16 6.8 3.0 0.05 0.01
Ni—16Cr-9.0A1 16 9.0 3.0 0.05 0.01

Alloy w(Mn)/ w(Si)/% w(Zr)/% w(B)/% w(Ni)/%
Ni—16Cr—-4.5A1 0.5 0.2 0.1 0.01 Bal.
Ni—16Cr-6.8A1 0.5 0.2 0.1 0.01 Bal.
Ni—16Cr-9.0A1 0.5 0.2 0.1 0.01 Bal.

3 Results

3.1 Kinetics of hot corrosion

Figure 1 shows the mass change per unit area of the
pre-oxidized and as-cast specimens as a function of time
in the Na,S04-25% NaCl molten salts at 600 °C. It can
be seen that the mass loss of the alloys increases with the
exposure time extending. For the as-cast alloys, the mass

loss decreases with the increment of aluminum content,
and the Ni—-16Cr—9.0Al alloy has the lowest mass loss of
5.97 mg/cm® after hot corrosion for 100 h. For the
pre-oxidized samples, the mass change versus time
curves exhibits relatively stable. Besides, the mass losses
of the pre-oxidized samples are obviously lower than that
of the as-cast alloys, as seen from Fig. 1. The
pre-oxidized Ni—16Cr—9.0Al alloy has the lowest mass
loss (0.75 mg/cm?) after exposure for 100 h, which is
about 12.6% of the mass loss for the corresponding
as-cast alloy. According to the results above, it is
concluded that both the pre-oxidation treatment and
increasing the aluminum content can improve the hot
corrosion resistance of Ni—16Cr—xAl alloys in the
mixture of Na,SO4,~25% NaCl salts at 600 °C to a certain
extent.
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Fig. 1 Mass change per unit area of pre-oxidized and as-cast
specimens as function of time in Na,SO,~25% NaCl salts at
600 °C

3.2 Corrosion products

Figure 2 shows the XRD patterns of the as-cast and
pre-oxidized Ni—16Cr—xAl alloys before and after hot
corrosion for 100 h at 600 °C. f—NiAl phase is detected
on the surfaces of the as-cast Ni—16Cr—6.8Al and
Ni—16Cr-9.0Al alloys (Fig. 2(a)). Meanwhile, both the
amount and intensity of S-NiAl characteristic peak
increase with increasing the Al content. Cr,O;, AL,O3 and
NizS, are the common oxide phases in the corroded
scales of the as-cast alloys after hot corrosion (Fig. 2(a)).
In addition, a small amount of NiO is also observed on
the surface of Ni-16Cr—4.5Al alloy. Compared with the
Ni—16Cr—4.5Al alloy, both of the amount and intensity of
ALyO; characteristic peaks on the surfaces of
Ni—16Cr—6.8Al alloy and Ni—16Cr-9.0Al alloy increase,
as seen from Fig. 2(a), due to the increment of aluminum
content. After pre-treatment, oxide layers form on the
surfaces of the Ni-16Cr—xAl alloys. The main phases of
the products on the surface of pre-oxidized
Ni—16Cr—4.5Al alloy are Al,O;and Cr,0O;. Meanwhile, a
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small amount of NiCrO, is also observed (Fig. 2(b)).
However, there is only Al,O; identified on the surfaces
of pre-oxidized Ni—-16Cr—6.8Al alloy and Ni-16Cr—
9.0Al alloy. After exposure for 100 h in the Na,SO4—25%
NaCl molten salts at 600 °C, a trace amount of NiO and
Ni3S, are also found on the surfaces of pre-oxidized
samples, as seen from Fig. 2(b).
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Fig. 2 XRD patterns of as-cast (a) and pre-oxidized (b)
Ni—16Cr—xAl alloys before and after hot corrosion for 100 h at
600 °C

3.3 SEM (EDS) analysis of scale

The cross-sectional morphologies of the
pre-oxidized Ni—16Cr—xAl alloys are presented in Fig. 3.
It can be seen that relatively continuous and compact
layers are formed on the surfaces of the pre-oxidized
samples. The average thickness of the oxide layer on the
Ni—16Cr—4.5Al alloy after pre-oxidation is about 4.5 um
(Fig. 3(a)), which is rich in O, Cr and Al as determined
by EDS analysis. Combining the results of XRD and
EDS, it can be deduced that the oxide phases are mainly
Cr,0; and partially Al,O;. Figure 3(b) shows the
cross-section of the pre-oxidized Ni—16Cr—6.8Al alloy,
and the scale with a thickness of 2.8 um is thinner than
that of the pre-oxidized Ni-16Cr—4.5Al alloy. The oxide
scale formed on the surface of the pre-oxidized

Ni—16Cr-9.0Al alloy is more uniform and compact, as
seen from Fig. 3(c), with a thickness of 2.8 pm. The EDS
analysis shows that the oxide scales of the pre-oxidized
Ni—16Cr—6.8Al and pre-oxidized Ni—16Cr—9.0Al alloys
are composed of Al,O;.

