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ABSTRACT
To improve gas turbine efficiencies, temperatures must increase, necessitating new materials that can operate beyond the 
temperature limits of Ni‐based alloys. Due to their high melting points and creep strength, novel material candidates contain 
refractory elements. Molybdenum (Mo)‐based Mo‐Si‐B alloys have been investigated for more than 20 years. Surprisingly, their 
hot corrosion behavior was not investigated in detail. For Ni‐based alloys, two mechanisms are established: Corrosion due to 
melting of Na2SO4 (Type I, ~900°C) or due to the formation of lower‐melting eutectics (Type II, ~700°C). In this work, the 
temperature‐dependent mechanism for Mo‐Si‐B is investigated, by studying the hot corrosion resistance of Mo‐Si‐B at 
500°C–900°C. Post‐testing analysis via XRD, SEM, Raman and EPMA is used to reveal the degradation mechanisms. Na2MoO4, 
which forms under Na2SO4 deposits, is responsible for dissolving the surrounding material due to its lower melting point in 
respect to Na2SO4. This alters the mechanism to a super‐acidic Na‐Mo‐based attack (Type X hot corrosion). Finally, these results 
can trigger mitigation strategies, such as protective coatings for Mo‐based systems.

1 | Introduction 

Ni‐based alloys are the gold standard for high‐temperature ap
plications such as turbine blades [1, 2]. For even higher oper
ating temperatures than those currently achievable, refractory 
element alloys are promising candidates. Their high melting 
points can potentially increase the maximum metal tempera
tures from 1150°C to 1400°C or more. By increasing the oper
ating temperature and reducing cooling losses, efficiency can be 
enhanced [2, 3]. Because of their high creep resistance and 
microstructural stability at elevated temperatures, Mo‐Si‐B al
loys have attracted attention for more than three decades, since 
the first introduction of the system by Berczaik and Akinc [4, 5]. 
While significant improvements have been achieved in their 
oxidation behavior [6, 7], their resistance to Na2SO4 has 

received little attention. One of the most corrosive environ
ments in the turbine is triggered by salts that deposit on the 
turbine blades [8–11]. Na2SO4 is considered the most critical 
component in what became famous as “hot corrosion” 
[9, 12–15]. NaCl resulting from sea salt reacts with sulfur‐ 
containing impurities in fuel or air to form Na2SO4, as displayed 
in Equation (1) [9, 15].

NaCl g SO g O g Na SO l Cl g2 ( ) + ( ) + 2 ( ) ( ) + ( )3 2 2 4 2 (1) 

In hot corrosion, two separate mechanisms are established for 
Ni‐based alloys, based on the Na2SO4 melting point of 884°C 
[16]. Melting of the salt results in a liquid phase, causing a 
uniform corrosion attack with a high corrosion rate [13, 17]: hot 
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corrosion Type I. Hot corrosion Type II is based on the for
mation of low‐melting mixtures between the salt and corrosion 
products, e.g. CoSO4–Na2SO4 (Tm = 540°C) or NiSO4–Na2SO4 

(Tm = 670°C) [8, 9, 18, 19]. In contrast to the uniform attack 
from hot corrosion Type I, Type II is characterized by localized 
pit formation [8, 20]. Recently, newer Mo‐Si‐Ti alloys were 
developed that exhibit highly improved oxidation behavior in 
the hot corrosion temperature range, making it interesting to 
characterize and understand the hot corrosion behavior of Mo‐ 
based alloys in detail [21–24]. Ni‐based alloys show an en
hanced corrosion rate in the presence of Na2SO4 deposits when 
their composition contains Mo [14]. In this case, Na2SO4 is 
converted to Na2MoO4 with a melting point of 687°C, which 
can introduce basic fluxing and rapid corrosion of Ni‐alloys 
[14, 25, 26]. A recent study showed that the hot corrosion 
behavior of Mo‐20Si‐52.8Ti and Mo‐21Si‐34Ti differs signifi
cantly from that of Ni‐based alloys [27, 28].

Another significant limitation of Mo‐based alloys is their low 
inherent oxidation resistance, as they are prone to cata
strophic oxidation behavior known as “Pesting.” This is 
characterized by the dominant formation of volatile MoO3. 
This results in strong oxidation from around 700°C whereas a 
protective SiO2 scale is produced at higher temperatures, 
such as 1300°C [6, 21, 29–31].

