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Abstract: The influence of varying levels of impurity elements on the hot corrosion resistance of the DD98M alloy in
Na,SO4+NaCl salt at 950 °C was investigated. The results indicate that the corrosion resistance of the DD98M alloy
significantly decreases with an increase in impurity content, and the presence of nitrogen leads to an increase in alloy
porosity. These porosities promote the rapid diffusion of molten salt and oxygen into the alloy, resulting in a bilateral
diffusion of oxygen and sulfur, which leads to an accumulation of these elements at the oxide—matrix interface. This
process contributes to the formation and propagation of interfacial cracks. A growth model was developed for hot
corrosion products in alloys with varying impurity elements.
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1 Introduction

Single-crystal (SX) superalloys are widely used
in the manufacturing of aeroengines and gas turbine
blade materials due to their exceptional mechanical
properties at high temperatures, resistance to
oxidation and hot corrosion, as well as good stability
under high temperatures [1—4]. However, alkali
metal impurities in the fuel and sulphates (mainly
sodium sulphate) formed by the oxidation and
combustion of sulphur can adhere to the leaves,
leading to hot corrosion at high temperatures and
causing unpredictable degradation of materials. This
poses significant challenges in predicting the
lifespan and maintenance schedules of these
components, which can ultimately lead to
catastrophic ~ failure of components [5,6].

Consequently, the investigation into the hot
corrosion behavior of superalloys remains a
significant and pressing area of research, particularly
in terms of enhancing the durability and reliability of
modern turbine blade materials.

The hot corrosion of superalloys can be
classified into two types. Type-I occurs at
temperatures ranging from 900 to 1000 °C, whereas
type-Il occurs within the temperature range of
600—750 °C [7,8]. Type-1 hot corrosion occurs
through a reaction between the protective oxide layer
on the alloy surface and molten sodium sulfate
(NaxSOs), which melts at 884 °C [7]. In type-II hot
corrosion, sodium sulfate (Na,SO4) reacts with
nickel sulfate (NiSO4) and cobalt sulfate (CoSOs) to
form a eutectic phase (with a melting point of
550 °C), which accelerates the surface degradation
[8,9]. In contrast to type-I, the initiation of type-II

Corresponding author: “Xiao-gang YOU, Tel: +86-371-67736591, E-mail: youxiaogang1990@163.com

https://doi.org/10.1016/S1003-6326(25)66979-2
Received 3 May 2024; accepted 21 February 2025

1003-6326/© 2026 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://www.tnmsc.cn/
https://www.sciencedirect.com/journal/transactions-of-nonferrous-metals-society-of-china
mailto:youxiaogang1990@163.com
https://doi.org/10.1016/S1003-6326(25)66979-2
http://creativecommons.org/licenses/by-nc-nd/4.0/

Geng-yi DONG, et al/Trans. Nonferrous Met. Soc. China 36(2026) 522—537 523

hot corrosion requires a high partial pressure of
sulfur trioxide (SOs3) [10]. Researchers primarily
focus on studying the hot corrosion behavior at about
900 °C and the oxidation behavior at approximately
1000 °C [11]. As the inlet temperature of industrial
gas turbines (IGTs) continues to rise, the blade
surface temperature exceeds 1000 °C, necessitating
a more in-depth investigation into the hot corrosion
behavior of superalloys at temperatures above
950 °C.

Currently, the enhancement of hot corrosion
resistance in superalloys primarily depends on the
strategic regulation of alloying elements and the
innovation in surface protective coatings. Chromium
(Cr) is recognized as the most important element in
preventing hot corrosion. Chromium, vital for its
ability to form a stable chromium oxide (Cr,O3) layer
on the alloy surface, acts as a barrier that prevents
the interaction between the molten salt and the
underlying matrix [12,13]. In addition, Cr can
effectively capture sulfur and inhibit the formation
of other harmful liquid sulfides [14,15]. Similarly,
aluminum significantly enhances hot corrosion
resistance by readily forming alumina (Al,Os) in
oxidizing atmospheres, which effectively reduces
the rate of hot corrosion [16,17]. Ti can effectively
absorb sulfur and Cr, and promote the formation of a
protective TiO, film on the surface of the alloy [7].
The presence of Ta can lead to the formation of solid
NaTaOs, which effectively prevents the formation of
a molten spinel phase and enhances its resistance
against hot corrosion [18]. W and Mo will form acid
oxides, which accelerates the corrosion process [19].
The addition of Re can effectively inhibit the
diffusion of Ni and Al and increase the stability of
Cr20s and Al,O3, and thus plays an important role in
protecting the matrix [20,21]. However, in addition
to alloying elements, impurity elements such as
oxygen (O), nitrogen (N), sulfur (S), and carbon (C)
in superalloys also significantly affect the adhesion
and integrity of the surface oxide layer [22,23].
Investigations into the effect of impurity elements on
the hot corrosion properties of superalloys, however,
are very limited. Therefore, it is necessary to
thoroughly explore the influence of impurity
elements on the hot corrosion behavior and the
mechanisms.

