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Abstract

Nickel-based superalloys are extensively used in fabricating high-temperature gas turbine
components, owing to their superior high-temperature strength, excellent structural sta-
bility, and remarkable hot corrosion resistance. The influence of impurity sulfur content
on their hot corrosion performance is a core scientific issue in hot-end component com-
positional design and smelting. This study investigated chromium (Cr)-rich nickel-based
superalloys with sulfur (S) contents of 3 ppm, 16 ppm, and 42 ppm via XRD, SEM, and an
EPMA, focusing on their hot corrosion behavior under a 100% NaySOy4 deposit at 900 °C.
The results indicated that their hot corrosion products were basically identical, forming
a Cr-dominated outer oxide layer rich in Ti, Co, and Ni, an Al,O3-based inner corrosion
zone, and a CrSy.dominated sulfide layer. With increasing sulfur content, the outer layer
thickness decreased from approximately 30 pm to less than 20 um, pores in the outer oxide
layer increased in quantity and size, and internal sulfides and nitrides accumulated. The
average depth of spallation increased from 55 um for the S3 alloy to 80 pm for the 516 alloy,
with the 542 alloy showing even more extensive spallation. The alloy’s hot corrosion perfor-
mance deteriorated notably with increasing S content. The mechanism of sulfur’s effect on
hot corrosion behavior is that sulfur in the alloy segregates at oxide film defects, enhancing
defect stability and increasing their quantity and size. These defects serve as rapid diffusion
channels for corrosive media, thereby accelerating the alloy’s hot corrosion rate.

Keywords: nickel-based superalloy; sulfur; hot corrosion

1. Introduction

Nickel-based superalloys [1,2] have been widely used in manufacturing high-temperature
structural components due to their excellent high-temperature strength and good structural
stability [3,4]. However, these components operate in aggressive environments where
corrosive species such as sodium, sulfur, and vanadium from fuel and air deposit on
component surfaces, leading to accelerated degradation known as hot corrosion [5-8]. This
catastrophic failure mechanism significantly compromises the mechanical properties and
service life of superalloy components [9-12]. According to the difference in temperature
at which corrosion occurs, hot corrosion can be divided into two types [13]. When the
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temperature is 600750 °C, it is called low-temperature (Type-II) hot corrosion, and when
the temperature is 800-950 °C, it is called high-temperature (Type-I) hot corrosion [14,15].

With the continuous increase in gas turbine inlet temperature, higher requirements are
placed on the hot corrosion resistance of nickel-based alloys in alloy composition design [16].
The hot corrosion resistance of nickel-based superalloys is strongly influenced by alloy
composition. As we all know, Cr [17] and Ti [18] are indispensable elements in improving
the hot corrosion resistance of superalloys. Cr is particularly critical, with studies showing
that alloys containing more than 15-20 wt.% Cr typically exhibit superior resistance due to
the formation of protective Cr,O3 scales [17]. Ti also plays a beneficial role, with optimal Ti
content in the range of 3-5 wt.% promoting the formation of protective TiO, [18]. Alloys
with a higher content of aluminum have good oxidation resistance [19], while it can be
detrimental to hot corrosion performance when present at high levels (>4 wt.%) due to
acidic fluxing of Al,O3 in molten salts. With balanced Cr, Ti, and Al contents, alloys also
exhibit superior hot corrosion resistance [20]. In recent years, Re was found to increase the
activity of chromium (Cr) and titanium (Ti), which significantly improved the hot corrosion
resistance of a nickel-based superalloy [21].

Sulfur is considered to be an element that is harmful to superalloys [22,23] as it
has a significant impact on their microstructure and properties. Due to the limitations
of the smelting process, sulfur impurities in cast superalloys cannot be completely re-
moved. It is known that a Ni-base superalloy containing a trace amount of sulfur has
reduced high-temperature oxidation resistance. Advanced superalloys form protective
Al O3 [24,25] and Cr,O3 [26-28] through the selective oxidation of Al and Cr, achieving
good protection effects. Good adhesion between the oxide scale and the alloy is the key
to maintaining oxidation resistance [29]. The influence of sulfur on the adhesion of oxide
scale during the oxidation process has been investigated by several researchers.