Exposure of Mo‐9Si‐8B (at.%) in 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].

To identify which degradation mechanisms participate at 
different temperatures in the hot corrosion of Mo‐based al
loys and determine the temperature regimes of the different 
corrosion mechanisms, in this work corrosion tests were 
carried out at 500°C, 600°C and 800°C on Mo‐9Si‐8B (at.%) in 
an atmosphere consisting of synthetic air and 0.1% SO2 with a 
deposit of 2.5 mg/cm2 Na2SO4. Cross sections of the corroded 
samples were analyzed with XRD, SEM, EPMA and Raman 
spectroscopy to discuss the results. The tests were conducted 
in a manner consistent with those at 700°C and 900°C [29], 
and the combined results were utilized to obtain a compre
hensive understanding of the hot corrosion behavior of Mo‐ 
8Si‐9B (at%).

2 | Experimental 

2.1 | Alloying 

The Mo‐9Si‐8B (at.%) alloy was prepared by field‐assisted sin
tering (FAST) from the elemental powders Mo (99.95%, HC 
Starck), Si (99.99%, Alfa Aesar), and B (98%, MaTeck), at 1600°C 
and 50 MPa hold for 15 min. The powders were mechanically 
alloyed in a planetary ball mill (Retsch PM 400) using WC balls, 
a powder‐to‐ball ratio of 1:12, with a speed of 200 rpm.

After compacting under vacuum at 5 hPa, the resulting 
buttons, which had a residual porosity of less than 2% [32], 
were subjected to a homogenization treatment at 1600°C for 
100 h. Arc‐wire cutting was used to cut specimens out of 
each alloy. Specimens 12 to 14 mm in diameter and 10 mm in 
height were cut from the Mo‐Si‐B buttons and finalized to 

10 mm × 10 mm × 3 mm sample dimensions. After cutting, 
the samples were ground with P500 silicon carbide paper to 
remove Cu contamination, which have been introduced by 
wire erosion. The produced samples were cleaned with an 
ultrasonic bath in acetone.

2.2 | Hot Corrosion 

For the hot corrosion experiments, 2.5 mg/cm2 Na2SO4, which 
is a high amount with respect to the amount that can be en
countered in normal operating conditions, was deposited by 
evaporating an aqueous solution onto preheated samples inde
pendently of the exposure time. The samples were placed in 
individual Al2O3 crucibles and put in a quartz tube furnace 
(Carbolite VST 12/900). After a drying step at 150°C under 
synthetic air for 12 h, the samples were exposed to dry synthetic 
air (99.99%, Air Liquide) mixed with 0.1 vol% SO2 (99.98%, Air 
Liquide) with a flow rate of about 5 L/h. The furnace was he
ated to the designated temperature at a heating rate of 10°C/ 
min. Experiments were conducted at 500°C, 600°C, and 800°C 
to compare the corrosion behavior at different temperatures. To 
investigate the development of hot corrosion over time, ex
periments were conducted for 24 and 100 h. 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 O SO+ 1/22 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 of the as‐cast state and after hot corrosion experiments.

To perform X‐ray diffraction (XRD) measurements, a Bruker D8 
Advance A25 and Cu‐Kα radiation were used. Cross sections of 
each sample were produced by mounting them in epoxy resin 
and cutting them in half. Cross sections were ground and pol
ished using a series of silicon carbide papers to P2400 and 
diamond suspensions with 3 and 1 µm. The grinding and pol
ishing were done using water‐free petroleum as lubricant.

Subsequent analysis of the sample thickness was performed on 
microscopic images using IMS software and at least six mea
surements. The uncertainty represents the standard deviation of 
the individual measurements. After sputtering with graphite, a 
scanning electron microscope (SEM, Hitachi FlexSEM 1000II 
with an energy dispersive X‐ray spectrometer (EDS)) was uti
lized to investigate the cross sections of the samples. The 
average of at least four separate measurements was calculated 
to determine the layer thicknesses and standard deviations. A 
JEOL JXA‐8100 electron probe microanalyzer (EPMA), equip
ped with a wavelength dispersive detector (WDX), was used to 
produce each sample's concentration profiles and elemental 
mapping. Raman spectroscopy (Renishaw inVia Raman 
Microscope) was performed at 633 nm to further analyze the 
formed oxides.
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3 | Results 

Figure 1 shows the cross‐section of Mo‐9Si‐8B (at.%) after the 
exposure at 500°C with Na2SO4 deposit including the elemental 
distributions.