This study employs the salt package method to
simulate the long-term operational conditions of IGT

blades, particularly in scenarios involving sulfate
deposition. Hot corrosion tests were conducted on
the DD98M alloys with different O, N and S contents.
The alloys were exposed to a mixture consisting of
75 wt.% sodium sulfate (Na,SO4) and 25 wt.%
sodium chloride (NaCl) in order to simulate the
corrosive environments. This investigation unravels
the impact of impurity elements on the hot corrosion
behavior of the DD98M alloy, which provides novel
insights into improving the corrosion resistance of
superalloys by controlling the impurity elements.

2 Experimental

The master alloy was prepared through vacuum
induction melting (VIM) and electron beam smelting
(EBS). The single crystal alloy rods with a diameter
of 16 mm and a length of 220 mm, were prepared
using the crystal selection method in the directional
solidification furnace subsequently. Three sets of
alloys were named as A1, A2 and A3 in turn based
on their impurity content. The contents of oxygen,
nitrogen, and sulfur within the alloy were measured
using the pulse infrared thermal conductivity O/N/H
analyzer (TC-436 AR) and the carbon—sulfur
analyzer (CS-3000G), boasting an analytical
precision of 0.0001 wt.%. The alloy compositions
were analyzed using X-ray fluorescence
spectrometry (XRF—1800), and the results are
presented in Table 1.

Table 1 Compositions of alloys (wt.%)

Alloy Ni Al Cr w Co Ti
Al Bal. 548 7.28 8.57 8.01 0.80
A2 Bal. 542 820 8.54 7.98 0.78
A3 Bal. 548 8.00 8.54 7.95 0.77

Alloy Mo Ta S N O  O+N+S
Al 2.16 581 0.0001 0.0004 0.0004 0.0009
A2 2.08 5.68 0.0005 0.0012 0.0010 0.0027
A3  2.04 5.68 0.0008 0.0020 0.0014 0.0042

A standard heat treatment was carried out for
the alloys. Firstly, the alloys were held at
1295-1300 °C for 4h and air cooled to room
temperature. A two-step aging was performed
subsequently, namely holding at 1080 °C for 8 h and
air cooled, and then kept at 870 °C for 24 h before
air cooled to room temperature. The alloys were then
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machined into samples with size of d16 mm x 5 mm
([001] orientation perpendicular to the d16 mm
plane). The microstructures of the DDI9SM
superalloy after heat treatment are shown in Fig. 1.
After undergoing standard heat treatment, the
eutectic microstructure is effectively eliminated, and
the size of the y’ phase is also controlled at a similar
level. The top, bottom, and lateral faces of the
cylindrical specimens were polished to a 3000-grit in
order to standardize the surface condition and
minimize the impact of surface roughness. The
surface contaminants were removed by conducting
three rounds of ultrasonic cleaning in anhydrous
ethanol, each lasting for 10 min.

The mass of the DD98M samples was measured
using an analytical balance with an accuracy of
0.1 mg. The samples were heated to 300 °C in a
muffle furnace, and a mixed solution of
25%NaCl+75%Na,SO4 was sprayed onto all sides of
the samples. The quality of the deposited salt was
controlled to be (1.0+0.1) mg/cm?. The samples were
placed on a quartz crucible, ensuring that the
surfaces of the samples were fully exposed to air. The
hot corrosion experiments were conducted in an
OTF-1200X tube furnace. The experimental
temperature was set at 950 °C, and the heating and
cooling processes were controlled within 1.5 h. The
corundum crucible containing Na,SO4 was put into
the furnace at the same time. The samples were
weighed using an electronic balance before and after
heating. After the samples were removed from the
furnace, they were rinsed with distilled water, dried

by air blowing, and then weighed before being
recoated with salt. Each datum represents the mean
value derived from three independent samples.

