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Abstract: Nickel-based superalloys with and without Co by partial replacement of W were prepared using double
vacuum melting. A comparison of the oxidation in air and hot corrosion behaviors under molten 75wt.%Na,SO4+
25wt.%NaCl at 900 °C were systematically investigated. The results showed that partial replacement of W with Co
promoted the formation of chromia scale and consequently decreased the oxidation rate. Besides, the addition of Co
also retarded the internal oxidation/nitridation of Al and consequently promoted the growth of Al,O; scale, which
further decreased the scaling rate and improved the adhesion of scale. Moreover, the addition of Co also further

improved the hot corrosion resistance under molten Na,SO,—NaCl salts.
Key words: nickel based superalloys; oxidation; hot corrosion; spallation resistance

1 Introduction

Nickel-based superalloys consisting of a
continuously disordered y matrix and ordered y’
precipitates are widely used in aircraft turbine
engines and subjected to a highly aggressive
environment, in which both good mechanical
properties and high oxidation resistance are
required [1,2]. Normally, the oxidation/corrosion
resistances of Ni-based superalloys are primarily
determined by the content of Cr/Al due to the
thermally-induced growth of continuous protective
Cr,03/Al,05 scales [3]. Compared to Cr,O5 scales,
Al O; scales provide superior oxidation resistance
at temperatures above 871 °C [4,5]. However,
Cr,05 exhibits better hot corrosion resistance in
molten salts than ALO; [6].

Recently, different Ni-based superalloys
containing 2—22 wt.% Cr and 1.5-10 wt.% Al with
good oxidation performance were developed [7-9].
As the roles of Cr and Al are the most important,

the effects of other alloying elements have received
less attention. However, the addition of other minor
elements can significantly affect the oxidation
resistance.

Alloying Co improves mechanical properties
at high temperatures, but the effects of Co on
oxidation behavior are different
researchers have concluded differing results. For
example, CHOI et al [10] indicated that the addition
of Co could slightly increase the isothermal
oxidation resistance of Ni;Al base alloy but
decreased the cyclic oxidation resistance at
1000—1200 °C. WEISER et al [11] reported that the
replacement of Ni by Co in Ni—9AI-8W—-8Cr
(at.%) alloy enhanced the oxidation resistance at
low temperatures (<850 °C), but decreased the
oxidation rate at 900 °C. ISMAIL et al [12]
indicated that an increscent in Co concentration
decreased the oxidation performance of Co—Ni base
superalloys at 800 °C. Therefore, the effect of
Co on oxidation resistance is complex, and may
be affected by other elements, environments, and

unclear as
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temperatures. However, the addition of Co can
improve the hot corrosion resistance of Ni-based
superalloys [10,13,14].

Mo and W are known to be the primary
alloying elements which could improve the
mechanical properties of Ni-based superalloys at
high temperatures [15,16], but their effects on
oxidation behavior are still unclear. PARK et al [4]
found that Mo increased the oxidation rates of
Ni—9.5Co—(8—12)Cr—(2.5-5.5)Mo—(4—8)W—-3Al-
5Ti—3Ta—0.1C-0.01B (wt.%) alloys in air at
850 °C, but decreased oxidation rates at 1000 °C.
Furthermore, W slightly increased the mass gain at
850 °C but did not produce a significant effect at
1000 °C. However, PARK et al [17] found that the
mass gain of the Ni-W—Cr alloys with low Cr
(8 wt.%) decreased with increasing W content
(0—10 wt.%). In an environment containing Na,SO,
salt, W and Mo are prone to cause an acid melting
reaction. Meanwhile, the selective corrosion of a-W
phases further decreases the corrosion resistance.
Compared with Mo, W has stronger hot corrosion
resistance. However, YUN et al [18] and PARK
et al [4,17] found that the harmful effects of Mo and
W can be suppressed by alloying sufficient
concentrations of Cr and Al.

