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ABSTRACT
To enhance turbine efficiencies by increasing gas inlet temperatures, new materials must be developed which can withstand
harsh corrosive environments and provide sufficient mechanical properties at elevated temperatures. The hot corrosion
behavior of the promising alloy candidates Mo‐20Si‐52.8Ti (at.%), Mo‐21Si‐34Ti (at.%) and Mo‐9Si‐8B (at.%) under mixed
60mol.% Na2SO4 and 40mol.% NiSO4 deposit in dry synthetic air plus 0.1vol.% SO2 were investigated at 700°C. Optical and
electron microscopy, EPMA and XRD were employed for analysis. Comparing the results to tests with pure Na2SO4 reveals that
the Mo content significantly impacts the corrosion attack if Ni is present. Na2MoO4 is observed during corrosion besides the
initial eutectic phase between Na2SO4 and NiSO4. With melting points below 700°C, both compounds are capable of dissolving
the surrounding material. However, the formation of NiMoO4 is energetically favored, transforming the initial liquid eutectic
sulfate mixtures. Therefore the corrosion rate is lowered by the addition of NiSO4 to the Na2SO4 deposit.

1 | Introduction

Refractory alloys are promising candidates for high temperature
applications. Their high melting points can increase the maxi-
mum operating temperatures compared to Ni‐based alloys, the
state of the art in applications such as turbine blades [1, 2] and
can operate at peak temperatures around 1150°C. Because of the
high mechanical stability at elevated temperatures of refractory
metals, they could be used to build combustion engines operating
with metal temperatures up to 1600°C [1]. Increasing tempera-
ture and lower cooling losses leads to higher turbine efficiency
[2, 3]. Thus there is a rising interest in developing new refractory
alloys for ultrahigh temperature applications [4–6].

For any turbine material, along with a high mechanical
strength, a high resistance against oxidation and corrosion is

also necessary. One particular corrosive environment in the
turbine is caused by molten salts that can be deposited on the
surface behind the combustion chamber [7–10]. The formation
of sodium sulfate from NaCl and SO3 from sea salt and sulfur‐
based impurities in the fuel or air, respectively, is displayed in
Equation 1 [8, 11]. Na2SO4 is the most important component in
what became known as “hot corrosion” [8, 12–14].

⇌NaCl g SO g O g Na SO l Cl g2 ( ) + ( ) +
1

2
( ) ( ) + ( )3 2 2 4 2 (1)

In hot corrosion, two separate mechanisms are often distin-
guished. Type I hot corrosion is related to the melting of Na2SO4

at 884°C [15]. If this temperature is exceeded, the resulting
liquid phase causes a uniform corrosion attack with a high
corrosion rate [12, 16].
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Low melting mixtures between the salt and corrosion products at
lower temperatures can also induce hot corrosion, so called Type
II. Common examples are the eutectic mixtures Na2SO4–CoSO4

(Tm = 540°C) or Na2SO4–NiSO4 (Tm = 670°C) [7, 8, 17, 18]. Type II
hot corrosion is characterized by an incubation and a propagation
stage, in which the formation of pits is generally observed [7, 19].
For the widely investigated Ni‐based alloys, Type II attack usually
occurs in the temperature range from 600°C to 750°C [20].

Even though Mo alloys have been investigated extensively due
to their superior high temperature creep properties, they have
an inherently low oxidation resistance in the same temperature
range as hot corrosion because they suffer from catastrophic
oxidation behavior by “pesting”. Pesting is characterized by the
dominant formation of volatile MoO3 at the surface and the
grain boundaries [21, 22], which leads to the complete dis-
integration of the material. Mo‐Si‐B alloys exhibit pesting
between 650°C and 750°C, even though they can form a pro-
tective SiO2 scale at higher temperatures up to 1300°C [23].
Recent work on alloys in the Mo‐Si‐Ti system, shows highly
improved oxidation resistance in the critical temperature
regime for MoO3 evaporation [21, 24]. In oxidation experiments
of the alloys Mo‐21Si‐34Ti (at.%) and Mo‐20Si‐52.8Ti (at.%) at
700°C and 900°C, a protective duplex scale of TiO2 and SiO2

formed on the surface [5, 21, 25, 26]. Therefore the resistance of
Mo‐based alloys against the more aggressive hot corrosion
attack is of high interest.