The hot corrosion products on the surfaces were
identified by X-ray diffractometer (XRD—6000),
with diffraction angles ranging from 20° to 60°. The
scanning step size and speed were 0.02° and 2.00°
per minute, respectively. The surface morphologies
of the corroded samples were observed using laser
confocal microscopy (OLS5100). Scanning electron
microscope (JSM—7900F) was used to observe the
surface and cross-sectional morphologies of the
samples after hot corrosion. The element distribution
and phase composition of the corrosion products
were detected and analyzed using the SEM—EDS and
TEM—-EDX. The micropores of the DD98M alloy
were analyzed using the Xradia 610 Versa XRT
equipment, which operated at 190 kV with a three-
dimensional spatial resolution of 500 nm.

3 Results

3.1 Hot corrosion Kinetics of alloys

The kinetics for hot corrosion of the alloys at
950 °C is illustrated in Fig. 2, which showcases the
mass change per unit surface area following hot
corrosion. The three alloys have experienced
significant degradation, with the A1 alloy exhibiting
a mass loss of 84 mg/cm’ and the A2 alloy of
132 mg/cm®. The A3 alloy exhibits a more
pronounced deterioration compared to the A1 and A2
alloys, resulting in a mass loss of 158 mg/cm?.

Fig. 1 SEM images of alloys after standard heat treatment
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Fig. 2 Mass change versus time curves for alloys during
hot corrosion at 950 °C

3.2 Macroscopic morphologies and constituent

phase of surfaces

The surface profiles of the DD98M alloys with
different impurity contents after 5, 15 and 60 h of hot
corrosion are shown in Fig. 3. After undergoing 5 h
of hot corrosion in air (Figs. 3(a—c)), the samples
exhibit very small surface fluctuations with only a
few pits, while maintaining their overall surface
integrity. After being exposed to hot corrosion in air
for 15h (Figs. 3(d—f)), the surface profile of the
samples shows an increased fluctuation,
accompanied by a higher number of pits.
Additionally, a small amount of flaking material was
observed in the crucible, indicating intensified
corrosion. After undergoing 60 h of hot corrosion in

air (Figs. 3(g—)), the surface profile of the samples
exhibits significant fluctuations, and a substantial
amount of flaking material was observed in the
crucible. The severe erosion on the sample surfaces
indicates that the integrity of the sample surface can
be destroyed by the salt (Na;SO4+NaCl). On the
whole, the samples with low impurity content exhibit
superior surface integrity and smaller profile
fluctuations compared to those with high impurity
content, indicating enhanced resistance to hot
corrosion.

The XRD patterns and compositions of the
samples corroded at 950 °C for different durations
are presented in Fig. 4. After hot corrosion for 5 h in
air, it is observed that complex spinel phases,
including NaTaOs3, NiCr20s, and NiWOs, along with
oxides such as Al,O; and NiO, are formed on the
surface of the alloys. After 15 h of hot corrosion in
air, diffraction peaks of TiO and Cr,0Os are observed,
as shown in Fig. 4(b). Moreover, the intensity of
diffraction peaks for the complex spinel phases
(NaTaOs;, NiCr,04 and NiWO3;) is significantly
enhanced, indicating their continued growth during
hot corrosion. The diffraction peak intensity of
NaTaO; and the matrix gradually weakens after 60 h
of hot corrosion in air, as shown in Fig. 4(c). This
weakening can be attributed to an increase in the
thickness of the corrosion layer. The consistent XRD
patterns observed after 15 h of hot corrosion suggest
that the corrosion products of alloy remain largely
unchanged beyond this duration, indicating that a

Fig. 3 Macroscopic surface profiles of Al (a, d, g), A2 (b, e, h) and A3 (c, f, i) alloys after hot corrosion in air for different

time: (a—c) 5 h; (d—f) 15 h; (g—1) 60 h
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Fig. 4 XRD patterns of samples hot corroded at 950 °C for
different time: (a) 5 h; (b) 15 h; (¢) 60 h

thickening stage of the corrosion product film has
been reached and no new reactions have occurred.

3.3 Surface and cross-sectional microstructures
To elucidate the influence of corrosion layer
structure on alloy properties, the surface
morphologies in areas without peeling are
characterized. The Al alloy has been chosen as a
representative for detailed morphological analysis

due to the similar surface morphologies observed in
the alloys after hot corrosion at 950 °C for varying
durations. A significant amount of oxide particles
can be observed on the surface of the Al alloy after
5 h of hot corrosion in air, as shown in Figs. 5(a—c).
These particles are identified as a mixture of NiO and
NiCr;04 by combining EDS energy spectra with
XRD patterns. After hot corrosion for 15 h in air,
some small-sized complex oxides are formed in
addition to NiO and NiCr;O4, as depicted in
Figs. 5(d—f). The strip-shaped oxides are
predominantly identified as chromium, whereas the
larger bulk oxides are rich in tantalum. After 60 h of
hot corrosion in air, a notable morphological
transformation occurs for the NiO and NiCrO4
particles on the sample surface. This is characterized
by the emergence of numerous protruding structures
and an increase in particle size, as depicted in
Figs. 5(g—i).