To balance the resistances to high temperature
oxidation and molten salt corrosion, two Ni-based
superalloys with Co (Alloy 1) and without (Alloy 2)
were fabricated by the partial replacement of W.
The content of W is 13.5 wt.% for Alloy 2 and
10.5 wt.% for Alloy 1, far below the solubility limit
of W in nickel-based alloy to inhibit growth of the
a-W phase. The content of Mo is 2.5 wt.%. The
contents of Cr and Al are 15.5 wt.% and 4.5 wt.%,
respectively, which is close to that of In738LC [19]
and at the borderline between “chromia former” and
“alumina former”, so even slight compositional
changes lead to the different oxide scale structures
and compositions [4,5].

In this work, a comparison of the oxidation/hot
corrosion behavior of two Ni-based superalloys
under molten 75wt.%Na,SO4+25wt.%NaCl at
900 °C  were
oxidation kinetics, scale morphology, and phase

systematically investigated. The
composition were analyzed in depth with a focus on
the effects of partial replacement of W by Co on the
oxidation/corrosion behavior of alloys.

2 Experimental

2.1 Materials preparation

Two ingots with and without Co were prepared
by double vacuum melting using alloy powders
supplied by the Research Institute of Nonferrous
Metals (China) with 99.99 wt.% purity. The ingots
were homogenized at 1200 °C for 2 h in flowing Ar
and then aged at 900 °C for 50 h, followed by
air-cooling. To determine the actual compositions,
pieces of both alloys
subsequently analyzed using inductively coupled
plasma (ICP) spectroscopy, as listed in Table 1.
Specimens with approximate dimensions of
8mm x 8§ mm x3 mm were cut from the heat
treated ingot, and polished to a 2000-grit SiC paper,
then degreased in acetone, ultrasonically cleaned in
alcohol, and finally dried in air.

were dissolved and

Table 1 Chemical composition of two Ni-based
superalloys (wt.%)
Alloy Al Cr Co Mo W Ni
1 456 1567 3 243 10.51 Bal
2 462 1562 - 247 1342 Bal

2.2 Oxidation and hot corrosion test

Isothermal oxidation was carried out at 900 °C
for 100 h in air. The samples were removed from
the furnace after a required exposure time,
air-cooled in air for approximately 15 min, and then
weighed. Cyclic oxidation testing was performed in
a horizontal furnace at 900 °C for 100 h. The
samples were oxidized for 50 min and cooled in air
for 10 min, which is, altogether, defined as one
cycle. Hot corrosion was carried out under
75wt.%Na,SO4+25wt.%NaCl at 900 °C with a thin
salt layer of 1.2 mg/cm’. After certain durations, the
specimens were removed, cleaned in boiling water,
and dried in hot air, weighed, and re-painted for
further testing. The complete time for the hot
corrosion was 40 h. Mass changes of specimens
after oxidation/hot corrosion were measured after
fixed time intervals using an electronic balance with
an accuracy of 0.01 mg.

After oxidation/hot corrosion, the phase,
surface and cross-sectional morphologies of scales
formed were characterized using D/Max-2500 pc
type X-ray diffraction (XRD) and Camscan
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MX2600FE type scanning electron microscopy
with energy dispersive spectrometry (SEM/EDS,
Oxford Instruments, INCA).

3 Results

3.1 Microstructure

The microstructures of the both alloys after
heat-treatment are shown in Fig. 1. Both alloys
primarily consist of a disordered y matrix and
uniformly ordered cuboidal y’ phase. According to
previous results [9,15,16], increasing W content
will refine the grains as W can reduce the
y'-precipitate growth and coarsening at elevated
temperatures. However, Fig. 1 indicates that both
alloys exhibit a comparable grain size. The average
edge length of the y’ phase for both alloys is
~0.175 um,  suggesting that minor partial
replacement of W by Co has no effect on the grain
refinement.