Smialek and James observed the degradation of scale adhesion related to residual sul-
fur content [30,31]. They found that increasing the sulfur content significantly reduced the
adhesion between the alloy substrate and the oxide scale. After cyclic oxidation testing, the
adhesion level of the oxide scale was inversely related to the sulfur content. Smith et al. [32]
investigated the cyclic oxidation behavior of several nickel-based superalloys with different
sulfur contents. Their results showed that the spallation rate of the oxide scale decreased
with decreasing sulfur content. After cyclic oxidation at 1200 °C, the oxide scale on the
alloy containing 4.3 ppm S spalled almost completely due to the non-uniform distribution
of sulfur, whereas the surface of the sample with 0.1 ppm S remained intact. Sarioglu [33]
found that an improvement in the long-term adhesion of the oxide scale to the substrate
can be achieved by reducing the sulfur content to a level in the range of 1 ppm or lower.
Fedorova et al. [34] used scratch tests to quantify the effect of sulfur content on the adhesion
of multi-layered oxide scales. Sulfur severely degraded the cyclic oxidation performance
of the single-crystal nickel-based superalloy AM1, mainly due to the reduced adhesion of
the oxide scale formed on the alloy surface. Sarioglu et al. [35] studied the influence of
sulfur content on the cyclic oxidation behavior of nickel-based superalloys and found that
desulfurization effectively improved the adhesion of Al,O3 scales. To achieve long-term
adhesion between the oxide scale and the substrate, the sulfur content should be reduced
to 1 ppm or below. Zhang [36] examined the effect of ppm-level sulfur on the oxidation
behavior of a single-crystal nickel-based superalloy. At 1000 °C, the isothermal oxidation
mass gain increased significantly with increasing sulfur content. The mechanism is that
rapid diffusion of sulfur impairs the integrity, compactness, uniformity, and continuity of
the protective oxide scale; accelerates the inward diffusion of O, N, and other elements; and
the outward diffusion of Ta; promotes nitride formation; reduces the adhesion between
the oxide scale and the substrate; and thus deteriorates the oxidation resistance of the
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alloy. Yun [37] studied the cyclic oxidation behavior of superalloy samples with different
ppm-level sulfur contents. They observed that sulfur induced oxide scale spallation by
promoting the formation of voids along oxide grain boundaries. The segregation of sulfur
at oxide grain boundaries lowers the surface energy of voids and promotes their nucleation
and growth. Consequently, the degree of oxide scale spallation increases with increasing
sulfur content.

In summary, the existing literature on the effect of trace sulfur on the environmental
performance of nickel-based superalloys mostly focuses on high-temperature oxidation
performance. Hot corrosion differs fundamentally from oxidation, involving additional
degradation mechanisms such as salt fluxing, sulfidation, and the formation of complex
multi-layered corrosion structures. Compared with the effect of sulfur on the oxidation
performance of alloys, its effect on hot corrosion performance has been far less studied. In
particular, the effect of sulfur content on corrosion products, internal sulfides, and adhesion
of oxide scale remains unclear. It is of great scientific and engineering significance to study
the hot corrosion behavior of alloys with different sulfur contents, as this would help to
control the sulfur content in hot corrosion-resistant superalloys and improve the melting
process and design of nickel-based superalloys with better temperature-bearing ability.
Therefore, this study systematically investigated the hot corrosion behavior of Cr-rich
nickel-based superalloys with three controlled sulfur levels (3 ppm, 16 ppm, and 42 ppm)
in NaySOy4 at 900 °C.

2. Materials and Methods
2.1. Preparation of Materials

The chemical compositions of the experimental alloys are listed in Table 1. The base
alloy is a typical hot-corrosion-resistant superalloy, which is characterized by a high Cr
content of 19 wt.%. Different S contents of 3, 16, and 42 ppm were tested in this study.
The lowest level, 3 ppm S, represents the minimum sulfur content achievable by current
manufacturing techniques for this specific alloy composition. The upper limit of 42 ppm
was chosen to represent the maximum allowable sulfur impurity level in commercial-grade
alloys of this type, beyond which the alloy is often rejected for critical hot-end component
applications. The intermediate value of 16 ppm was selected to establish a trend within
this technically relevant range. The hot corrosion specimens were cut to dimensions of
®14 mm x 2 mm by electro-spark wire-electrode cutting from the as-heat-treated rods. The
surfaces of all of these specimens were prepared by grinding with #800 SiC paper and
subsequently cleaned in alcohol before the hot corrosion test. For each alloy, three parallel
samples were applied to guarantee the accuracy of the test. The size and weight of each
sample were measured by a micrometer and an electronic balance with an accuracy of
0.1 mg. Each sample was measured three times and the average value was taken. After
measurement, cleaning with anhydrous ethanol was performed again.

Table 1. The nominal chemical compositions of the experimental alloys in wt.% (analyzed by
inductively coupled plasma optical emission spectroscopy, ICP-OES).

Alloys Cr Co Al Ti \4 Mo Nb C B Zrx S Ni
S3 190 100 22 3.1 5.1 0.3 0.4 0.005 0.001 0.005 0.0003  Balance
S16 190 100 22 3.1 5.1 0.3 0.4 0.005 0.001 0.005 0.0016 Balance
542 190 100 22 31 51 0.3 0.4 0.005 0.001 0.005 0.0042  Balance
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2.2. Hot Corrosion Test

The hot corrosion test was performed by the salt-recoating method and conducted
at 900 °C. The specimens were sprayed with a saturated Na,;SO4 aqueous solution on all
surfaces and dried on a heated Ni plate. A salt deposit formed on the sample.

Every specimen was weighed after being coated with salt to make sure a 0.3~0.5 mg/cm?
layer of salt was deposited on the sample surface. Then, each sample was put into an Al,O3
crucible and further into the muffle furnace for hot corrosion. The test was paused every
20 h and the samples were removed from the furnace for weight monitoring, morphology
inspection, and salt re-coating. In order to ensure the measurements were as accurate as
possible, the time between when they were taken out of the furnace and weighed was 1 h
in every cycle. The value of the mass change was the average of three parallel samples.