Figure 6 shows the typical surface morphologies
of the A3 alloy for different durations of corrosion.
After hot corrosion in air, the alloy surfaces peel off
seriously in certain regions. Besides, micropores
could be observed on the alloy surfaces. Some W-
rich acicular oxides are observed surrounding these
micropores after hot corrosion for 15 h in air, as
shown in Fig. 6(b). Moreover, abnormal protruding
structures are observed alongside these micropores,
as depicted in Figs. 6(c) and (d). After 60 h of hot
corrosion in air, severe shedding is observed around
the micropores on the surface of the A3 alloy, as
shown in Figs. 6(e, f). The shedding of corrosion
products is likely to be influenced by micropores,
which can be considered one of the main
contributing factors.

The cross-sectional element distributions of the
DD98M alloys after being exposed to hot corrosion
in air at 950 °C for 5h are shown in Fig. 7. The
cross-section of the alloy after 5 h of hot corrosion
reveals a moderate level of hot corrosion. The
corrosion products mainly consist of Al oxides with
a small amount of Ni and Cr oxides. Besides, sulfides
are observed in the oxides, indicating that S has not
diffused into the matrix at this stage. The content of
Al element is significantly reduced inside the oxides,
resulting in the formation of a depleted layer of y'-
phase.

After 60 h of hot corrosion in air (Fig. 8), the
thickness of the corrosion layer increases, and a
loosely adhered corrosion layer is observed on the



Geng-yi DONG, et al/Trans. Nonferrous Met. Soc. China 36(2026) 522—537 527

Fig. 5 Morphologies of corrosion products on surfaces of Al alloy after hot corrosion for different durations: (a—c) 5 h;
(d—1) 15 h; (g—1) 60 h

Abscission zone

e R R

(a) 5 h; (b=d) 15 h; (e, ) 60 h

cross-section of the sample. The corrosion products amounts of aluminum and chromium oxides, and the
consist of a three-layered structure. The outermost inner layer forms a continuous protective aluminum
layer is composed of nickel oxide, the middle layer and chromium oxide layer. The sulphides are also
mainly consists of tungsten oxide with small observed in the y-phase depleted layer.
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Fig. 7 Distribution of elements on cross section of different alloys after hot corrosion in air at 950 °C for 5 h: (a) Al;
(b) A2; (c) A3

Fig. 8 Distribution of elements on cross section of different alloys after hot corrosion in air at 950 °C for 60 h: (a) Al;
(b) A2; (c) A3
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To determine the composition of sulfides and
the element composition at the interface between the
corrosion layer and substrate, focused ion beam (FIB)
is used to prepare a cross-sectional specimen of A3
alloy hot corroded in air for 60 h, as shown in Fig. 9.
The microstructural analysis, as illustrated in Fig. 9,
reveals that a y' phase depletion region is located
between the substrate and the oxide film. Notably, Ta
and S exhibit enrichment near the substrate within
this depletion region, which is determined as TaS,
phase based on the fast Fourier transformation (FFT)
analysis (Point 4 in Fig. 9). The oxide film adjacent
to the substrate is characterized by a high content of
Al, Ta, and Cr elements. The diffraction pattern
shows that the oxides are Al,O; phase (Point 2 in
Fig.9) and Ta,Os phase (Point 3 in Fig.9). Its
relatively dense structure suggests that it serves as a
robust barrier, effectively protecting the substrate
from further corrosive damage. The outmost layer,
on the other hand, consists of W-rich oxides with
numerous micropores distributed throughout its
structure. The diffraction pattern indicates that the
oxide is NiWOy4 phase (Point 1 in Fig. 9). The loose
oxide film on the surface is unable to effectively

.

L

prevent corrosion caused by salt and O;.