If Mo is used as an alloying element in Ni‐based alloys, it en-
hances the corrosion rate in the presence of Na2SO4 deposits [13].
When Na2SO4 is converted to Na2MoO4 with a melting point of
687°C, it can introduce fluxing and rapid corrosion [13, 27], as
described in detail in [16, 28]. A recent study showed that the hot
corrosion behavior of Mo‐9Si‐8B (at.%), Mo‐20Si‐52.8Ti (at.%)
and Mo‐21Si‐34Ti (at.%) differs significantly from that of
Ni‐based alloys [28, 29]. Exposure of Mo‐9Si‐8B (at.%) in a SO2

containing atmosphere with a Na2SO4 deposit at 700°C and
900°C resulted in a discontinuous SiO2 layer that could not
protect against pesting [29]. The Mo‐21Si‐34Ti (at.%) alloy un-
derwent a mixture of pesting, dissolution and selective oxidation,
while Mo‐20Si‐52.8Ti (at.%) was also dominated by pesting at
700°C, but formed a protective SiO2 layer at 900°C.

In any future turbine designs, the material will most likely be
used together with Ni‐based alloys in other sections of gas
turbine engines, and it is reasonable to assume that corrosion
products such as NiSO4 will be transferred to the surface of the
Mo‐based component. Along with the always omnipresent
Na2SO4, the molten eutectic mixture of, Na2SO4–NiSO4, well‐
known from Type II hot corrosion of Ni‐based alloys [7, 19], will
form. This eutectic can be found at a composition of 62mol.%
Na2SO4 and 38mol.% NiSO4 and has a melting point of
approximately 670°C [30–33].

In this work three Mo‐based alloys were coated with a mixture
of the salts close to the eutectic composition (62mol.% Na2SO4,
38mol.% NiSO4) and exposed to dry synthetic air + 0.1vol.% SO2

at 700°C, above the melting point of the eutectic phase.
The corroded samples were analyzed with XRD, SEM and
EPMA, and the results were compared to experiments with
pure Na2SO4 deposits at 700°C. The influence of the Mo content

on the corrosion behavior of the Mo‐based alloys in contact
with the Ni‐rich salt was investigated.

2 | Materials and Methods

2.1 | Investigated Alloys

To prepare the Mo‐9Si‐8B (at.%) alloy the elemental powders
Mo (99.95%, HC Starck), Si (99.99%, Alfa Aesar), and B (98%,
MaTeck) were mechanically alloyed using a planetary ball mill
(Retsch PM 400) with WC balls, a powder‐to‐ball ratio of 1:12,
and a speed of 200 rpm Cylindrical samples were produced
using the field assisted sintering technique (FAST) at 1600°C
and 50 MPa for 15 min. The resulting samples, which had a
residual porosity of less than 2% [34], were subjected to a
homogenization treatment at 1600°C for 100 h in Ar (99.998%).

The two Mo‐Si‐Ti alloys, eutectic Mo‐20Si‐52.8Ti (at.%) and
eutectoid Mo‐21Si‐34Ti (at.%), were manufactured in an arc
melter (Edmund Bühler GmbH AM/0.5). The used elemental
materials are listed in Table 1.

After the chamber was evacuated and flooded with Ar
(99.998%) three times, it was evacuated to 10−4 mbar. A Zr
oxygen getter was remelted to further reduce the oxygen inside
the chamber before melting of the alloys. The arc melting was
done in a water‐cooled copper crucible in a vacuum chamber
with an Ar base pressure of 600 mbar. The ingots were remelted
five times and flipped between each step to obtain homoge-
neous alloys. Mo‐21Si‐34Ti (at.%) was heat treated at 1300°C for
200 h under Ar atmosphere in a Gero HTRH 70‐600/18 resist-
ance tube furnace to achieve eutectoid decomposition [5].

Wire arc cutting was used to extract specimens out of each
ingot. Specimens of 12 to 14 mm in diameter and 10mm in
height were cut from the Mo‐Si‐Ti rods. The cubic specimens
produced from the Mo‐Si‐B had dimensions of 10 mm× 10
mm× 3mm. After the cutting process, the samples were ground
with P500 silicon carbide paper to remove Cu contamination,
which could be introduced by wire erosion. Finally, all samples
were cleaned with an ultrasonic bath in acetone.