2.3. Sample Analysis

After the corrosion test, X-ray diffraction (XRD 6100, Shimadzu Corporation, Kyoto,
Japan) with Cu K« radiation (A = 1.5406 A) was carried out to identify the phase structures
of the specimen surfaces, with a scanning rate of 2° /min over a 26 range of 10-85°. The
surface roughness and three-dimensional morphology of the corrosion products were
characterized using a Zeiss LSM 700 laser confocal microscope (LSM, 700, Carl Zeiss AG,
Oberkochen, Germany). The corroded specimens were encapsulated in epoxy resin using
the vacuum-impregnated cold mounting process [38] and prepared for observation of
their cross-sections after grinding and polishing. After curing, the mounted samples were
ground using SiC papers from #240 to #2000 grit, followed by polishing with 3 um and
1 pm diamond suspensions. Between each step, the samples were cleaned ultrasonically
in ethanol to minimize cross-contamination. Microstructures were examined using a
TESCAN scanning electron microscope (SEM, TESCAN Mira 3, TESCAN, Brno, Czech
Republic) equipped with an Oxford Instruments X-Max 50 energy-dispersive spectroscopy
(EDS, X-Max 50, Oxford Instruments, High Wycombe, UK) detector for elemental analysis,
operating at an accelerating voltage of 20 kV. Quantitative elemental distribution maps were
obtained using an electron probe microanalyzer (EPMA, 1720H, Shimadzu Corporation,
Kyoto, Japan) operating at an accelerating voltage of 15 kV.

3. Results
3.1. Macroscopic Morphologies and Hot Corrosion Kinetics

The standard heat treatment microstructures of the 53, S16, and 542 alloys were similar.
Only the microstructure of the S3 alloy is illustrated in Figure 1. After standard heat
treatment, the eutectics were almost eliminated, the grain boundaries were clear, and the v/
was in the form of cubic. The increase in S content did not lead to any additional phases or
microstructure variation.

The hot corrosion kinetic curves of the experimental alloys are shown in Figure 2. By
fitting the curves with different kinetic models, it was found that, during the first stage
(0-300 h), all three alloys exhibited a parabolic law; the parabolic rate constants are listed
in Table 2. The parabolic rate constant for S3 is notably higher than those for S16 and S42.
This suggests that during the initial incubation stage, a lower sulfur content actually leads
to slightly faster oxidation. However, the increase in sulfur content did not significantly
change the hot corrosion incubation period of the alloy. The second stage is between
320-640 h. During this stage, the three alloys entered the accelerated corrosion period,
and the weight gain of the alloys increased sharply. At the end of this period, the weight
gains of the three alloys all exceeded 3 mg/cm?. The kinetics remain parabolic but with
dramatically increased rate constants, approximately five orders of magnitude higher than
stage I. In this stage, 516 exhibits the highest parabolic rate constant, followed by S42, while
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53 shows the lowest rate constant. During stage III (660-820 h), the kinetics transition to
linear behavior, indicating that the protective oxide scale has been severely compromised
and corrosion proceeds at a constant rate. The linear rate constant for 516 is higher than that
for S3 and S42. A detailed analysis of the kinetic curve accompanying the microstructure
will be carried out below in the Discussion.

Figure 1. Typical SEM micrographs of the cross-sectional microstructure of the S3 alloy after standard
heat treatment. (a) Morphology of a grain boundary; (b) morphology of ¥'; (c) distribution of carbides;
(d) morphology of carbides.
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Figure 2. Weight gain versus time curves for the experimental alloys with a surface coating of
0.3-0.5 mg/cm? NapSOy at 900 °C.
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Table 2. Fitting results of the kinetic curves.

Time Interval

First Stage (0-300 h) Second Stage (320-640 h) Third Stage (660-820 h)

Kinetic Model Parabolic Law Parabolic Law Linear Law

Rate constant S3 6.87 x 1077 5.18 x 102 2.31 x 1077
(mg?-cm—4-h—1) S16 454 x 1077 6.99 x 102 3.37 x 1077
S42 444 x 1077 6.31 x 1072 1.93 x 1077

The macroscopic morphologies of the experimental alloys after hot corrosion at 900 °C
for 640 h and 820 h are shown in Figure 3. The surface morphologies of the three alloys
were extremely similar after the same length of time under hot corrosion. After 820 h, all
the samples presented a dark gray morphology, the sample surface and edges were still
intact, and there was no visible oxide scale peeling.

Figure 3. Optical photographs of the macroscopic specimens corroded at 900 °C with a surface
coating of NaySOy: (a) S3 for 640 h. (b) S16 for 640 h. (c) S42 for 640 h. (d) S3 for 820 h. (e) S16 for
820 h. (f) S42 for 820 h.

3.2. Phase Analysis

XRD patterns and phase analyses of the corrosion products on samples with different
corrosion times at 900 °C are provided in Figure 4 and Table 3. After 640 h of hot corrosion,
the composition of the corrosion products of the three alloys was similar. The corrosion
products were CryO3, NiTiO3, NiCr;Oy4, CoCryO4, and TiO,. Additionally, NiO appeared
in the S42 alloy. After 820 h, the types of corrosion products on the alloy surface had rarely
changed. Compared with 640 h, NiO appeared on all alloys except S42.

Table 3. XRD results of the samples corroded for 640 h and 820 h.