Fig. 1 Microstructures of Alloy 1 (a) and Alloy 2 (b)

3.2 Isothermal oxidation

Figure 2(a) shows the isothermal-oxidation
kinetics curves of both samples in air at 900 °C for
100 h. During oxidation and cooling, no visible
spallation occurred for both alloys. Compared to
Alloy 2, Alloy 1 exhibited an apparently lower

scaling rate over the course of the entire oxidation
process. From the corresponding parabolic plots
(Fig. 2(b)), oxidation can be divided into two
stages: an initial transient stage and a steady-state
stage. The calculated parabolic oxidation rate
constants are also shown in Fig. 2(b). Clearly, Alloy
1 exhibited a lower oxidation rate, even at the
beginning of oxidation.
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Fig. 2 Isothermal-oxidation kinetics curves (a) and
corresponding parabolic plots (b) of different alloys at
900 °C in air for 100 h

The oxide phases formed on both samples after
100 h isothermal oxidation at 900°C were
characterized using XRD, as seen in Fig. 3. This
result indicated that the oxide scales formed on
Alloy 2 were primarily composed of Cr,O; with
minor NiO and a-Al,O;. However, comparable
Cr,03; and a-Al,Os; with minor NiO formed on
Alloy 1. This result demonstrated that the partial
replacement of W by Co significantly promoted the
growth of a-Al,Os;. As the scales are thin, the
diffraction patterns of the Ni-based superalloys
were also detected, especially for Alloy 1.
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Fig. 3 XRD patterns of Alloy 1 (a) and Alloy 2 (b) after
isothermal-oxidation at 900 °C for 100 h

The surfaces of both samples after isothermal
oxidation at 900 °C for 100 h in air were further
investigated by SEM. Two different morphologies
were observed on both alloy surfaces, namely
compact fine-grain crystalline (Region 1) and
porous coarse-grain crystalline (Region 2), as
presented in Fig. 4. EDS results indicated that the
oxides in Region 1 contained Cr and O with minor
levels of Ni, which are shown to be Cr,O; with
minor NiO, according to the XRD results shown in
Fig. 3. However, the oxides in Region 2 primarily
contained Ni and O with minor Cr. Therefore, it was

determined that NiO formed on the top of the
Cr,0; oxides. As shown in Figs. 4(a) and (c), it can
be found that the surface area covered by Cr-rich
oxides on Alloy 1 is higher than that on Alloy 2.
This implies that the time to formation of a
continuous protective Cr-rich oxide layer on
Alloy 1 is shortened, which can also be described as
less NiO formed on Alloy 1. This coincides well
with the XRD analysis, which shows that the
scale on Alloy 1 is mainly composed of Cr,O; and
AlOs.

Figure 5 shows the cross-sectional SEM
images of Alloy 1 after isothermal oxidation at
900 °C for 100 h in air. The oxide scale on Alloy 1
ranges from ~7 to ~15 pum in thickness, and two
different morphologies were observed with and
without internal oxidation (Fig. 5(a)). Figures 5(b)
and (c) are the higher magnification views of
Region A and Region B in Fig. 5(a), respectively. In
Region B without internal oxidation, the oxide
scales appeared as light gray, dark thick gray, and
black thin gray from outer to inner and are
correspondingly labeled as 1, 2 and 3 in Fig. 5(c).
In Region A, the dark gray layer connects with
Layer 2 in Fig. 5(c). Moreover, the black strip-like
gray internal layer almost forms a continuous black
gray layer, and connects with Layer 3 in Fig. 5(c).
Above the dark gray layer, minor light oxides are
dispersed (Fig. 5(b)).
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Fig. 5 Cross-sectional morphologies of Alloy 1 after
isothermal-oxidation at 900 °C for 100 h: (a) SEM image
of Alloy 1; (b) Enlargement of Area A; (c) Enlargement
of Area B

The above results indicated that a three-layer
scale formed on Alloys 1. Table 2 presents the
compositions of the three oxide layers on Alloy 1
based on a basis of EDS analysis.