2.2 | Hot Corrosion

For the hot corrosion experiments 2.5 mg/cm2 of a mixture of
60% Na2SO4 and 40% NiSO4 was deposited by evaporating a
solution on the preheated samples. The samples were put in
individual Al2O3 crucibles and placed in a quartz tube furnace
(Carbolite VST 12/900). After a drying step at 150°C under

TABLE 1 | Elements used for arc‐melting Mo‐Si‐Ti alloys with
purity and supplier.

Element Purity Supplier

Mo 99.95% EVOCHEM

Si 99.95% ChemPUR

Ti ≥ 99.8% ChemPUR

2 Materials and Corrosion, 2025
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synthetic air for 12 h, the samples were exposed to dry synthetic
air (99.99%, Air Liquide) mixed with 0.1vol.% SO2 (99,98%, Air
Liquide) with a flow rate of about 5 L/h and heated up to 700°C
with a heating rate of 10°C/min. Experiments lasting 24 and 100 h
were carried out to investigate the progression of hot corrosion
over time. A Fe2O3 catalyst was placed at the gas inlet of the
furnace to enable the oxidation of SO2 in the gas mixture to SO3:

⇌SO +
1

2
O SO2 2 3 (2)

After the experiment, the samples were cooled down to room
temperature using natural cooling under pure synthetic air.

2.3 | Analytical Characterization

A Leica MZ16 stereomicroscope was used to take macroscopic
images in the as‐cast state and after the hot corrosion experiments.
X‐ray diffraction (XRD) measurements, were performed using a
Bruker D8 Advance A25 and Cu‐Kα radiation. Cross‐sections of
each sample were produced by cutting the samples in half and
mounting them in an epoxy resin. The cross‐sections were pre-
pared using water‐free metallographic methods including grinding
to P 2400 using a series of silicon carbide papers. Diamond
suspensions were used for polishing with 3 μm and 1 μm. After
sputtering with graphite, a scanning electron microscope (SEM,
Hitachi FlexSEM 1000II with an energy dispersive X‐ray spec-
trometer (EDS)) was utilized to investigate the cross‐sections. At
least four separate measurements were averaged to determine the
layer thicknesses and standard deviations. The formed phases are
analyzed by combining the elemental distribution from the EPMA
maps with the results from XRD and Raman spectroscopy. A
JEOL JXA‐8100 electron probe microanalyzer (EPMA), equipped
with a wavelength‐dispersive X‐ray spectroscopy detector (WDS),
was used to acquire concentration profiles and elemental maps.
Raman spectroscopy (Renishaw inVia Raman Microscope) was
conducted with a laser wavelength of 633 nm to analyze the
formed oxides. Thermodynamic calculations were carried out
using FactSage 8.2 software.

3 | Results

3.1 | Hot Corrosion of the Mo‐9Si‐8B (at.%) Alloy

Figure 1 shows the cross‐section of the Mo‐9Si‐8B (at.%)
alloy after exposure in a mixture of Na2SO4 and NiSO4. The
elemental distribution maps are displayed in Figure 1c and d.

Figure 1 shows the cross‐section of the Mo‐9Si‐8B (at.%) alloy
after exposure in a mixture of Na2SO4 and NiSO4. The ele-
mental distribution maps are displayed in Figure 1c,d. In
Figure 1a,b it can be seen, that a SiO2 scale formed, which
protected the alloy from catastrophic corrosion. On the surface,
solid oxides of NiMoO4, MoO3 and SiO2 formed, with large
cavities inside the scale.

Particles of MoO3 and smaller amounts of Na2MoO4 inside the
SiO2 layer were identified based on EPMA. After 24 h, NiMoO4

(identified by XRD and EPMA) accumulated on top of the SiO2

layer, while Na2MoO4 was also found inside this layer and in
the SiO2 layer. After 100 h of hot corrosion NiMoO4 was still
seen on top of the oxide scale but not across the entire sample
surface as after 24 h (see Figure 1). This suggests local spallation
after 100 h, most likely during cooling, because MoO3 was
identified at the surface in Figure 1b, which would otherwise
have evaporated if it had been lying openly on the surface at
this temperature. For both exposure times, an oxide layer of
mainly MoO3 was observed in the electron microscopy images
(Figure 1a,b) beneath the outer SiO2 layer, as it was protected.