The  cross-sectional — morphologies and
components of A3 alloy after different hot corrosion
time are depicted in Fig. 10. After 5h of hot
corrosion in air, residual NaCl salt is observed in the
cross-section, along with an oxide layer composed of
(ALCr)—O. According to the EDS analysis (Table 2),
the particles that are black in color are identified as
AlOs, and an inconspicuous y"-phase depleted layer
can be observed at the bottom of the oxide layer
(Fig. 10(a)). After hot corrosion for 15 h in air, the
oxide layer is divided into outer and inner layers. The
outer layer primarily consists of NiO, while the inner
layer is mainly composed of (W,Cr,Al)-O oxide. It
is worth noting that the inner layer contains bright
white particles of NaTaOs, which are likely formed
through the reaction between Ta-rich oxides and
Na;S0O; salt. CrS is found in the inconspicuous p’-
phase depleted layer, where S has penetrated through
the oxide layer into the y-phase depleted layer. After
60 h of hot corrosion in air, the thickness of the
corrosion layer increases significantly. This
observation suggests that the two oxide layers formed
after several hours of corrosion are insufficient in

[3.13]

Fig. 10 Morphologies and components of cross-section for A3 alloys after hot corrosion in air for 5 h (a), 15 h (b) and

60 h (c)
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preventing further corrosion. The corrosion scale is
divided into three distinct layers. The outer layer
primarily consists of NiO, with the coexistence of the
bright white NaTaOs phase. The middle layer is a
non-protective oxide layer composed of W, Cr, and
Al oxides. The innermost layer consists of
continuous Ta, Cr, and Al oxides. The y-phase
depleted layer beneath the innermost protective layer
contains CrS and TaS,. However, TaS; is formed at
greater depths compared to CrS.

Table 2 EDS results of corrosion products on cross section
of A3 alloy (wt.%)

Position .
inFig 10 M Cr Al

1 26.6 6.5 30.1 6.1

W Ta O S Na

24 276 03 04

2 46 12 45 15 42 178 02 03
3 234 6.1 34 56 206 242 0.1 16.6
4 20.2 329 08 14 19 21 405 0.1
5 185 1.7 07 25 253 08 404 0.1

4 Discussion

4.1 Hot corrosion mechanisms of DD98M alloy

The hot corrosion experiments are conducted at
temperature higher than the melting point of Na,SO4
(884 °C) and NacCl (801 °C). The Na,SO4 and NaCl
on the alloy surface are in a molten state at the
beginning of the experiment. As a result, the
following reaction will occur [7]:

SO; > 02+s+%o2 (1)

During the initial stage of hot corrosion, a
limited amount of surface oxygen participates in
reactions with the matrix elements. This process is
influenced by factors such as the content of alloy
elements, their diffusion rates, and the thermal
stability of the resulting oxides [12]. Figure 11
shows the standard Gibbs free energy of oxides
formed from the oxidation reaction of alloy elements
in the DD98M alloy. It can be seen that all elements
can spontaneously form oxides with O, and Al, Ti,
Cr and Ta are particularly susceptible to oxidation.
Due to the low titanium content, the diffraction peaks
of TiO; can only be observed in the XRD results for
alloys after 15 h of hot corrosion in air (Fig. 4(b)).
AlLO3, Cr,03 and Ta,Os will be preferentially formed
on the surface, which is consistent with the
observations in Fig. 10(a).

-100

2008 N0, =2NiO

=300 |
= (6]
—400 2/3WO3

500 Al

-600 - 17572t 0,—2/512,05
=700 | Ti+02:Ti02

800}
-900 43A1+0,=2/3A1,03

N +O
—/3M00s 2/3W+0O;

i +0O
| 2/3Mot0; 3Crr0,—2/3Cr0;

AG®/(kJ+-mol™)

_1000 1 1 1 1
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Fig. 11 Standard Gibbs free energy change for oxidation
reaction of elements in DD98M alloy

The schematic diagram for the reaction of O,
with alloy elements during hot corrosion is illustrated
in Fig. 12(a). At the same time, CI™ in the molten
NaCl will react with O, on the surface and in the air
to form Cl, (Eq. (2)). With the consumption of O,
Reaction (1) proceeds more thoroughly and generates
more O,. Additionally, O, from the air continuously
permeates and reacts with other elements such as Cr
and Ni in the matrix. Moreover, Al and Ta diffuse to
the surface, which results in the formation of a y"-
phase depletion region inside the matrix. The Cl,
partially diffuses into the air, while other part
permeates through cracks or micropores into the
matrix, where it reacts with Al and Cr in the matrix
to form volatile compounds such as AICl; and CrCls
(Egs. (3)—(4)). The wvolatile chlorides can easily
evaporate into the air, leading to a reduction in the Al
and Cr content on the alloy surface (Figs. 12(b, ¢)).
The concentrations of Na™ and O, ions in the molten
salt on the alloy surface escalate as Reactions (1) and
(2) progress. When the concentration of O, reaches a
critical level, dissolution reactions (Egs. (5)—(7))
occur on the surface oxides.