Layer 1 is a Ni-rich oxide with Co (4.3 wt.%)
and Cr (3.5 wt.%), and Layer 3 is an Al-rich oxide
with minor Ni, Cr, and Co. Layer 2, between layers
1 and 3, is a Cr-rich oxide. It is noteworthy that the
thicknesses of Layer 1 and Layer 3 are less than the
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2 um EDS beam diameter. In other words, the EDS
measurement integrated some of Cr from Layer 2
(Cr-rich oxide) into Layer 1 while that from the
substrate superalloy into Layer 3. Figure 5 also
indicates that some bright Ni-rich phases appeared
between Layer 2 and Layer 3. Furthermore, the
bright Ni-rich phases even form a continuous layer
in Region A. EDS mapping of scales indicated the
oxide scale consisted of a Ni-rich oxide outer layer,
Cr-rich middle layer, and Al-rich inner layer. The
bright phases between Cr-rich layer and Al-rich
layer are Ni-rich without O. Base on the above
results, it can be assumed that Layer 1 is NiO,
Layer 2 is mainly Cr,0; and Layer 3 is mainly
Al,O;. The bright phases between Layer 2 and
Layer 3 are Ni without oxidation. Furthermore, the
AlLO5 scale in region B is also discontinuous. From
the above results, it can be found that a continuous
porous NiO layer formed on the surface without
internal oxidation, but minor NiO particles disperse
on the surface with internal oxidation (Fig. 5(c)).
This also coincides well with surface SEM results
in Fig. 4 and XRD results in Fig. 3.

Figure 6 shows cross-sectional morphologies
of scales formed on Alloy 2 after isothermal
oxidation at 900 °C for 100 h in air. Clearly, Alloy 2
also formed a similar three-layer scale as that
formed on Alloy 1, as seen in Figs. 6(b) and (c). The
compositions of the three layers on Alloy 2, labeled
with 1, 2 and 3, in Fig. 6(c) are also presented in
Table 2. The results indicate that the oxide scales
formed on Alloy 2 have a similar content and
exhibit similar trends in chemical composition
variation from the oxide surface to the
oxide/underlying substrate interface as that formed
on Alloy 1. In other words, both Ni-based
superalloys formed a similar three-layer scale.
However, compared to Alloy 1, Alloy 2 formed a
rougher and thicker oxide scale with a thickness
from ~12.3 to ~19.3 pm. Furthermore, the internal
ALO; could not form a continuous Al,O; layer in
some regions on Alloy 2, as seen in Fig. 6(c).

Table 2 Compositions of oxide layers by EDS on two Ni-based superalloys after 100 h isothermal-oxidation at 900 °C

in air (at.%)

Layer 1 Layer 2 Layer 3
Alloy No.
Al Cr Ni Co 0] Al Cr Ni Co (0] Al Cr Ni Co
1 457 02 35 473 43 588 02 372 3 08 563 306 35 10 26
2 444 03 48 505 575 03 364 28 53.8 288 4.8 126
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Fig. 6 Cross-sectional morphologies of Alloy 2 after
isothermal-oxidation at 900 °C for 100 h: (a) Cross-
sectional SEM image of Alloy 2; (b) Enlargement of
Area A; (c) Enlargement of Area B

From Figs. 5 and 6, it can be found that time
for the formation of the more protective Al,O; layer
was prolonged on Alloy 2, thus a higher oxidation
rate was observed. It can be found that significant
voids formed at the outer NiO/middle Cr,O5
interface, suggesting loose contact with the Cr,0O;
middle layer. In addition, it should be noted that
minor and significantly dark precipitates appeared
below the scales on Alloy 1 and Alloy 2,
respectively. The precipitates are Al-rich without
oxygen. Based on previous works [20], AIN
precipitates. Furthermore, at a distance beneath the
internal alumina, about 20 pm of bright W-rich fine
particles appear on Alloy 2 due to the solubility
limit of W or the coarsening of initial fine W-rich

phases formed during oxidation, which needs
further investigation. However, the appearance of
the ~20 pm thick zone without W-rich phases
below the internal Al,O; indicates that the
degradation of y’ to y is attributed to the outward
diffusion of Cr and Al significantly increasing in W
in this region [14,21].