3.2 | Hot Corrosion of the Mo‐21Si‐34Ti (at.%)
Alloy

The corroded Mo‐21Si‐34Ti (at.%) alloy samples after 24 and
100 h of hot corrosion at 700°C are presented in Figure 2.

The oxide layer which can be seen on both of the samples,
mainly consists of a duplex scale with an outer layer of mixed
SiO2 and TiO2, and an inner layer of SiO2/TiO2/MoO3

(see Figure 2c,d, A1). After 24 h of hot corrosion NiMoO4 was
found on top of this layer as confirmed by XRD measurements
(see A1). The needle shaped crystallites, which could be
identified to be MoO3 by Raman spectroscopy (see Figure A2),
are visible inside the SiO2/TiO2 duplex scale.

After 100 h, no NiMoO4 was found on the sample surface, but
more MoO3 needles were incorporated in the SiO2 and TiO2

scale (see Figure 1b). This scale was four times as large as after
24 h of hot corrosion. In contrast, the internal layer underneath
was around 20 μm smaller after 100 h than after 24 h, while the
overall oxide scale is thicker than for the Mo‐Si‐B alloy shown
in Figure 1. When comparing the light microscopy images the
metal wastage is the highest for Mo‐21Si‐34Ti (at.%), especially
after 100 h. Again, the presence of MoO3 is attributed to the
mixed oxide scale, which decreased the evaporation rate
of MoO3.

3.3 | Hot Corrosion of the Mo‐20Si‐52.8Ti (at.%)
Alloy

Figure 3 shows the cross‐section of Mo‐20Si‐52.8Ti (at.%) after
the hot corrosion test in Na2SO4 and NiSO4. As for the Ti‐lean
eutectoid Mo‐21Si‐34Ti (at.%) alloy, hot corrosion attack led
to the formation of a mixed oxide layer of SiO2 and TiO2

(see Figures 3 and A1). NiMoO4 can be identified on the outer
surface, as shown by XRD (see Fig A1). After 100 h there is less
NiMoO4 present than after 24 h. Despite the presence of the
same oxides as Mo‐21Si‐34Ti (at.%) (see Figure 2), the scale is
significantly (one order of magnitude) thinner for the eutectic
alloy Mo‐20Si‐52.8Ti (at.%). By comparing the light microscopy
images of the two Mo‐Si‐Ti alloys, the consumption of the
sample is lower for the eutectic, Ti‐rich alloy (comparing
Figures 2f and 3f). The key difference is the scale thickness is
around 25 μm after 24 h and stays around 25 μm after 100 h
without showing a significant change in morphology for
Mo‐20Si‐52.8Ti (at.%). Even though the top layer does appear
fully dense (and protective), it evidently slows down the

3
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corrosion process, as the increase of the oxide layer in thickness
after 100 h is marginal.

4 | Discussion

The three‐phase Mo–9Si–8B alloy is made up of a A2‐type bcc
solid solution phase (MoSS), a T2‐type Mo5SiB2 phase and a
A15‐type Mo3Si intermetallic compound. The lamellar micro-
structure of the two Mo‐Si‐Ti alloys consists of two phases,
which are a Mo solid solution phase and a silicide phase.
The silicide phase present in Mo‐21Si‐34Ti (at.%) is tetragonal
((Mo,Ti)5Si3), while in Mo‐20Si‐52.8Ti (at.%) it is hexagonal
((Ti,Mo)5Si3) [5]. The MoSS is prone to oxidation due to the
higher Mo and lower Si content than the other phases.

For temperatures above 1000°C, Mo‐Si‐B alloys have a high
resistance against hot corrosion due to the formation of a dense
and protective SiO2 scale, but they undergo pesting at lower
temperatures resulting in catastrophic failure [14, 22, 35, 36].
The hot corrosion of the Mo‐Si‐B alloy is dominated by the

competing effects of pesting and SiO2 formation, as shown in [29].
The Mo‐rich Mo‐21Si‐34Ti (at.%) showed a mixture of pesting,
dissolution and selective oxidation during hot corrosion experi-
ments [28]. With a lower Mo‐content, Mo‐20Si‐52.8Ti (at.%) pro-
duced a protective SiO2 layer at 900°C but was also dominated by
pesting at 700°C [28].