4C1+05(g)—20% +2C1x(g) @)
Al+1.5Cly(g)=AICl;,

AG(950 °C)=—527.35 kJ/mol 3)
Cr+1.5Cly(g)=CrCls(g),

AG(950 °C)=—319.67 kJ/mol )
Na,O+TaOs=2NaTaOs,

AG(950 °C)=—147.48 kJ/mol (5)
Na,0+Al,05=2NaAlO,,

AG(950 °C)=—44.67 kJ/mol (6)
Na;O+Cr,03=Na;Cr,04,

AG(950 °C)=—77.72 kJ/mol %
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Fig. 12 Schematic diagram for role of Na;SO4+NaCl during hot corrosion

The Gibbs free energy of Reactions (5)—(7)
indicates a clear preference for the reaction of Na,O
with Ta,Os, leading to the formation of a stable
NaTaOs spinel phase, and the schematic diagram is
shown in Figs. 12(c, d). The presence of NaTaOj; is
confirmed in both the XRD analysis (Fig. 4) and on
the cross section of the alloy surface (Fig. 10).
Notably, the reaction products of Cr and Al with
NayO are absent in the XRD analysis shown in Fig. 4.
This phenomenon can be attributed to the migration
of AlO; and Cr,O; from the matrix—salt interface to
the salt—gas interface. This is coupled with a lower
O% activity at the interface due to the decreased
amount of O*” ions resulting from the dissolution of
Cr20; and Al>Os, which ultimately leads to a reversal
of Reactions (6) and (7). According to the Rapp-Goto
model [24], AlO, will reprecipitate at the salt—gas
interface to form a non-protective oxide film.
Considering that the solubility of Cr,Oj is higher at
the salt—gas interface than that at the oxide—salt
interface, Cr,0; can dissolve back into the matrix
and react with Eq. (8) [24,25], as illustrated in
Fig. 12(e). Meanwhile, the volatilized chloride will
react with the infiltrated O, by Egs. (9) and (10) to
form loose oxides and Cl,. It can be inferred that CI,
functions as a catalyst in the oxidation reaction from
Egs. (3), (4), (9) and (10), thereby expediting the
reactions. In addition, micropores are observed on
the alloy surface (Fig. 6). The micropores can be
considered as diffusion channels for S and O, thereby

accelerating the corrosion reaction.

Due to the continuous consumption of oxygen
on the surface, the infiltrated oxygen undergoes a
reaction with a high content of tungsten to form
volatile WOs. Subsequently, WOs diffuses towards
the surface and reacts with NiO, resulting in the
formation of loosely bounded NiWOQO4 oxide. Our
observations confirm the presence of such oxides,
particularly in areas with loose oxide films and
micropores on the alloy surface. Moreover,
continuous oxidation will increase the partial
pressure of S, and loose oxides cannot effectively
protect the matrix. As a result, S infiltrates into the
matrix and forms sulfides.

2Cr0; +280,=Cr,0,+S0,+2S0;" 6))
4AICL, (g)+30,(g)=2Al1,0,+6ClL, (g) 9)
4CrCl;(2)+30,(2)=2Cr,0,+6Cl,(g) (10)

The corrosion mechanism of the DD98M alloy
in Na,SO4+NaCl solution can be summarized, which
is also illustrated in Fig. 12. During the initial stage
of corrosion, Cl, promotes the migration of Cr and
Al to the surface, resulting in the formation of
loosely bounded oxides. In the meantime, protective
Cr and Al oxides are dissolved. The inward
infiltration of O, and outward diffusion of chloride
lead to the consumption of Al and Cr within the
matrix. These loose oxides fail to provide effective
protection against further infiltration of SO, and Cla,
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resulting in the formation of sulfides within the y"-
phase depleted layer (Figs.8 and 10). As the
corrosion progresses, the oxidized sulfides release S,
which further propagates inward and deepens the
corrosion layer. Finally, as the dissolution reaction
ceases and Cl; continues to volatilize, the higher
diffusion rates of Al and Ta compared to other
elements facilitate the formation of a protective
oxide film on the substrate’s exterior, which further
impedes diffusion of O and reduces the overall
corrosion rate.