3.3 Cyeclic oxidation

The mass change with time curves of cyclic
oxidation of both samples in air at 900 °C are
shown in Fig. 7. For the first 30 h cyclic oxidation,
no scale spallation occurred in both alloys, and the
mass gain is comparable to that in Fig. 2. For Alloy
2, significant mass loss occurred at 40 h due to
severe spallation, which could also be observed by
the naked eye.
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Fig. 7 Mass changes of alloys during cyclic-oxidation at
900 °C for 100 h in air

After that the mass gain steadily increased,
suggesting that repeated spallation resulted in the
regrowth of less protective scale on the spallation
area. However, during the 100 h cyclic oxidation
period, no significant mass gain or mass loss
occurred for Alloy 1, indicating a better cyclic
oxidation resistance. = XRD  characterization
indicated that the oxides formed on both samples
were also composed of Cr,O3 and Al,O; with minor
NiO, like that formed at isothermal oxidation.
However, the NiO peaks intensities were much
weaker, suggesting less NiO formed or spallation of
NiO oxides during the thermal cycling, which was
also visually confirmed by SEM/EDS.

Figures 8 and 9 show the surface and
corresponding cross-sectional morphologies of both
alloys after cyclic-oxidation at 900 °C for 100 h.
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Clearly, minor spallation occurred on Alloy 1
(Fig. 8(a)). However, heavy spallation occurred on
Alloy 2, as seen in Fig. 9(a). In the spallation area,
new porous coarse-grain oxides as outward
protrusions formed on both alloys, especially for

St s R 3

Alloy 2.
From the corresponding cross-sectional
morphologies  shown in  Figs. 8(c,d) and

Figs. 9(c,d), it can be found that both alloys formed
a similar three-layer scale as that observed during

Fig. 8 Surface (a, b) and cross-sectional (c, d) morphologies of Alloy 1 after cyclic-oxidation at 900 °C for 100 h

Protrusion
V4

Fig. 9 Surface (a, b) and cross-sectional (¢, d) morphologies of Alloy 2 after cyclic-oxidation at 900 °C for 100 h
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isothermal oxidation. For Alloy 1, the inner Al,O4
aggregates almost link together to form a
continuous Al,O; inner layer (Fig. 8(d)). However,
the inner ALO; aggregates could not form a
continuous Al,O;3 inner layer in some regions on
Alloy 2, as seen in Fig. 9(d). In these regions, a
thicker Cr,0O3 (~4.5 um) layer formed due to the
growth of outward protrusions, which is consistent
with the surface SEM results in Fig. 9(b).

3.4 Hot-corrosion

Figure 10 illustrates the mass change vs time
curves for both samples at 900 °C in mixed salts of
75wt.%Na,SO4+25wt.%NaCl. The mass change
consists of a mass gain from the scale formation
plus a mass loss by the scale spallation and
dissolution. A comparable mass change occurs in
the first 10 h, and then different behaviors occurs.
For Alloy 1, the mass change steadies for the first
20 h, and then undergoes a fast increase till 40 h.
However, the mass change of Alloy 2 starts to
decrease after 10h, and the mass loss even
surpasses the mass gain at 20 h.
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Fig. 10 Curves of mass change vs time of sample
exposed in air at 900°C for 40h in salt of
75wt.%Na,SO4+25wt.%NaCl

Figure 11 shows the cross-sectional
morphologies of corrosion scales formed on Alloy 1
after hot corrosion at 900 °C for 40 h in mixed salts
of 75wt.%Na,S0O, + 25wt.%NaCl. Obviously, Alloy
1 formed a thin (~30 pm), compact, uniform, and
adherent scale in most regions, with minor internal
corrosion, as seen in Fig. 11(b). In some regions, a
~100 um thick scale with voids/minor detachment
at the scale/underlying substrate interface occurred.
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Fig. 11 Cross-sectional morphologies with different

magnifications of Alloy 1 after corrosion at 900 °C for
40 h in salts of 75wt.%Na,SO,+25wt.%NaCl