Schematic illustration of the dominating corrosion mechanisms
for the alloys are displayed in Figure 4. At the very initial stages
of exposure, MoO3 does not seem to evaporate but reacts with
available NiSO4 to form NiMoO4 (Equation 3) and with Na2SO4

to form Na2MoO4 (Equation 4) [37]:

⇌NiSO + MoO NiMoO + SO4 3 4 3s s s g( ) ( ) ( ) ( ) (3)

⇌Na SO + MoO Na MoO + SO2 4 3 2 4 3(s) (s) (s) (g) (4)

The calculated formation energies are presented in Table 2.
The ΔG (formation Gibbs energy) value is more negative for
NiMoO4 formation in reaction 3 as compared to Na2MoO4

FIGURE 1 | BSE (a,c), EPMA (b,d) and optical microscopy (e,f) images of cross‐sections after hot corrosion at 700°C in dry synthetic air +

0.1vol.% SO2 with NiSO4/Na2SO4 deposit. (a) Mo‐9Si‐8B (at.%) after 24 h, (b) Mo‐9Si‐8B (at.%) after 100 h, (c) Mo‐9Si‐8B (at.%) after 24 h, (d) Mo‐9i‐
8B after 100 h, (e) Mo‐9Si‐8B (at.%) after 24 h, (f) Mo‐9Si‐8B (at.%) after 100 h. [Color figure can be viewed at wileyonlinelibrary.com]

4 Materials and Corrosion, 2025
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formation in reaction 4 which indicates that reaction 3 is en-
ergetically more favorable under the given conditions. The rapid
formation of MoO3, is reported to occur at temperatures below
700°C [23, 38–40], and thus NiMoO4 forms, which suppresses
the presence of the liquid eutectic mixture of Na2SO4–NiSO4

responsible for Type II hot corrosion in Ni‐based alloys. The
thermodynamically more stable NiMoO4 shows a phase trans-
formation of α‐NiMoO4 into its high temperature form
β‐NiMoO4 in the temperature range of 650°C to 720°C, and
therefore a mixture of both phases can be assumed to be present
at 700°C [41]. In post‐testing analysis only α‐NiMoO4 could be
found, because β‐NiMoO4 transforms back to α when cooling
below 180°C [42]. Decomposition of NiMoO4 was reported to
occur at 730°C and 800°C [42, 43], which rules it out as a
potential protective oxide for Mo alloys in future high temper-
ature applications. In the tests conducted at 700°C it is stable
and slowed down the corrosion as compared to pure Na2SO4, in
[28, 29].

Na2MoO4 has a relatively low melting point of 678°C [13],
resulting in a liquid phase. The eutectic mixture of Na2MoO4

and MoO3 has an even lower melting point of 507°C [44–46].

The liquid phases can dissolve the surrounding material and
increase the corrosion rate, as shown for pure Na2SO4 deposits
in [28].

In the exposure, on the surface of Mo‐9Si‐8B (at.%) a SiO2 layer
forms and spreads (see Figure 4a), which cannot be dissolved
by Na2MoO4 [47]. The outer scale must have a low enough
viscosity at 700°C which allowed the observed cavities to form.
MoO3 evaporation can be another reason for cavity formation.
At higher temperatures [22, 48] low boron additions have a
beneficial effect in lowering the melting point and the viscosity
of SiO2, which was not observed here. Otherwise, there would
be no pesting during oxidation at 700°C. The presence of Ni-
MoO4 could not affect the SiO2 layer formation, because nei-
ther Ni nor NiO can act as a glass network former or modifier
[49]. Incorporation of Na‐ions in SiO2 transforms bridging
oxygen to non‐bridging oxygen, typically lowering the viscosity
[14, 50, 51]. No SiO2 layer can be seen on the Mo‐Si‐Ti alloys
because it is disrupted by TiO2. Thus it cannot be definitively
determined if the observed changes in the SiO2 layer are
introduced by Na‐ions or a combination of Na‐ions and B
incorporation. The 50 μm thick SiO2 layer, even though the

FIGURE 2 | BSE (a,c), EPMA (b,d) and optical microscope images (e,f) of cross‐sections after hot corrosion at 700°C in dry synthetic air +

0.1vol.% SO2 with a NiSO4/Na2SO4 deposit. Please note the varying magnification in the respective BSE images. (a) Mo‐21Si‐34Ti (at.%) after 24 h,
(b) Mo‐21Si‐34Ti (at.%) after 100 h, (c) Mo‐21Si‐34Ti (at.%) after 24 h, (d) Mo‐21Si‐34Ti (at.%) after 100 h, (e) Mo‐21Si‐34Ti (at.%) after 24 h,