Fig. 3 Cross-sectional morphologies of pre-oxidized Ni—16Cr—
xAl alloys: (a) Ni-16Cr—4.5Al alloy; (b) Ni-16Cr— 6.8Al alloy;
() Ni-16Cr—9.0Al alloy

Figure 4 shows the cross-section of the as-cast
samples and pre-oxidized samples corroded for 100 h in
the Na,SO,~25% NaCl molten salts at 600 °C. It is
revealed that a relatively thick corrosion layer forms on
the surface of as-cast Ni-16Cr—xAl alloys, and a rather
deep corrosion affected zone appears beneath the
corrosion layer (Figs. 4(a)—(c)). However, the corrosion
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Fig. 4 Cross-sections of as-cast samples (a, b and c) and pre-oxidized samples (d, e and f) corroded for 100 h in Na,SO,~25% NaCl

salts at 600 °C: (a), (b), (c) As-cast alloys with Al contents of 4.5%, 6.8%, 9.0%, respectively; (d), (e), (f) Pre-oxidized alloys with Al
contents of 4.5%, 6.8%, 9.0%, respectively

affected zone is not observed beneath the corrosion
layers of the pre-oxidized samples except for
Ni-16Cr—4.5Al alloy (Figs. 4(d), (e)). The results above
are consistent with those of the corrosion kinetics
analysis in Section 3.1. That is, the hot corrosion
resistance of the pre-oxidized samples is superior to that
of the as-cast samples. As seen from Fig. 1 and Fig. 4,
the hot corrosion resistance of the pre-oxidized
Ni-16Cr—4.5Al alloy was comparable with that of the
as-cast Ni-16Cr-9.0Al alloy.

It is evident that the as-cast Ni-16Cr—4.5Al alloy
suffers serious hot corrosion, with a thickness of
corrosion scale about 100 um (Fig. 4(a)). A higher
magnification of the region marked S in Fig. 4(a) shows

that there are many small white grains and strip-like dark
gray pits in it. The EDS analysis exhibits that the small
white grains mainly contain Ni and S, while the strip-like
dark gray pits are mainly composed of Ni and O.
Figure 5 shows the element distribution map of the
as-cast Ni-16Cr—4.5Al after corrosion for 100 h. It may
be clearly noted that the corroded scale is mainly rich in
Cr, Al and O, besides, there is also a small amount of S
and Ni. Meanwhile, Al-depleted and Cr-depleted zones
are detected beneath the corroded scale (Fig. 5), due to
the outward diffusion of Al and Cr. In combination of
XRD with EDS results, the corroded products in the
scale of the as-cast Ni—16Cr—4.5Al alloy are AlO;,
Cr,0s, Ni3S; and NiO.
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As shown in Fig. 4(b), the corroded scale formed on
the as-cast Ni-16Cr—6.8Al alloy is thinner than that on
the as-cast Ni—16Cr-4.5Al alloy (Fig. 4(a)), with a
thickness of 10 pm. Figure 6 shows the element
distribution map of the cross-section. For the as-cast
Ni—16Cr—6.8Al alloy, the compositions of the corroded
scale are found to be similar to the results of the as-cast

Ni-16Cr—4.5Al alloy, i.e., Cr, Al and O with a small
amount of Ni and S.

It can be seen from Fig. 4(c) that after hot corrosion
for 100 h, a thinner corroded scale with a thickness of
6 um and deeper corrosion affected zone of about 18 pm
beneath the scale are observed on the cross-section of
as-cast Ni-16Cr—9.0Al alloy. Figure 7 shows the line

Fig. 5 Cross-sectional SEM image (a) and corresponding elements mapping (b, c, d, e, f) of as-cast Ni-16Cr—4.5Al after corrosion

for 100 h in Na,SO,~25% NaCl at 600 °C

Fig. 6 Cross-sectional SEM image (a) and corresponding elements mapping (b, c, d, e, f) of as-cast Ni-16Cr—6.8Al after corrosion

for 100 h in Na,SO4—25% NaCl at 600 °C
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distribution of different elements along the arrow marked
in Fig. 4(c). It is clearly found that two layers constitute
the corroded scale, including an outer Cr,O; layer and
inner Al,O; layer. A trace amount of sulfur is determined
in the corrosion affected zone, which implies that the
internal sulfidation occurs in the region.