Even so, the scales can be divided into three layers
from outer to inner, which were the same as that
during oxidation. EDS mapping results indicated
that the porous outer layer is NiO, the middle
compact continuous layer is Cr,O;, and the inner
discontinuous layer is Al,O;. Below the thinner
scale, internal oxidation of Cr/Al and internal
sulfidation of Mo occurred (Fig. 11(b)). However,
sulfides of Mo and white un-oxidized Ni-rich
phases occurred in the lower part of the thicker
scale (Fig. 11(c)), indicating inward growth of
corrosion scale. In contrast, for Alloy 2, severe
spallation occurred, as seen in Fig. 12. Even so, a
mixed internal corrosion scale in thickness from
~30 to ~110 pum still formed on the alloy surface.
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Sulfide

Fig. 12 Cross-sectional morphologies with different
magnifications of Alloy 2 after corrosion at 900 °C for
40 h in salts of 75wt.%Na,SO4+25wt.%NaCl

Furthermore, the scale is porous with voids at the
scale/underlying substrate interface. EDS mapping
further indicates that the mixed scale was composed
of an outer NiO and a discontinuous mixed inner
layer of Cr,O5/Al,05, which could not be clearly
distinguished. Beneath the internal oxidation zone,
significant internal sulfidation of Mo, Cr and Al
occurred. Furthermore, sulfides were also observed
in the lower part of the scale owing to inward
growth of corrosion scale.

4 Discussion

4.1 High temperature oxidation

The oxidation mechanisms of Ni—Cr—Al alloys
under steady-state conditions are normally divided
into three types [18—20]. Type I is an external NiO

scale with Cr,0O5and/or AL,O; internal oxides. Type
II is an external layer of Cr,O3 with internal Al,Os
oxides. Type III is a continuous external Al,O; layer
with the best high-temperature corrosion resistance.

The results in this work confirm that both
samples can form a continuous chromia scale at
900 °C, with certain amounts of NiO above and
strip-like Al,O; internal aggregates. The formation
of NiO suggests that there exists a relatively long
transient oxidation stage, during which NiO grows
at a faster rate before the formation of a continuous
chromia scale. From Figs. 3 to 9, it was observed
that the chromia scale formed on Alloy 1 is much
pure; namely, the formation of NiO is greatly
suppressed. Therefore, it can be concluded that the
addition of Co promotes the growth of chromia
scale, and the reasons are addressed below.

At the initial stage of oxidation, the oxidation
of Ni/Co, Cr, and Al took place, leading to the
formation of NiO/CoO, Cr,0s;, and Al,O; nuclei.
After NiO/CoO, Cr,03, and Al,O; nuclei covered
the surface [3,18—20], the effective oxygen partial
pressure at the alloy—oxide interface decreased to a
level that it is unable to further oxidize Ni/Co. Cr
and Al that have high affinities to oxygen could be
easily oxidized [3—11]. Normally, the interdiffusion
coefficient of Cr in Co base alloy is lower than that
in Ni base alloy at temperature >900 °C [22],
therefore the addition of Co decreased the outward
diffusion of Cr to the oxidation front, thus
decreasing the oxidation resistance [11]. Moreover,
addition of Co increased the oxidation rate of alloys
because Co is more easily oxidized than Ni [12].
Therefore, a higher oxidation rate normally occurs
with the addition of Co. However, previous
works [22] indicated that the diffusion coefficient of
Cr in Co exceeds the same value for Ni at low
temperatures (<850 °C); therefore, the addition of
Co increases the outward diffusion of Cr to the
oxidation front and enhances the oxidation
resistance at low temperatures (<850 °C) [I1].
Furthermore, the addition of Co increases the Cr
content in y matrix as a result of the increased y'
fraction [23]. Moreover, the initial fast outward
diffusion of Co due to oxidation also increased the
Cr content below scale [11]. All of them are
believed to favor the growth of a continuous Cr,O;
scale on Alloy 1 in a short transient stage. The
formation of a continuous chromia scale blocked
the growth of NiO/CoO at the surface; therefore, a
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lower oxidation rate occurred on Alloy 1. However,
before the formation of a continuous chromia scale,
the internal oxidation of Al caused the formation of
strip-like discontinuous Al,O; aggregates to deep
into the substrate on some regions, especially for
Alloy 2. With the growth of chromia scale, the
oxygen partial pressure at the chromia
scale/underlying  substrate  interface  further
decreased. The selective oxidation of Al started,
therefore, a continuous Al,O; layer formed at some
locations (Fig. 5(c) and Fig. 6(b)). At the same time,
the strip-like Al,O; internal aggregates also began
to link together to form a discontinuous/continuous
AL Os layer in other areas (Fig. 5(b) and Fig. 6(c)).