Time Alloy Phase Constituents

640 h S3 Cl‘203 ’ NiTiO3 ’ NiCr204 ’ COCI'204 ’ Ti02
S16 Cl‘203, NiTiO3, NiCI‘zO4, COCI‘204, TiOz
542 Cry03, NiTiOg3, NiCryOy, CoCryOy4, TiO,, NiO

820 h S3 CI‘203 ’ NiTiOg ’ NiCI‘zO4 ’ COCI‘204 ’ TiOZ ’ NiO
S16 CI‘203, NiTiO3, NiCI‘zO4, COCI'204, TiOz, NiO
542 CI‘203 ’ NiTiO3 ’ NiCI‘zO4 ’ COCI'204 ’ Ti02 ’ NiO
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Figure 4. XRD patterns of samples corroded for different times at 900 °C. (a) 640 h and (b) 820 h.

3.3. Surface and Cross-Sectional Morphologies

The surface morphologies of the experimental alloys with different sulfur contents
after hot corrosion for 640 h are illustrated in Figure 5. Comparing the surface morphologies
of the three alloys at lower multiples, it can be found that with the increase in S content, the
cracks and bulges in the outer oxide layer on the surface of the alloys increased significantly.
The surface of the S3 alloy was covered by relatively dense gray massive corrosion products
(Figure 5a). Cracks and protrusions appeared on the surface of the S16 alloy. A protrusion
with a width of 200 pm (Figure 5¢) and a crack with a width of 4.5 um (Figure 5d) can be
observed. The cracks become channels for the corrosive medium’s rapid penetration into
the alloy, making it easier for the matrix to be damaged by the molten salt. For the 542 alloy,
more cracks appeared on the outer oxide layer, and spallation occurred. A spallation with a
width of 200 um (Figure 5e) can be observed. Combined with the results of XRD and EDS,
the main products of the three alloys were blocky NiTiO3 and cluster-like (Co,Ni)Cr,Oj.
Compared with the S3 alloy, the surface morphology of S16 was nearly unchanged, while
the amount of NiTiO3 on the surface of the 542 alloy decreased significantly and the amount
of (Co,Ni)CrpO; increased significantly.

The surface morphologies of the corrosion products after 820 h of hot corrosion are
presented in Figure 6. Cracks and bulges appeared on the surface of the S3 alloy, and the
size of the blocky NiTiOj in the outer oxide layer became larger. The cracks on the S16 alloy
continued to expand and accumulate, resulting in the appearance of scattered spallation.
The width of the protrusion on S3 was about 200 pm (Figure 6a), while it was about 270 um
for 516 (Figure 6¢). On the 542 alloy, a large area of spallation (approximately 670 pm in
Figure 6e) was observed and cracks were also observed in the exposed subsurface. EDS
analysis of the subsurface layers revealed mainly oxides of Cr, Co, and Ni.

In order to more intuitively understand the degree of spallation, the samples were
scanned with a laser confocal scanning microscope. The results are shown in Figure 7. The
lowest point in the figure is represented by red, and the highest point is represented by
blue. The spalled regions of the S3 and 516 alloys appear light green, and the average depth
of the spallation of the two alloys was measured to be about 55 pym and 80 um. 542 has a
larger and deeper spalling area than S3 and S16. This is similar to the SEM results, clearly
indicating that the increase in S content promotes the peeling of corrosion products.
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Figure 5. Morphologies of the surfaces of the corroded samples after 640 h at 900 °C. (a,b) S3. (c,d) S16.
(e f) S42.

Figure 8 shows the cross-sections of the experimental alloys corroded at 900 °C for
640 h and 820 h. The cross-sections of the three alloys all show a typical three-layer
structure. The outer layer consisted of oxides of Cr, Co, Ni, and Ti. The inner corrosion
zone comprised a Ni-based matrix with dispersed Al,O3 and CrSy particles. By measuring
the layer thickness at 20 different locations across multiple cross-sectional SEM images,
the average thickness of the outer layer and the penetration depth of the inner corrosion
zone were obtained. There were obvious differences in the three-layer structure of the
three alloys. The outer layer of the S3 alloy was complete and dense, without visible
cracks and bulges. Its thickness was uniform, about 30.1 & 2.3 um. The penetration of
inner corrosion products was 31.2 £ 5.6 um. For 516, cracks, holes, and peeling oxide
scale fragments appeared in the outer layer. The thickness of the outer oxide layer was
uneven, with an average value of 22.5 & 4.1 um. The thickness of the inner corrosion zone
was about 37.2 + 4.3 um. The thickness of the outer layer was smaller than S3, while the
thickness of the inner corrosion zone was larger than S3. For 542, a hole with a size of
about 30 pm appeared in the center of the outer layer, which almost divided the outer
layer into two parts, and the inner part was directly exposed in the hole. The values of
the outer oxide layer and the inner corrosion zone were 22.3 &+ 6.5 pm and 44.2 &+ 4.9 um,
respectively. Relatively continuous Al,O3 was found in the inner layer of the S3 alloy
(Figure 8a); the sulfide size was small and the distribution was relatively uniform. The
amount of Al,O3 particles of S16 increased significantly, with some areas interconnecting.
The sulfide distribution area tended to aggregate. For 542, a dispersed Al,O3 layer could be
observed; the size of the sulfide particles increased and the distribution range was wider.
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Figure 6. Morphologies of the corrosion scales formed on the samples with different S contents after
820 h at 900 °C. The edge of the spalled area is indicated by a white dashed line in the figure. (a,b) S3.
(c,d) S16. (e f) S42.