For the pre-oxidized Ni-16Cr—4.5Al alloy, the
corroded scale is about 3 pm and the corrosion affected
zone is about 15 pum beneath the scale after being
corroded for 100 h (Fig. 4(d)). The EDS results reveal
that the continuous dark phase (marked as 4 in Fig. 4(d))
in the corrosion products mainly consists of Cr and O,

-Oxide

Substrate. e

Distance/pm

Fig. 7 Element distribution along arrow marked in Fig. 4(c)
after corrosion for 100 h in Na,SO4~25% NaCl at 600 °C

and the slight gray phase (marked as B in Fig. 4(d)) is
primarily composed of Al, O and Cr. Whereas, the
corrosion affected zone (marked as C in Fig. 4(d)) is rich
in O. By combining the results of XRD and EDS, it is
deduced that the continuous dark phase and slight gray
phase are Cr,0; and Al, O, respectively.

Figures 4(e) and (f) show the morphologies of the
pre-oxidized Ni—16Cr—6.8Al and Ni—16Cr-9.0Al alloys
after hot corrosion at 600 °C for 100 h, respectively. A
corroded layer with a thickness of about 10 pm is
observed, but the corrosion affected zone can be hardly
found. The corresponding element distribution maps of
the cross-sections are presented in Fig. 8 and Fig. 9,
respectively. It may be noted from Fig. 8 that the
corroded scale formed on the pre-oxidized
Ni-16Cr—6.8Al alloy is mainly rich in Cr, Al, O and S,
with a small amount of Ni. Combined with the chemical
composition analysis of the pre-oxidized samples, the
AlLyO; scale, which was formed during pre-oxidation,
effectively retards the inward diffusion of sulfur to
alloy/scale interface. Therefore, the sulfide was mainly
distributed in the outer oxidized scale rather than
substrate. The chemical composition of the corroded
scale for the pre-oxidized Ni—16Cr—9.0Al alloy, as seen
from Fig. 9, is similar to that of the pre-oxidized
Ni-16Cr—6.8Al alloy. However, the scale formed on the
pre-oxidized Ni—16Cr—9.0Al alloy is more compact,
continuous and uniform in comparison with that of the
pre-oxidized Ni—16Cr—6.8Al alloy.

Fig. 8 Cross-sectional SEM image (a) and corresponding elements mapping (b, ¢, d, e, ) of pre-oxidized Ni—16Cr—6.8Al after

corrosion for 100 h in Na,SO4~25% NaCl at 600 °C
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Fig. 9 Cross-sectional SEM image (a) and corresponding elements mapping (b, c, d, e, ) of pre-oxidized Ni—-16Cr-9.0Al after

corrosion for 100 h in Na,SO4~25% NaCl at 600 °C

4 Discussion

4.1 Hot corrosion mechanism

When immersed in the mixed salts, the as-cast
samples were oxidized firstly by the dissolved oxygen
[9]. Alumina and chrome were formed according to the
selective oxidation, and the mixed salts would easily
react with the oxides. Under this condition, the oxides
could hardly form continuous protective oxide layer and
thus serious hot corrosion occurred. According to the
reaction 2S0,” =20 +30,+2S [10-11], it was known
that the continuous formation of the oxides on the
surface of the alloy lowered the p(O), in the salts and
increased the sulphur potential, leading to the transport
through the oxide scale and the formation of sulfide at
the interface of scale and metal. As seen from Fig. 5 and
Fig. 6, sulfides are detected at the interface of scale and
metal. It was suggested that NiSO, was formed by
outward diffusion of Ni through the sulfide, and the
reaction [12] 9Ni+2NiSO,=8NiO+Ni;S, subsequentially
took place, which can explain the production of NiO and
Ni;S; (Fig. 2(a)).

The oxide scale formed during the oxidation stage,
had a certain effect on inhibiting the invasion of sulfur.
However, the forming sulfide caused a reduction of S
activity and consequently an increase of O activity at
the interface, which finally initiated basic fluxing of the
oxide scale. Moreover, Cr,0; ismore stable than Al,O; in
Na,SO, since it disobeys the Rapp-Goto’s criterion of

negative solubility gradient for self sustained dissolution
[13]. The basic dissolution of Al,O; took place as
Al,05+20,=2 AlO;, . Therefore, more Al was required to
diffuse outward from the substrate to reform the Al,Os
scale. This implied that there was a competition between
the destructive dissolution and the re-formation of Al,O4
scale. It has been reported that the -NiAl phase could
act as an Al-reservoir [14—17]. Consequently, the S-NiAl
phase beneath the alloy surface could provide the Al to
repair the Al,O; scale. With time extending, the S-NiAl
phase existing inside the substrate was hardly found due
to the heavy consumption of aluminum (Fig. 2(a)). There
was not sufficient S-NiAl phase for the as-cast
Ni-16Cr—xAl alloys to sustain the scale repaired.
However, with the increment of the Al content, more
P-NiAl phases are detected in the Ni—16Cr—xAl alloys
(Fig. 2(a)). Thus, for Ni-16Cr— 9.0Al alloy, more Al
could be accommodated and supplied to form the
alumina scale. As a result, a uniform and compact
Al,O;-rich scale formed on the surface of
Ni—16Cr-9.0Al alloy (Fig. 7), which was able to act as
an effective protective barrier between the substrate and
the salts medium. Therefore, the Ni—16Cr—9.0Al alloy
exhibited a better resistance to the hot oxidation than the
other two Ni—16Cr—xAl alloys.