Comparing the oxidation scales of both alloys,
it can be further found that a thinner depth of
internal Al,O; oxides zone occurred on Alloy 1.
Furthermore, the strip-like Al,O; internal
aggregates formed on Alloy 1 are more prone to
form a continuous layer. These imply that the
addition of Co also slightly promoted the growth of
Al Os5 through the third elemental effect [10,13,14].
According to an initial suggestion by
WAGNER [24], the third element, such as Cr, Co,
and Ti, acts as an oxygen scavenger in the alloy
during the initial stages, lowers the oxygen
solubility in the alloy, and promotes the
establishment of protective Al,O; layers. The
mechanism of the third element effect is not yet
clear, but some ideas include: inhibition of internal
oxidation of Al [24], complete solubility between
ALO; and Cr [25,26], and inhibition of the growth
of external oxides [27]. In general, Al,Os scales
provide a better protection against nitrogen and
oxygen penetration than that of chromia scale.
Owing to a long transient stage on Alloy 2, heavy
internal oxidation and internal nitridation occurred,
which also increased the oxidation rate.

The results in this work also show that the
scale formed on Alloy 1 is highly adherent. It is
well known that scale spallation is driven by the
strain energy in the scale and resisted by the
interfacial toughness [28]. The elastic strain energy
(G) in the scale can be expressed as [28]

o hy (1-V2)

2E

G (1)
where o, hoy, Vox and E,, are the residual stress, the
thickness, Poisson ratio, and elastic modulus of
the scale, respectively. According to the equation

above, the driving force for spallation increases
linearly with scale thickness, thus a lower scale
growth rate will result in lower driving force for
spallation. In most cases, the interfacial toughness
degrades as result of the formation of large
interfacial cavities due to the condensation of
excess cation vacancies at the scale/underlying
substrate interface, either from the growing scale or
from the substrate due to the Krikendall effect.
Normally, a higher oxidation rate always develops
more interfacial voids. From this work, it was found
that a higher oxidation rate and a thicker scale
formed on Alloy 2 than on Alloy 1; therefore, a
higher driving force for spallation and a more
interfacial voids occurred for Alloy 2. Thus, poor
scale adhesion occurred on Alloy 2. Moreover, the
significant  internal oxidation and internal
nitridation of Al on Alloy 2 further decreased the
scale adhesion by decreasing the mechanical
properties of the alloys and producing
embrittlement in the near-surface, due to their
higher specific volume compared to the base alloy.
After the thicker scale with surface NiO oxides
(Fig. 6(c)) spalled locally, a fresh chromia scale
regenerated through the outward diffusion of Cr to
form large Cr,O; protrusion, as seen in Fig. 9(b).
That is why a pure chromia scale with less NiO
formed on both alloys after cyclic oxidation,
especially for Alloy 2.

4.2 Hot corrosion

Hot corrosion can be regarded as an
accelerated oxidation induced by the deposited
salts, such as sulfates and/or chlorides. At the onset
of corrosion, a less protective NiO layer with many
defects, such as pores and microcracks, formed on
both Ni-based superalloys. The defects in NiO layer
make it feasible that the molten salts penetrate the
scale and reach the scale/alloy interface, where
SO is reduced there by the following chemical
equilibrium:

2805 =207+30,+28 )

The released S diffuses into the alloy and
attacks the alloy, leading to internal sulfidation.
This sulfidation causes a reduction in S activity and
an increase in O activity, resulting in basic fluxing
of the NiO scale by the following reaction:

NiO+0* =NiO3" (3)
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The dissolution of NiO again decreases the O*~
activity, which further increases the S activity. As a
negative gradient of the O®" activity exists across
the fused salt layer, the dissolution of NiO at the
salt/scale interface and the re-precipitation of NiO
at the gas/salt interface can be sustained. Therefore,
a porous NiO outer layer formed on both alloys.
With corrosion, Cr- and Al-rich oxides are
progressively formed below the NiO layer, which

may significantly mitigate the continuous salt attack.