Figure 7. The three-dimensional surface corrosion morphology of the samples with different S
contents after 820 h at 900 °C. (a) S3. (b) S16. (c) S42. The color scale represents height: red (lowest,
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spalled regions) to blue (highest, intact oxide). Quantitative measurements indicate average spallation
depths of approximately 55 pm for S3, 80 pum for 516, and exceeding 100 um for 542, demonstrating a
clear correlation between sulfur content and surface degradation severity.

R ny et S Ml s e ALGT N g
inner layer- 7~ CrS

20pum substrate 20pm

substrate

20pm substrate : 20pm

Figure 8. Morphologies and microstructures of the cross-sections of samples corroded for 640 h at
900 °C. Different layers have been illustrated by white line. (a,b) S3. (c,d) S16. (e, f) S42.

At 820 h, the cross-sectional morphologies of all alloys still show a three-layer structure,
and the corrosion products are consistent with those at 640 h. For the S3 alloy, the structure
of the corrosion layer showed almost no change. Cracks appeared in the outer layer of the
516 alloy. Holes appeared in the S42 alloy. The outermost layer of both alloys spalled off
to a certain extent. The thickness of the outer layer of S16 and S42 was obviously smaller
than that of the S3 alloy, their inner layer was thickened to different degrees compared with
640 h, and the sulfide layer was further enlarged.

In order to further understand the corrosion products and the element distribution in
different regions of the cross-sections, an EPMA was used, as shown in Figures 9-11. The
outermost layer of the three alloys was rich in Cr, Co, and Ti, with Cr being enriched at the
bottom of the outer oxide layer to a certain extent. A relatively continuous Al-rich layer can
be observed in 53 and 516, while the Al element distribution of the 542 alloy was relatively
loose. The sulfides were mainly sulfides of Cr and Ti. With the increase in sulfur content,
the amount of sulfides increased.
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Figure 9. Secondary electron micrograph and corresponding X-ray micrograph of the S3 alloy
corroded for 640 h at 900 °C.

Figure 10. Secondary electron micrograph and corresponding X-ray micrograph of the S16 alloy
corroded for 640 h at 900 °C.

Figure 11. Secondary electron micrograph and corresponding X-ray micrograph of the 542 alloy
corroded for 640 h at 900 °C.
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4. Discussion
4.1. Hot Corrosion Process

Hot corrosion can be regarded as accelerated oxidation caused by salt deposits. Hot
corrosion is similar to atmospheric corrosion caused by thinner electrolytes at certain
temperatures [39]. The melting point of pure NaySO;, is 884 °C. When the hot corrosion
temperature reaches 900 °C, a layer of molten NaySO, can form on the alloy surface.
Na,SO; can be decomposed into the basic product Na,O and the acidic product SOs, and
503 can be decomposed into S and O,. O, generated by decomposition, together with O,
in the air, promotes external oxidation and internal oxidation of the alloy. The released S
diffuses into the alloy, resulting in internal sulfide, while the O?" in Na,O causes alkaline
melting of the outer oxide scales [40].

NaySO4 = NapO + SO3 (1)
1 3
SO3 = 552 + 502 (2)

At the beginning of hot corrosion, the surface of the sample was oxidized, and the mass
of the alloy increased quickly. After the initial transition period, a three-layer structure,
containing an outer oxide layer enriched in Ti, Co, and Ni, an inner Al,O3 layer, and an
inner sulfide layer, formed on the surface of the sample. Due to the relatively high Cr
content in this alloy, the oxide layer was dominated by Cr,Os. The high stability of Cr,O3
in molten salt guarantees superior hot corrosion performance in this alloy.

The experimental alloys contained a certain amount of Ti. With the progress of hot
corrosion, the Ti element continuously diffused outward to form TiO,. Meanwhile, other
alloying elements in the alloy were also oxidized, and solid-state reactions occurred between
the different oxides to generate spinels [6]. Compared with NiO, spinels such as NiTiO3
and NiCr,O4 have a more compact structure and electrical neutrality, which offers effective
hot corrosion resistance. During the initial stage, S content did not affect the corrosion
products. The corrosion products were mainly CryOs, NiTiO3, NiCr,Oy4, and TiO;.

NiO + Cr,03 = NiCr,04 3)

NiO + TiO, = NiTiO3 (4)

Compared with metal ions, oxygen ions can easily diffuse through the initial oxide
layer formed on the alloy surface and reach the interface of the oxide layer/substrate,
where the oxygen partial pressure is lower than that of air. According to the theory of
Ni-Cr-Al ternary alloy oxidation, a lower oxygen partial pressure will be more favorable
for the selective oxidation of Al,Os. Thus, an Al,O3 layer was formed at the interface of
the outer oxide layer and the substrate.