4.2 Effect of pre-oxidation on hot corrosion

The pre-oxidized Ni—16Cr—xAl alloys exhibit much
better hot corrosion resistance than the as-cast alloys in
Na,S0,~25%NaCl at 600 °C for 100 h (Fig. 1). The
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pre-oxidized layers are found to still exist on the surfaces
of specimens after hot corrosion (Figs. 4(e), (f)).
Moreover, it is noted that for the pre-oxidized samples
except for the Ni—16Cr—4.5Al alloy sulfur is not detected
in the substrate after hot corrosion (Fig. 8 and Fig. 9).
This may be ascribed to the fact that the continuous,
compact and protective oxide layer formed during
pre-oxidation could effectively inhibit the inward
diffusion of sulfur. The sulfidation process of the
pre-oxidized alloys could be considered to follow a
sequence presented in Fig. 10. Firstly, Ni*", Cr’* and AI’*
diffuse outward and S*~ inward through the oxide layer,
as shown in Fig. 10(a). Then, sulfides nucleate at the
oxide/salt interface, leading to the formation of a sulfide
layer (Fig. 10(b)). With time going on, the S* ions
diffuse through the oxide layer and the cations diffuse
outward, resulting in the formation of the sulfides within
the oxide layer (Fig. 10(c)). With continued exposure to
the sulfidizing environment, more S*  ions diffuse
through the oxide layer and sulfide growth takes place at
the oxide/metal interface, as shown in Fig. 10(d).
Accordingly, for the pre-oxidized samples, the ability of
the preformed oxide scale to inhibit the diffusion of
sulfur is a key factor in the hot corrosion resistance.
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Fig. 10 Schematic diagram showing growth of sulfide layer on
pre-oxidized Ni—-16Cr—xAl alloys during hot corrosion in
Na,S0,~25% NaCl at 600 °C: (a) Diffusion of S*, AI*, Cr**
and Ni*"in oxide layer; (b) Nucleation of sulfides at oxide/salt
interface; (c) Formation of sulfides in oxide layer; (d) Growth
of sulfides near oxide/alloy interface

The pre-oxidized Ni—16Cr—6.8Al and
Ni—16Cr-9.0Al alloys have a superior hot corrosion
resistance than the pre-oxidized Ni—-16Cr—4.5Al alloy
(Fig. 1). The preformed scale formed on the Ni—16Cr—
4.5Al1 alloy is mainly Cr,O; and partially Al,O3;, while

that on the Ni-16Cr—6.8Al alloy and Ni—-16Cr—9.0Al
alloy are ALO; (Fig. 3). A distinct difference existed
between chromia and alumina films with respect to their
abilities to inhibit sulfidation. The diffusivity of sulfur in
Cr,0; was 3.6x10 " cm®/s at 1 000 °C, while in ALO;
was 7.9x107" cm?/s at 1 000 °C [18]. The time for sulfur
penetrating the scales at 600 °C can be approximately
calculated using the diffusivity of sulfur at 1 000 °C. It
was shown that the time required for sulfur to penetrate a
4.5 um-thick film of Cr,0s (Fig. 3(a)) at 600 °C was less
than 10 min; however, for sulfur to penetrate an Al,O;
scale with a thickness of 2.8 um (Figs. 3(b), (c)) at 600
°C it took about 28 h. Therefore, it can be concluded that
the alumina films are an inherently good barrier to
sulfidation in comparison with chromia films.

5 Conclusions

1) The hot corrosion resistance of Ni—16Cr—xAl
alloy, with 4.5%-9.0% Al in the Na,SO4—25%NaCl salts
at 600 °C, increases with the increasing Al content. The
hot corrosion resistance of the alloys can be improved by
pre-oxidation treatment.

2) A relatively continuous, compact and protective
oxide scale is formed on the surface of pre-oxidized
Ni—16Cr—xAl alloys. The oxide scale consisting of Cr,0;
and partially AlLO; is formed on the surface of
pre-oxidized Ni—16Cr—4.5Al alloy, while a protective
oxide scale only containing AlL,O; is formed on the
surfaces of the pre-oxidized Ni—16Cr—6.8A1 and
Ni—16Cr-9.0Al alloys. Alumina films are suggested to be
inherently good barriers to sulfidation in comparison
with chromia films.
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