However, for Alloy 2, because of a less ability to
form a continuous protective scale of chromia, the
attack of molten salts still causes the basic
dissolution of Al,O5 particles by the following
reaction:

ALO;+0* =2A10, 4)

When NaCl is introduced into the salts films,
hot corrosion is accelerated because the major role
of NaCl is to crack or break the protective oxide
scale as well as to generate the numerous pits and
voids at the grain boundaries by means of
oxychlorination and chlorination/oxidation cyclic
reactions, resulting in additional dissolution of the
Al O; oxides [13,29]:

Al,05+1/20,+2NaCl=2NaAlO,+Cl, ®)

The formed Cl, diffused inward across the
loose oxide scales and reacted with Cr/Al in the
substrate, resulting in the formation of CrCl;/AlCl;,
which further reacted with O, to form their
corresponding oxides, therefore accelerating alloy
corrosion. In this case, a mixed scale of
Cr,03/Al,05 with less protection formed on Alloy 2.
The mixed scale formed on Alloy 2 could easily
spall due to stress formed by thermal cycling and
oxide growth. Both of dissolution of Al,O; and
spallation of mixed scale could significantly destroy
the integrity of the scale, and result in the depletion
of Cr/Al reservoir. In this case, the molten salt
directly contacts with a greatly depleted alloy that is
unable to reform a protective scale and a
catastrophic attack starts. Therefore, after the
spallation of corrosion scale, only an internal
oxidation zone with lower internal sulfidation zones
still contacted with the alloy (Fig. 12). The formed
sulfides can further react with oxygen to form the
corresponding oxides, thus driving the sulfur further
into alloy. In this case, the sulfuration/oxidation
cyclic reactions occurred and the alloy was
repeatedly attacked by sulfur.

For Alloy 1, the addition of Co promoted the
fast formation of a continuous chromia scale, as
addressed in Section 4.1. Chromia is the best oxide
to resist hot corrosion in molten salt, because it
preferentially reacts with O  in molten salts to
form chromate by

2Cr,05+40* +30,=4Cr0O;” (6)
2Cr,03+8Cl +50,=4CrO; +4Cl, (7)

The chromate stabilizes the melt chemistry,
and consequently prevents the dissolution/
re-precipitation of the protective oxide scale. As
corrosion progresses, the fast formation of a
continuous compact Al,O; scale beneath the
chromia scale through the third element effect of Co
further decreased the oxidation/corrosion of
Alloy 1, since the layer could isolate the alloys
from oxygen or other aggressive media. In addition,
the diffusion rate of S in Ni is higher than that of
sulfur in Co. So, the addition of Co could
effectively reduce the internal diffusion of sulfur.
Consequently, the sulfuration/oxidation cyclic
reactions could be effectively alleviated.
Furthermore, the addition of Co also improved the
hot corrosion because the CoS as well as Co—Co,S,
eutectic (such as Co—Co4S;, 877 °C) are stable and
have higher melting points than those of Ni (such as
Ni—Ni;S,, 645 °C) [30].

5 Conclusions

(1) The addition of Co promoted the growth of
a continuous chromia and consequently decreased
the oxidation rate through the increscent of Cr
content below oxides scale and the enhanced
outward diffusion of Cr to the oxidation front.

(2) The addition of Co retarded the internal
oxidation/nitridation of Al and thereby promoted
the growth of Al,O; scale through the third element
effect, which further decreased the oxidation rate
and improved the scale spallation resistance.

(3) Co restrained the internal diffusion of
sulfur, which therefore improved the hot corrosion

resistance under molten 75wt.%Na,SO, +
25wt.%NaCl salts.
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