The S element infiltrates into the y'-phase
depleted layer through the loose metal oxide, as
shown in Fig. 10(c). The metal elements will react
with S near the y' phase depleted layer, resulting in
their conversion into sulfur compounds and
subsequent precipitation. The propensity for sulfide
formation is determined by the Gibbs free energy of
the reaction and the oxygen partial pressure
prevailing at the time of formation, as shown in
Fig. 13(a). Therefore, the standard Gibbs free energy
of sulfide formation for elements in the DD98M
alloy is as follows: TiS <AlS3; <TaS, < CrS < Cr»S3

0
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< MoS; < WS, < CoS < NiS < TaSs. According to
Fig. 10, only sulfides of Cr and Ta are observed. It is
found that TaS, is more readily formed than CrS at
corrosion temperature of 950 °C. During hot
corrosion, oxygen and sulfur penetrate into the
matrix and create a content gradient. The formation
and distribution of metal sulfides are related to the
internal partial pressure of oxygen.

The superposition of the M—O—S stable phase
diagram of the DD98M alloy at 950 °C is shown in
Fig. 13(b). As depicted in the figure, the order for the
critical value of M—O—S oxygen partial pressure is
TiS<ALS3;<TaS; <CrS<XS (X=Ni, Co, W, Mo). The
formation of sulfides for Ti and Al requires a
significantly low oxygen partial pressure. The
sulfides of Al and Ti are not observed in the DD98M
alloy due to the very small content Ti, and Al
preferentially reacts with O. The elements such as
Ni, Co, W and Mo require high partial pressure of
oxygen to form sulphides. However, their respective
sulphides are not observed as they are unable to form
stable sulphides under these conditions. Therefore,
the formation of sulfides is limited to elements that
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Fig. 13 (a) Ellingham diagram for sulphides of elements in DD98M alloy; (b, c¢) Superposition of thermodynamic phase

stability diagrams; (d) Diffusion coefficient of elements in DD98M alloy at different temperatures
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require low oxygen partial pressure, such as Cr and
Ta (Fig. 10(c)). The formation of CrS is more likely
to occur in places with higher oxygen/sulphur partial
pressure, while the formation of TaS, is favored in
places with lower oxygen/sulphur partial pressure
(Fig. 13(c)). The distribution of TaS, and CrS is
closely related to the oxygen partial pressure. At the
initial stages illustrated in Fig. 10(b) and Fig. 12(d),
the absence of the protective oxide film permits the
rapid penetration of O and S into the matrix. At this
stage, the alloy elements diffuse outward due to the
content difference between the oxide layer and the
matrix.

Figure 13(d) shows the diffusion coefficient of
elements in the DD98M alloy (specific equations are
given in Supporting Materials). Ti, Al and Ta
elements preferentially diffuse to form a y-phase
depleted layer, which produces a protective oxide
layer beneath the non-protective oxide layer

(Figs. 12(d, e)). At the same time, O and S further
diffuse towards the substrate, while Cr diffuses
within the y-phase depletion layer near the non-
protective oxide film. The high oxygen partial
pressure leads to the formation of Cr,O; oxide, while
low oxygen partial pressure and high S partial
pressure induce the reaction of Cr to form CrS.

The cross-sectional morphologies of the
DD98M alloy and the schematic diagrams of the
sulfidation mechanisms are shown in Fig. 14. The
formation of CrS further reduces the partial pressure
of O and S. When O and S diffuse to the interface of
the yp’-phase and the substrate, their low partial
pressures make them favorable to interact with Ta,
which has diffused to the interface, leading to the
formation of TaS,. Therefore, CrS and TaS; coexist
in the alloy, and the S compound near the matrix is
TaS,, which is consistent with the SEM and TEM
observations (Figs. 9, 10(c) and 14).

B CrS

M TaS,

Fig. 14 Schematic diagrams of sulfidation mechanism of DD98M alloy (a), and cross-sectional morphologies of A2 (b)

and A3 (c) alloys
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4.2 Influence of impurity elements on hot

corrosion behavior

The presence of microvoids is the primary
cause for the shedding during hot corrosion. The
microvoids are clearly observed in Fig. 6. The
severer shedding of A3 alloy compared to the other
two alloys may be attributed to the presence of these
microvoids. The porosity is quantitatively
determined through XRT, as shown in Figs. 15(a—c),
in which the magnitude and location of the
micropores are provided. The porosity is obtained by
calculating the volume ratio of micropores to the test
volume. The porosities of A1, A2 and A3 alloys are
0.088%, 0.133% and 0.187%, respectively. The
variation in porosity should be attributed to the
content of the impurity element N [26]. During the
process of directional solidification, impurity
elements tend to accumulate between dendrites, and
N reacts to form N, when the dendrites solidify. The
above reaction and the corresponding Gibbs free
energy are described in Eqgs. (11) and (12) [27]:

2[N]mer=N2(g) an

P, (12)

AG,=34518+37T+RTIn

2
an

The opening pressure pn, can be expressed by
Eq. (13) when the reaction reaches equilibrium:

Py, =exp[Mj(fN IN]) (13)
RT

The closed pore pressure is determined by the

melt pressure (pmei) and the surface tension (o). The

micropores are formed when Eq. (14) is satisfied,

and the mechanism for micropore formation is
shown in Fig. 15(d).