After 24 h test at 500°C, a MoO3 layer was found on the surface 
of the sample. On top of this layer, a Na2Mo4O13 layer with 
incorporated particles of Na2SO4 and SiO2 can be seen. All these 
phases were identified using XRD and Raman spectroscopy (see 
Figures A1 and A2 in the appendix). The thickness of the cor
rosion products exceeds 50 µm; Na is very evenly distributed 
throughout the outer layer, while sulfur can remain only 
locally.

After 100 h the overall oxide layer thickness stays in the same 
range as after 24 h. In this case, SiO2 is consolidated in a denser 
layer on top of the MoO3, with particles of Na2SO4 and Na2
MoO4 locally enclosed (see Figure 1c,d).

Figure 2 displays the cross‐section of Mo‐9Si‐8B (at.%) after the 
exposure at 600°C together with its elemental map.

After 24 h at 600°C, the same phases as at 500°C were detected 
using XRD and Raman spectroscopy, but the layer thickness 
had almost doubled. The MoO3 layer and the Na2Mo4O13, both 
detected by XRD and Raman (see Figures A1 and A2 in the 
appendix), thickened compared to the sample tested at 500°C. 

Some Na2Mo4O13 particles are visible deeper inside the oxide 
layer than before, and SiO2 particles are visible in the MoO3 

layer. At the same time, the silica appears more pronounced 
close to the surface.

After 100 h of hot corrosion at 600°C, SiO2 is mostly found at 
the surface, but could not prevent the underlying material from 
oxidizing because no continuous layer formed. Na2Mo4O13 is 
found deeper inside the oxide layer.

Figure 3 is adapted from [29] where the hot corrosion behavior 
of Mo‐9Si‐8B was tested at 700°C. It shows that at this tem
perature a continuous outer SiO2 layer forms. After both ex
posure times MoO3 is found underneath this layer in the form 
of large particles which are surrounded by cavities. Surprisingly, 
the overall corrosion layer was thicker after 24 h of exposure, 
whereas the SiO2 layer thickened after 100 h. This can be ex
plained by the densification and evaporation of MoO3 which 
results in SiO2 enrichment at the surface. Na is observed in the 
particles enclosed in the silica layer and inside the MoO3 after 
both exposure times [29]. This effect cannot be observed 
at lower temperatures because the evaporation of MoO3 is 
insufficient for a SiO2 layer to form.

The cross‐section of the Mo‐9Si‐8B (at.%) sample corroded at 
800°C is presented in Figure 4. After just 24 h of hot corrosion at 
this temperature, most of the alloy was consumed. An oxide 
layer consisting of SiO2 and MoO3 is present on the sample 

FIGURE 1 | (a, c) BSE images and (b, d) EPMA elemental maps of the cross section of Mo‐9Si‐8B (at.%) after 24 h (a, b) and after 100 h (c, d) of 
hot corrosion at 500°C 2.5 mg/cm2 Na2SO4 deposit in synthetic air +0.1% SO2. [Color figure can be viewed at wileyonlinelibrary.com] 
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FIGURE 2 | (a, c) BSE images and (b, d) EPMA elemental map of the cross‐section of Mo‐9Si‐8B (at.%) after 24 h (a, b) and after 100 h (c, d) of 
hot corrosion at 600°C with 2.5 mg/cm2 Na2SO4 deposit in synthetic air +0.1% SO2. [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 3 | (a, c) BSE images and (b, d) EPMA elemental map of the cross section of Mo‐9Si‐8B (at.%) after 24 h (a, b) and after 100 h (c, d) of hot 
corrosion at 700°C with 2.5 mg/cm2 Na2SO4 deposit in synthetic air +0.1% SO2. Adapted from [29]. [Color figure can be viewed at wileyonlinelibrary.com] 
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surface (see XRD Figure A1 in the appendix), enclosing large 
cavities. No Na could be found inside this structure. Spallation 
may have occurred during cooling because otherwise the MoO3 

found on the outer surface should have evaporated.

After 100 h the three‐millimeter‐thick metallic sample was fully 
consumed, and the resulting oxides were broken in pieces. The 
XRD signal reveals that the formed SiO2 layer has a cristobalite 
structure (see Figure A1 in the appendix).

Only a small amount of Na was found on MoO3 after exposure 
at 800°C.