(f) Mo‐21Si‐34Ti (at.%) after 100 h. [Color figure can be viewed at wileyonlinelibrary.com]

5

 15214176, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aco.70048 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [08/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


FIGURE 3 | BSE (a,c), EPMA (b,d) and light microscopy (e,f) images of cross‐sections after hot corrosion at 700°C in dry synthetic air + 0.1vol.%

SO2 with a NiSO4/Na2SO4 deposit. Please note the varying magnifications in the BSE images. (a) Mo‐20Si‐52.8Ti (at.%) after 24 h, (b) Mo‐20Si‐52.8Ti
(at.%) after 100 h, (c) Mo20Si‐52.8Ti after 24 h, (d) Mo‐20Si‐52.8Ti (at.%) after 100 h, (e) Mo‐20Si‐52.8Ti (at.%) after 24 h, (f) Mo‐21Si‐34Ti
(at.%) after 100 h. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 | Schematic drawings of the hot corrosion mechanisms of (a) Mo‐9Si‐8B (at.%), (b) Mo‐21Si‐34Ti (at.%) and (c) Mo‐20Si‐52.8Ti
(at.%) with a NiSO4/Na2SO4 deposit at 700°C in a SO2‐containing atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]

6 Materials and Corrosion, 2025
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material contains only 9% Si, indicates a high amount of alloy
was consumed during the experiment, which is confirmed by
the 310 μm reduction in cross‐section after exposure. The Mo‐
rich oxide found under the outer scale shows that diffusion
and SiO2 depletion is fast.

The overall oxide scale is much thicker for the Mo‐9Si‐8B (at.%)
sample tested with a pure Na2SO4 deposit, which also exhibits
more cavities than the sample coated with the Ni‐rich mixture
of salts [29]. Since the deposit with the mixed salts has a sig-
nificantly lower Na content, less Na2MoO4 can be formed. This
can be the reason behind the higher oxygen partial pressure at
the corrosion front and therefore higher extent of evaporating
MoO3, despite additional protection from the solid NiMoO4

layer. Local spallation occurred for the samples after 100 h at
700°C, which probably happened during cooling, otherwise the
MoO3 on the surface (see Figure 1b) should have evaporated.
Thus the protection from the NiMoO4 layer is likely only tem-
porary, as any thermocycling would reduce the hot corrosion
resistance significantly.

After hot corrosion testing at 700°C, the Mo‐Si‐Ti alloys had a
top oxide layer of mixed TiO2 and SiO2 (see Figure 4c,b). The
eutectic alloy Mo‐20Si‐52.8Ti (at.%) (see Figure 2) shows sig-
nificantly higher corrosion resistance compared to the eu-
tectoid alloy Mo‐21Si‐34Ti (at.%) and Mo‐9Si‐8B (at.%). The
oxide scale reveals a higher TiO2 content for the Ti‐rich alloy
than for the eutectoid alloy Mo‐21Si‐34Ti (at.%) with lower Ti
content. Inside the Mo‐21Si‐34Ti (at.%) outer oxide layer MoO3

needles were observed in accordance with the fluxing mech-
anism described in detail in [28]. The oxide layer on Mo‐20Si‐
52.8Ti (at.%) is one order of magnitude thinner (see Figure 3),
which can be attributed to the lower Mo content. MoO3 reacts
to form NiMoO4 via Equation 3 which then does not con-
tribute to the further corrosion of the alloy. Due to the lower
Mo content in Mo‐20Si‐52.8Ti (at.%), no Na2MoO4 formation
was observed. Without Na2MoO4 the oxides are not dissolved
and the resulting scale is less porous than in the case of the
eutectoid alloy. The scale lowers the oxygen partial pressure at
the corrosion front and consequently decreases the corrosion
rate. This can explain why the increase in thickness of the
oxide layer is marginal when comparing the material after
24 and 100 h.

The smaller amount of formed Na2MoO4 in the tests with mixed
salt deposits lowered the corrosion rate significantly for the Mo‐
Si‐Ti alloys compared to the previous study [28] with pure
Na2SO4 deposits, while the observed mechanisms stayed
the same. For alloys with a higher amount of Mo in their
structure NiSO4 is consumed faster. Therefore Na2MoO4 can
form earlier increasing the corrosion rate. This Mo‐content
effect leads to a stronger influence of the Ni‐containing deposit
on alloys with lower Mo‐content.