P, P2, (14)

where r is the radius of pore.

In general, there is an inverse relationship
between the content of impurity elements (O, N, S)
and surface tension. As impurity content increases,
the surface tension decreases accordingly. The open-
cell pressure of Al, A2 and A3 alloys is calculated
by Eq. (13), whose value increases with the increase
of N content, as shown in Fig. 15(¢). The surface
tension, on the other hand, is inversely proportional
to the content of impurity elements. Therefore, the
porosity of the alloys increases as the impurity
content rises.

1500 1550 1600 1650 1700
Temperature/K

Fig. 15 Distribution and formation mechanism of micropores: (a—c) Distribution of micropores in A1, A2 and A3 alloys;
(d) Schematic diagram for micropore formation; (e) Effect of N content on opening pressure of nitrogen at different

temperatures



Geng-yi DONG, et al/Trans. Nonferrous Met. Soc. China 36(2026) 522—537 535

| 0, @ Air

NiO_)
Non protective oxide
CrS

Ta82 CrS

S - ® P
‘0. o"b‘

Micropores

>
Al TaS, Crsy, SA] Ta|Cr g
..0 (5 ot ° ® 0 .
° Q" G _9 ° O o oo J
DD98M DD98M

‘
A1 Ta

Fig. 16 Schematic diagram for corrosion mechanisms in DD98M alloy with different impurity contents: (a—c) A1l alloy;

(d—f) A3 alloy

The corrosion mechanisms for the DD98M
alloys with different impurity contents are illustrated
in Fig. 16. During the initial stage of corrosion, a
layer of NiO and an unprotective oxide film can be
observed on the surface. The progression of hot
corrosion involves not only the infiltration of S and
O into the matrix, but also their outward diffusion,
which creates a bidirectional diffusion pattern. The
bidirectional diffusion accelerates the aggregation of
O and S at the interface between the substrate and
oxide film, promoting the formation of interfacial
micropores. As corrosion progresses, micropores
merge and develop into cracks (Fig. 16(b)). The
cracks accelerate the diffusion of molten salts,
resulting in the formation of more sulphides within
the matrix and accelerating the corrosion of the alloy.
Meanwhile, the diffusion of O and S is further
accelerated, which gives rise to the oxidation of the
sulphides and the alloy. The presence of cracks will
also result in the rapid diffusion of chloride and a
decrease in protective elements. At the same time,
WOs produced by oxidation will also spread outward
along the cracks and react with NiO at the edges of
the cracks. The presence of W-rich oxides near the
micropores in Fig. 6(b) supports this perspective.

The loss of elements will reduce the protective
effect of the matrix and accelerate the corrosion
reaction. However, the bidirectional diffusion and
aggregation of higher content of impurity elements

occur at a faster rate, resulting in the formation of
more interfacial micropores. Consequently, the
number of cracks induced by micropores will also
increase (Fig. 16(e)). The formation of internal
sulfide (in regions with low oxygen partial pressure)
in the alloy with higher impurity content occurs more
rapidly, and the rapid diffusion of O contributes to
the internal sulfide-oxidation cycle. At the same time,
there are more micropores in the alloy, which act as
the rapid diffusion channels for O and S, thereby
accelerating the sulfide-oxidation cycle of the alloy.
Furthermore, the interconnection between the
micropores and cracks promotes the formation of
larger pores, which in turn lead to the detachment of
the oxide film and result in severe corrosion.

5 Conclusions

(1) The DD98M alloys with different impurity
contents show similar hot corrosion processes.
Alloys with low impurity content exhibit better
surface quality and thinner corrosion layer compared
to those with high impurity content, which shows
better hot corrosion resistance.

(2) During hot corrosion, the mixed salt of
Na;SO,; and NaCl exhibits a synergistic effect on
corrosion. The Na,SOs induces basic corrosion,
while NaCl accelerates the corrosion reaction.

(3) An increase of the N content in the alloy
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results in an increase of porosity. These micropores
act as channels for the rapid infiltration of both
salt mixture and oxygen, thereby accelerating
corrosion. Furthermore, the bidirectional diffusion of
O and S not only intensifies the formation of
interface cracks, but also contributes to the overall
corrosion process.
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