The hot corrosion behavior of Mo‐9Si‐8B at 900°C was inves
tigated in [29]. The corroded samples are displayed in Figure 5. 
A SiO2 layer of around 150 µm formed after 24 h on a MoO2 

layer, which proves that this thick SiO2 layer significantly 
reduced the oxygen partial pressure. After 100 h, almost the 
entire substrate was consumed by the corrosion process. The 
corrosion products mainly consisted of SiO2 with MoO3 pre
cipitates. Following these exposures, almost no Na could be 
detected in the corrosion products [29].

4 | Discussion 

Mo‐Si‐B alloy shows severe corrosion induced by the Na2SO4 

deposit at temperatures as low as 500°C. In the first step, oxi
dation occurs which results in the oxides MoO3, SiO2 (and 

probably B2O3 — based on the EPMA qualitative signal for that 
element). Na2MoO4 is expected to form by a reaction of MoO3 

with the salt via Equation (3) [32].

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

Na2MoO4 and MoO3 together both can form a low‐melting 
phase with a melting point of 507°C [33–35]. This is signifi
cantly lower than those of Na2MoO4, melting at 687°C [15] and 
MoO3, which has a melting point of 759°C [36]. Above these 
temperatures, liquid phases capable of dissolving the sur
rounding material are formed [37]. However, the severe corro
sion as low as at 500°C can be explained by considering that the 
presence of the low‐melting phase is proven, because it crys
tallizes during cooling to form Na2Mo4O13 which was identified 
by XRD and Raman spectroscopy (see Figures A1 and A2 in the 
appendix) [35, 38]. The appearance of the liquid phase 7°C 
below its melting point can be explained by the presence of 
impurities.

This molten eutectic results in a significantly higher corrosion 
rate at much lower temperatures than that observed in Type II 
hot corrosion of Ni‐based alloys. For the Mo‐9Si‐8B (at.%) alloy, 
molten salt enables a few more unexpected features, such as the 
formation of an outward‐growing SiO2 layer at the surface at 
500°C, which is identified as quartz by XRD. During a solid‐ 
state reaction, silica typically oxidizes into an amorphous glass 
and not quartz at such temperatures. However, the layer formed 

FIGURE 4 | (a, c) BSE images and (b, d) EPMA elemental map of the cross section of Mo‐9Si‐8B (at.%) after 24 h (a, b) and after 100 h (c, d) of hot 
corrosion at 800°C with 2.5 mg/cm2 Na2SO4 deposit in synthetic air + 0.1% SO2 – note the varying magnifications. [Color figure can be viewed at 
wileyonlinelibrary.com] 
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during the hot corrosion at 500°C and 600°C is not continuous 
and does not prevent the further degradation of the alloys. Even 
more interesting, after hot corrosion at 800°C and 900°C the 
SiO2 layer formed on Mo‐8Si‐9B is identified as cristobalite by 
XRD (see Figure A1 in the appendix). Even though cristobalite 
is only stable at temperatures above 1470°C, its formation was 
observed before at 900°C when NaO2 is present [11, 38]. NaO2 

results from the decomposition of Na2SO4 and acts as a network 
former, supporting the crystallization of SiO2 [11, 39, 40]. Mo is 
known to undergo pesting, which describes the evaporation of 
MoO3. Above 700°C, pesting is the dominant corrosion mech
anism. The gaseous MoO3 left behind visible cavities in the 
scale after exposure, when it vanished from the corroded 
structure. For Mo‐9Si‐8B (at.%) the SiO2 could not protect the 
alloy at 800°C because of the pesting. At 900°C MoO2 formed 
under the SiO2 layer (see Figure 5) which proves that it provides 
some protection against rapid oxidation, but it could not stop 
the pesting, thus most of the Mo from the alloy evaporated 
during exposure [29].

The mechanisms of both pesting and formation of low melting 
phases were already observed to be detrimental in [25–30]. The 
results of [29] and this study were combined to plot a hot cor
rosion curve within the temperature range of 500°C–900°C. To 
estimate the corrosion rate, the change in thickness of the 
metallic samples was measured using the light microscopy 
images of the cross‐sections after 24 and 100 h experiments and 
is presented in Table 1.