With the consumption of O, in the oxidation reaction, the Reactions (1) and (2) pro-
ceeded to the right, leading to an increase in S activity. Thus, it was easier for S to penetrate
the initially formed inner and outer oxide layers and reach the matrix, resulting in the
formation of a S concentration gradient in the matrix. Both oxygen gradients and sulfur
gradients exist simultaneously in the matrix. If the oxygen partial pressure inside the
alloy is lower than a certain critical value, the sulfide can exist stably. Therefore, in the
lower-partial-pressure region, which is in front of the inner oxide layer, a sulfide layer
forms. Thus, a typical hot corrosion three-layer structure was formed.

With increased corrosion time, the oxidation of the sample continued, while the fluxing
of the outer oxide layer occurred simultaneously. Due to the outstanding hot corrosion
resistance of CryOj3, the interior of the alloy matrix was protected by the Cr,O3 scale.
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Sufficient Cr content in the experimental alloys facilitated the alloys to regenerate Cr,O3.
However, repeated fluxing and peeling may lead to the depletion of Cr in the alloy matrix,
resulting in the formation of less protective NiO. After the NiO was damaged by fluxing,
the corrosive medium entered the matrix, causing serious internal corrosion.

CryO3 + 2Na,O + 202 = 2NayCrOy4 (5)

Since sulfides are less stable than oxides, sulfides will be oxidized when oxygen
gradually diffuses into the inner sulfide layer through holes and cracks:

ACTS + 30, = 2Cry05 + 25, AG900 °C = —1,338,348.6 ] (6)

Some of the S released by Reaction (6) was concentrated on the surface of the internal
pores, and the rest of the S continued to diffuse into the matrix to form new sulfides in the
frontier region. Oxidation and sulfidation occurred repeatedly and alternately, resulting in
the continuous development of corrosion into the alloy. The Reactions (1) and (2) proceeded
to the right, and O?~ continued to accumulate, resulting in an increase in the alkalinity of
the molten salt. When the alkalinity of the molten salt reaches a certain level, the outer oxide
scale is dissolved, and a melting reaction occurs, forming a loose and porous oxide layer.

During the hot corrosion process, the internal corrosion zone of the 516 and 542 alloys
evolved into a network of Al,O3 (Figure 8). The generation of these network oxides was
related to the diffusion behavior of O in the alloy matrix. Martinez-Villafane et al. studied
the internal oxidation of Ni-Al; they found that the diffusion rate of O along the oxide/alloy
interface is 102103 times higher than that in the Ni lattice [41-43]. During hot corrosion,
O rapidly diffused along the existing oxide/alloy interface to the internal corrosion front,
where new internal oxides were formed. Due to the existence of microsegregation in
superalloys, a small concentration field difference in the internal oxidation front changes
the direction of the inward extension of the internal oxide, which finally grows into a
network shape. The diffusion rate of O along the oxide/alloy interface is rapid, so the
growth rate of the inner network oxide is also fast. Once the inner network oxide starts to
form, the alloy will be quickly consumed.

By combining the kinetic curves and microstructures, the following corrosion process
can be ascertained. During stage I (0-300 h), all three alloys exhibit parabolic kinetics,
indicating that a protective oxide scale was formed. The parabolic rate constant for S3 is
notably higher than those for S16 and S42. This suggests that during the initial incubation
stage, lower sulfur content actually leads to slightly faster oxidation, which may be related
to the formation of a more complete and protective oxide layer on S3. The similar rate
constants for S16 and 542 indicate that once sulfur exceeds 16 ppm, a further increase has
a minimal effect on the incubation stage kinetics. The higher initial oxidation rate of S3
may contribute to the earlier establishment of a protective CryOs-rich scale, as observed in
Figure 8a. During stage II (320640 h), the kinetics remain parabolic but with dramatically
increased rate constants—approximately five orders of magnitude higher than stage I. This
sharp increase corresponds to the breakdown of the initial protective scale and the onset of
accelerated corrosion involving sulfidation and fluxing mechanisms, as discussed above
in Section 4.1. In this stage, S16 exhibits the highest parabolic rate constant, followed
by 542, while S3 shows the lowest rate constant. This trend indicates that higher sulfur
content promotes accelerated corrosion during stage II. The higher rate constants for
high-sulfur alloys correlate directly with the increased pore and crack density observed
in Figures 5 and 8, where sulfur-stabilized defects provide rapid diffusion channels for
corrosive species. The non-monotonic behavior (516 > 542) was attributed to extensive
spallation in S42 during this stage, which periodically removes corrosion products and
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temporarily exposes fresh surface, leading to weight fluctuations that affect the parabolic
fitting. During stage III (660-820 h), the kinetics transition to linear behavior, indicating
that the protective oxide scale has been severely compromised and corrosion proceeds at
a constant rate. The linear rate constant for 516 is higher than that for S3 and 542. This
suggests that S16 experiences the most severe steady-state corrosion, while 542 exhibits the
lowest linear rate. The apparent decrease in corrosion rate for 542 in the final stage can be
explained by the extensive spallation observed in Figures 6f and 7c. The severe scale loss in
542 results in the exposure of fresh metal surface, followed by rapid re-oxidation, which
leads to weight gain-loss cycles that may lower the net linear fitting slope. Additionally,
after extensive spallation, the corrosion process may become limited by the availability of
reactive elements (Cr, Al) in the near-surface region, contributing to the reduced rate.