5 | Summary and Conclusion

The hot corrosion resistance of three Mo‐based alloys were
investigated at 700°C with a deposit of Na2SO4 and NiSO4.
The resulting attack was compared to that of hot corrosion
triggered by pure Na2SO4. The hot corrosion behavior varied
significantly for the investigated alloys due to their composi-
tion, especially the Mo content. The results can be summa-
rized as follows:

• The expected liquid eutectic mixture of Na2SO4–NiSO4

could not be detected on any of the samples. It was sup-
pressed by the early formation of NiMoO4.

• The Mo‐9Si‐8B (at.%) showed formation of SiO2 with a
MoO3 layer underneath as already observed for the ex-
posure with pure Na2SO4. The sample covered with mixed
salts revealed a lower corrosion rate because of less
Na2MoO4 formation from the lower Na content.

• After 24 h of hot corrosion, Mo‐21Si‐34Ti (at.%) developed a
thicker oxide scale compared to Mo‐20Si‐52.8Ti (at.%).
Fluxing of MoO3 occurred after 100 h and the scale grew
rapidly. The sample with pure Na2SO4 deposit revealed a
higher corrosion rate.

• The Mo‐20Si‐52.8Ti (at.%) alloy revealed the lowest corro-
sion rate among the three alloys. It formed a duplex scale
consisting of TiO2 and SiO2 which was much thicker when
only Na2SO4 was used as deposit. The attack was pro-
gressing slowly for both the eutectic salt mixture of Na2SO4/
NiSO4 and pure Na2SO4.

It can be concluded, that the main driving force for the hot
corrosion of the materials is the formation of Na2MoO4 which
dissolves the surrounding material and therefore prevents the
formation of a protective layer. The addition of NiSO4 to the
deposit seems to decrease the corrosion rate, as thermodynamic
calculations using the FactSage (8.2) Reaction Module indicate
that NiMoO4 is more thermodynamically stable than Na2MoO4.
Consequently, NiMoO4 forms preferentially which delays the
formation of Na2MoO4 and prevents the Na2SO4–NiSO4 eutectic
melt. For alloys with a higher Mo content, the molybdates form
faster than for low Mo containing alloys. The Mo‐content effect
explains the difference in the hot corrosion behavior of the two
investigated Mo‐Si‐Ti alloys. In addition NiMoO4 was retained
on top as an extra protective layer for the Mo‐20Si‐52.8Ti (at.%)
alloy.

At 700°C the addition of Ni lowers the corrosion rate
of the alloys by binding Mo in inactive NiMoO4. Even though
NiMoO4 is not stable at higher temperatures, the findings
indicate that incorporating supplementary elements capable
of binding Mo in stable compounds in a suitable coating may
mitigate the corrosion rate of Mo‐based alloys. Mg or Ca for
example can suppress Na2MoO4 via formation of CaMoO4/
MgMoO4 which are stable at elevated temperatures [52–54].

The results show that the main corrosion product of Ni based
alloys does not increase corrosion rate of Mo‐based alloys.
Therefore it can be concluded that the usage of Mo‐based
alloys together with Ni‐based alloys does not cause problems

TABLE 2 | Thermodynamic properties of reactions 3 and 4.

Reaction G kJ molΔ [ / ] H kJ molΔ [ / ]

3: NiMoO4 + SO3 −188.2 −188.2

4: Na2MoO4 + SO3 −98.9 −71.4

7

 15214176, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aco.70048 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [08/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



with respect to the hot corrosion behavior of Mo‐based
alloys.
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Appendix

FIGURE A1 | XRD patterns of (a) Mo‐9Si‐8B (at.%), (b) Mo‐21Si‐34Ti (at.%) and (c) Mo‐20Si‐52.8Ti (at.%) after 24 and 100 h of hot corrosion.
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FIGURE A2 | Raman spectra of the Mo oxides formed on (a) Mo‐9Si‐8B (at.%) after 24 h, (b) Mo‐9Si‐8B (at.%) after 100 h and (c) Mo‐20Si‐52.8Ti
(at.%) after 100 h of hot corrosion compared to MoO3 Raman spectra from [55].
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