Based on the combined metal loss values after 24 and 100 h, 
the estimated corrosion curve presented in Figure 6 was 
drawn. It shows an increase in the corrosion rate from 500°C 
to 600°C. Within this temperature range, the eutectic 
MoO3−Na2MoO4 melts and accelerates the corrosion rate 
(see Figures 1 and 2).

At 700°C, the corrosion in the first stage is higher than at 
lower temperatures because of the arising pesting and 
ongoing corrosion. After 24 h the formation of a nearly 
continuous SiO2 layer was observed (see Figure 3) due to the 
volatilization of MoO3 [29]. Once the layer is established, it 
significantly lowers the corrosion, resulting in a minimum 
of the corrosion rate thus diffusion through this layer must 
be the rate‐limiting step. This layer formation has previously 
been observed in oxidation experiments [6, 25, 41]. At 
higher temperatures, the corrosion rate of Mo‐9Si‐8B (at.%) 
is rising because pesting becomes stronger with an increase 
in temperature. At 800°C and 900°C, the silica layer cannot 
stand against the high amount of pesting, and the alloy was 
fully consumed after 100 h (see Figures 4 and 5). In both 
cases, the metal loss is higher than 3 mm/100 h. From the 
results after 24 h of testing it can still be concluded that at 
900°C the corrosion rate is lower. This can be explained by 
the softening of the SiO2‐rich layer which then can slow 
down the corrosion of the underlying material—even if only 
slightly [42], as bubbles of MoO3 can move through the 
layer [31, 41].

FIGURE 5 | (a, c) BSE images and (b, d) EPMA elemental map of the cross section of Mo‐9Si‐8B (at.%) after 24 h (a, b) and after 100 h (c, d) of hot 
corrosion at 900°C with 2.5 mg/cm2 Na2SO4 deposit in synthetic air + 0.1% SO2. Adapted from [29] ‐ note the varying magnifications. [Color figure 
can be viewed at wileyonlinelibrary.com] 
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5 | Conclusion 

The hot corrosion behavior of a Mo‐9Si‐8B alloy with 
2.5 mg/cm2 Na2SO4 deposit in synthetic air + 0.1% SO2 was 
investigated between 500°C and 900°C. The main corrosion 
mechanisms were identified to be influenced by the formation 
of a eutectic liquid phase, pesting and fluxing, hindering the 
formation of a protective scale.

Although the formation of the low‐melting phase is similar to 
that of Ni‐based alloys, it does not form from sulfate, but from 
super‐acidic molybdates. Sulfur did not interact with the alloy 
at any temperature. Above 700°C, the corrosion rate also rises 
with increasing temperature due to pesting, which becomes 
increasingly dominant up to 900°C. Therefore, the corrosion 
rate is represented by a temperature‐dependent curve different 
from that known from investigations on the hot corrosion 
behavior of Ni‐based alloys with the typical local maxima of 
Type I and Type II hot corrosion. Even though a local minimum 
can be found for this specific alloy, the underlying mechanisms 
differ from the known Type I and Type II hot corrosion.

To mitigate the corrosion, protection against the formation of 
the liquid phase needs to be developed. For example, this could 
involve binding Mo inside another protective oxide, as dem
onstrated with Cr2Mo3O12 or NiMoO4. Unfortunately, these 
compounds are also unstable at temperatures above 810°C 
[43, 44]. Another method could involve using other oxide 
formers since the formed oxide does not protect the alloy. These 
formers are highly acidic oxides themselves, but with better 
high temperature stability such as tantalates [45].
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o
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FIGURE 6 | Estimated hot corrosion curve for Mo‐9Si‐8B (at.%). 
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Appendix 

FIGURE A1 | XRD patterns Mo‐9Si‐8B (at.%) after 24 h and 100 h of hot corrosion test with 2.5 mg/cm2 Na2SO4 deposit in synthetic air + 0.1% 
SO2 at (a) 500°C, (b) 600°C and (c) 800°C. [Color figure can be viewed at wileyonlinelibrary.com] 
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FIGURE A2 | Raman spectroscopy results of Mo‐9Si‐8B (at.%) after hot corrosion test with 2.5 mg/cm2 Na2SO4 deposit in synthetic air + 0.1% SO2 

for (a) 24 h at 500°C, (b) 100 h at 500°C, (c) 24 h at 600°C, (d) 100 h at 600°C, (e) 24 h at 800°C and (f) 100 h at 800°C. Phases were identified using [46]. 
[Color figure can be viewed at wileyonlinelibrary.com] 
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