4.2. S Effect
4.2.1. Distinguishing the Roles of Sulfur from Different Sources

From the analysis of the experimental results, it can be seen that the differences in
hot corrosion behavior of alloys with different S contents are mainly as follows: first, with
increased S content in the alloy, the integrity of the oxide layer was deteriorated after hot
corrosion, and cracks and holes appeared. Secondly, the internal Al,Oj3 layer evolved into
a network structure in alloys with high sulfur content. Thirdly, the amount of sulfides
increased with the increase in S content. The distribution of elements in the sulfide layer of
the three alloys after hot corrosion for 640 h is given in Figure 12, which was obtained by
an EPMA. The sulfides of the three alloys were mainly Cr and Ti sulfides. As the sulfur
content in the alloys increased, both the amount of sulfides and the size of the sulfides
increased. In addition, the enrichment of Ti and N (nitrogen) elements also appeared in the
sulfide layer of the three alloys, and the nitride TiN was formed. With the increase in sulfur
content, the content of nitride increased.

The holes in the outer oxide scale were an obvious difference in the hot corrosion
behavior of alloys with different S contents. For further investigation, the distribution of
sulfur content around the holes was analyzed using the EPMA. The results showed that
sulfur had accumulated in the pores (Figure 13). With the increase in sulfur content in the
alloy, more sulfur accumulated in the pores.

It is important to distinguish between the two sources of sulfur involved in the hot
corrosion process, as they play fundamentally different roles in the degradation mechanism.

The molten salt deposit (Na;SO4) decomposes according to Reactions (1) and (2), pro-
viding a continuous external supply of sulfur. This sulfur diffuses inward through the oxide
scale and reacts with alloying elements to form the internal sulfides observed in the inner
corrosion zone (Figures 9-12). As shown in the EPMA elemental maps (Figures 9-11), the
sulfides are predominantly CrSy and Ti-rich sulfides, which constitute the innermost layer
of the three-layer corrosion structure. Thus, sulfur from salt decomposition is primarily
responsible for the sulfidation front that penetrates the alloy matrix.

In contrast, the ppm-level sulfur originally present in the alloy (3, 16, and 42 ppm)
plays a different but equally critical role. Rather than forming new sulfide phases, this
sulfur segregates to existing interfaces and defects within the oxide scale. Direct evidence
is provided in Figure 13, where EPMA analysis reveals clear sulfur accumulation at pore
sites within the oxide layer. The degree of sulfur enrichment correlates with the bulk sulfur
content, with the 542 alloy showing the most pronounced segregation. This observation is
consistent with studies by Molins [44], who demonstrated that sulfur segregation occurs
at both intact Al,O3/bondcoat interfaces and void surfaces, and that the concentration
of interfacial voids depends on the initial sulfur content in the superalloy. Furthermore,
Rouzou [45] successfully differentiated sulfur coming from the superalloy from sulfur
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trapped in the coating layer using SIMS depth profiling, confirming that indigenous alloy
sulfur plays a distinct role in interfacial segregation.
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e |

o
ML L)

L
A LA Al NG
NV SRS
PR AT

Figure 12. EPMA images of the sulfide layer of alloys with different sulfur content corroded for 640 h
at 900 °C. (a) S3. (b) S16. (c) S42.

https://doi.org/10.3390/cryst16030197


https://doi.org/10.3390/cryst16030197

Crystals 2026, 16, 197

16 of 21

Figure 13. Local EPMA images of oxide layers of alloys with different sulfur content corroded for
640 h at 900 °C. The areas circled by red rectangle are where EPMA characterization was performed.
(a) S3. (b) S16. (c) S42.

It is worth noting that while sulfur from salt decomposition is primarily responsible
for the advancing sulfidation front, a portion of it may also be incorporated into the oxide
scale, particularly at defect sites and grain boundaries, as has been observed in other alloy
systems [46]. However, the strong correlation between the bulk alloy sulfur content and
the degree of sulfur enrichment at pore sites (Figure 13) underscores the dominant role of
indigenous alloy sulfur in stabilizing and propagating these defects. Therefore, while both
sulfur sources contribute to the overall degradation, alloy impurity sulfur is the key factor
controlling the mechanical integrity of the oxide scale, whereas sulfur from the salt governs
the internal sulfidation process.

4.2.2. Effect of S

Some studies have pointed out that the S content in the alloy drastically affects the
amount of pores in the outer oxide scale [47], and that an increase in the impurity S content
will increase the nucleation rate of the pores in the outer oxide scale [48]. In one study,
thermodynamic calculations showed that the evaporation of solid solution S on the metal
surface was a strongly exothermic reaction [49]. Once S started to segregate, the surface
free energy of the pore decreased further, which promoted the formation and growth of
voids. The segregation of S and the formation of holes were mutually reinforcing processes.
The formula for nucleation of holes was as follows:

2
re= ok )

where 1. is the critical radius for hole nucleation, vy is the surface free energy, and AG is the
change in Gibbs free energy required for nucleation. With the continuous accumulation
of sulfur in voids, the amount of voids in the outer oxide scale continued to increase, and
eventually, larger defects appeared in the outer oxide scale.
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Mclean [50] conducted a theoretical analysis on the surface equilibrium segregation of
S. Miyahara measured S segregation on Ni’s surface and gave the isothermal equation for
the segregation of S in metallic Ni:

o G Qs
1-0 “1—CSEXP(RT) ®)

where 0 is the surface fraction of sulfur, Cg is the original content of sulfur, Qg is the

enthalpy of sulfur segregation, « is a constant, and T is the K temperature. Smialek [51]
used the data measured by Miyahara to fit Equation (8) and obtained the values o« = 0.189,
Qs =137 kJ-mol~!1-K~! in Ni. Therefore, the isothermal equation of sulfur segregation in
Ni is as follows:

0 C 137

— S PR
T8 —0.191_Csexp(RT)

©)

Equilibrium surface segregation isotherms of sulfur in metal Ni with different S
contents can be obtained from the above Equation (9). According to the measurement
of S segregation in the PWA1480 alloy by Smialek [52], the surface content of S showed
an extreme value when the temperature was about 900 °C and then decreased with the
increase in temperature. It can be seen that the content of S on the Ni surface is related
both to its original content and temperature. The extreme value of 900 °C is exactly the
temperature at which hot corrosion occurs. Therefore, even a ppm-level S content in the
alloy will still have a great impact on the hot corrosion performance. The quantitative
surface topography data (Figure 7) provides additional support for this mechanism. The
measured increase in spallation depth from 55 um for the S3 alloy to 80 um for the S16
alloy, as well as the extensive spallation observed for the 542 alloy, directly correlates
with the increased density of pores and cracks observed in the cross-sectional images
(Figure 8). This correlation confirms that sulfur-induced defect formation at the oxide scale
leads to progressive mechanical degradation of the protective layer, ultimately resulting in
large-scale spallation.

Figure 14 summarizes the influence mechanism of S on the hot corrosion of S3, S16,
and S42 alloys. At high temperature, the molten salt deposited on the surface of the alloy
promoted the formation of a three-layer structure including an outer Cr,Oj3 oxide layer, an
inner Al,Os layer, and an inner Cr/Ti sulfide layer.

Due to defects such as pores and microcracks in the outer oxide scale and the
scale/substrate interface, the sulfur in the alloy tended to segregate at the defects, which
increased the stability of the defects and the number of defects. The existence of pores
promoted the cracking and peeling of the outer oxide scale. They provided a fast diffusion
channel for air and corrosive media. Therefore, the corrosive medium and air passed
through the oxide layer and reached the substrate to further corrode the matrix and acceler-
ate the corrosion. Oxygen had a fast diffusion rate at the oxide/alloy interface, resulting
in a large amount of consumption of metal elements in the alloy and the formation of a
dispersed network of Al,O3. For the 542 alloy, more dispersed N elements appeared in the
cross-sections after hot corrosion. Because the N elements came from the air, it provided
conclusive evidence that the air entered the alloy matrix through the defects of the outer
oxide layer. With the increase in oxide layer defects, the N diffused into the alloy more
easily. N combined with Ti formed the stable nitride TiN. The massive formation of internal
nitrides leads to volume changes in the matrix, which can introduce high stress in the oxide
layer and may even destroy the layer. A study showed that the main cause of nitriding was
mechanical creep damage leading to cracking and spalling of the protective oxide [53].
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Figure 14. Schematic diagram of the mechanism for the effect of S on hot corrosion of S3, S16, and
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542 alloys. (1) Before hot corrosion (white represents the substrate). (2) A stable oxide layer is formed.
Dark gray represents the outer oxide layer enriched in Cr, Ti, Co, and Ni. The light blue dots represent
inner Al,O3 and CrSy. (3) Enlarged view of the area selected by the black rectangle in image (2).
Holes and cracks (white dots and stripes) appear in the outer oxide layer. (4) The accumulation of s
(red dots) appears at the holes. (5) Cracks penetrating the outer oxide scale are formed.

It should be noted that the present findings are based on a limited experimental
scope (three sulfur concentrations and a single temperature). While consistent trends
were observed, future studies incorporating a broader range of sulfur levels and multiple
temperatures are needed to establish the generalizability of these results.

5. Conclusions

The hot corrosion behavior of S3, 516, and 542 alloys with different sulfur contents
in molten sodium sulfate at 900 °C was investigated, and the following conclusions are
drawn based on the analysis of the experimental results.

(1) The compositions of the hot corrosion products of the S3, 516, and 542 alloys with
different S contents were almost the same, and the corrosion scales were mainly
composed of an outer oxide layer dominated by Cr and rich in Ti, Co, and Ni, with an
inner Al,Os layer and an inner sulfide layer.

(2) The increase in S content deteriorated the hot corrosion resistance of the alloy. Qualita-
tive observations indicate that with increased S content, the amount and size of pores
and cracks in the outer oxide scale increased, as well as the content of internal sulfide
and internal nitride.

(3) The mechanism by which S affects the hot corrosion behavior was that the sulfur in
the alloy tended to segregate at the defects in the outer oxide scale, increasing the
stability of the defects and increasing the amount of defects. These defects provided a
fast channel for the diffusion of the corrosion medium, resulting in the acceleration of
hot corrosion.
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