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Abstract The corrosion performance of Mo-22Si and
Mo-25Si alloys in 0.5 M sodium chloride (NaCl) and
0.5 M sodium hydroxide (NaOH) solutions, at room
temperature, was evaluated using electrochemical tech-
niques. In 0.5 M NaCl, additionally, the effect of solu-
tion pH (3, 7 and 10) and concentration (0.1, 0.5 and
1.0 M) was studied using techniques such as potentio-
dynamic polarization curves, linear polarization resis-
tance and electrochemical noise in current. The alloy
contained either a-Mo or Mo5Si3 phases in a Mo3Si
matrix. Polarization results showed that only the alloys
containing 22Si developed a passive film in 0.5 M NaOH
solution, whereas the alloy containing 25Si was passiv-
ated only in 0.5 M NaCl, pH 10 solution. In 0.5 M
NaCl, pH 7 and 0.5 M NaOH solutions, the alloy with
25Si was the one with the highest corrosion rate,
whereas the one containing 22Si was the most corrosion
resistant. In NaCl solutions, the alloys exhibited a
localized type of corrosion, but not in NaOH solutions.
Alkaline NaCl solutions increased the corrosion rate of
the 75Mo-25Si alloy with respect to acidic or neutral
solutions, whereas diluted (0.1 M) or concentrated
(1.0 M) NaCl solutions produced lower corrosion rates
than the 0.5 M NaCl solution. Some localized type of
corrosion occurred in the NaCl solutions, due to a
selective corrosion of the a-Mo and Mo5Si3 phases with
respect to the Mo3Si matrix.
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Introduction

Recently, research has focused on several kinds of
materials, such as the intermetallic compounds based on
Molybdenum silicides for their properties, i.e. mechan-
ical and physical, due to the need for materials with
good properties to support extreme conditions such as
high temperature, high stresses, or corrosive environ-
ments. MoSi2 is one of the most extensively studied
compounds in the Mo-Si binary phase diagram, and, on
the other hand, the only one with industrial application,
due to an excellent resistance to the oxidation at high
temperature as in elements of furnaces, for instance [1].
Two other compounds, Mo5Si3 and Mo3Si, exist in this
system.

It is very well known that, in the case of the MoSi2, its
high temperatures oxidation stability is due to the for-
mation of a highly protective SiO2 layer which give them
a high temperature degradation resistance, which was
widely studied [5–7], this layer is formed neither in the
Mo5Si3 nor in the Mo3Si. However, the low temperature
corrosion behavior of molybdenum silicides, such as
Mo3Si, Mo3Si + Mo5Si3 or Mo3Si + a-Mo phases has
not received much attention, with the exception of a few
studies [8–11]. Thus, the aim of this work was to inves-
tigate the corrosion properties of these intermetallics in
two commonly found environments: sodium chloride
(NaCl) and sodium hydroxide (NaOH).

Experimental procedure

Alloys with nominal silicon concentrations of 22 and 25
(at. %) were prepared by arc-melting of nominally pure
elements in a partial pressure of argon, and drop-casting
into water-cooled copper molds with a diameter of
12.5 mm. The two resulting alloys were 75(at.%) Mo-
25Si and 78Mo-22Si. The specimens were annealed in a
vacuum of 10�4 Pa for 24 h at 1,600 �C, and then cooled
using a cooling rate of 2.5 �C s�1 between 1,600 �C and
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1,000 �C and then furnace cooled. In order to compen-
sate for the possible loss in Si due to evaporation, an
extra 0.5 at. % of Si were added (since Mo3Si is a line
compound) to keep the final compositions of the alloys
after the heat treatment in agreement to the Mo-Si alloy
phase diagram. For the corrosion experiments, speci-
mens of 5·5·3 mm were machined by an electro dis-
charge machine, encapsulated in epoxy resin and then
polished with diamond paste to a 0.1 lm finish. Elec-
trochemical experiments were performed using an ACM
Instruments potentiostat controlled by a personal com-
puter. Potentiodynamic polarization curves (PC) were
obtained by varying the applied potential from
�100 mV with respect to the free corrosion potential,
Ecorr, up to +1,500 mV at a rate of 1 mV/s. Before the
experiments, the Ecorr value was measured for approxi-
mately 30 min, until it was stable. All the potentials were
measured using a saturated calomel electrode (SCE) as
reference electrode. The counter electrode was a plati-
num wire. Corrosion rates were calculated in terms of
the corrosion current, Icorr, by using linear polarization
resistance curves, LPR, which was done by polarizing
the specimen from+10 mV to �10 mV, respect to Ecorr,
at a scan rate of 1 mV/s, a standard scanning rate for
this kind of experiment, to get the polarization resis-
tance, Rp. Using the Stearn–Geary equation, the Icorr
value was calculated as follows:

Icorr ¼
babc

2:3ðba þ bcÞ
� 1

RP

were ba and bc are the anodic and cathodic slopes
obtained from the PC. For the electrochemical noise in
current (ECN) measurements, a zero resistance
ammeter (ZRA), from ACM Instruments, controlled
using a desktop computer, which also served to record
the readings on floppy disks, was used. Time records
consisted of blocks of 1,024 readings, taken at 1-s
intervals, using a two electrodes arrangement. All tests
were performed at room temperature (25$2 �C). Solu-
tions used included 0.5 M sodium chloride (NaCl), and
0.5 M sodium hydroxide NaOH), which were prepared
from analytical grade reagents. When necessary, the
solution pH was adjusted by adding hydrochloric acid
or NaOH. After the experiments, the specimens were
cleaned to be observed in the scanning electronic
microscope (SEM).

Results

Electrochemical tests

Polarization curves for the three alloys in neutral 0.5 M
NaCl is given in Fig. 1. It can be seen that none of the
alloys showed a passive region, only anodic dissolution.
The most active free corrosion potential (Ecorr) values
were for the alloy with high Si, e.g. 25Si, whereas the
alloy with the lowest content in Si had the highest Ecorr

value. The anodic current density value was also highest
for the alloy with 25Si, whereas the lowest value was for
the alloy containing 22Si.|

Figure 2 shows the PC for the three alloys in 0.5 M
NaOH. This time, the lowest Ecorr value was for the
alloy with 25Si, around �680 mV, whereas the other
alloy had an Ecorr value around �500 mV. Like in 0.5 M
NaCl, none of the alloys showed a passive region, only
anodic dissolution. However, the dissolution rates are
quite high, 0.1 mA/cm2. The two alloys had very similar
anodic current density values.

The effect of sodium chloride concentration on the
polarization curve for the 75Mo-Si alloy is shown in
Fig. 3. It can be seen that the Ecorr values were vir-
tually the same, showing no effect of the solution
concentration. There was also a negligible effect on the
anodic current density value, except at high anodic
overpotentials, were it can be seen that the lowest
anodic current density was for the most diluted solu-
tion, whereas the 0.5 M and 1.0 M solutions had very
similar values. In none of these solutions the alloy

Fig. 1 Polarization curves for molybdenum silicides in 0.5 M NaCl

Fig. 2 Polarization curves for molybdenum silicides in 0.5 M
NaOH
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showed a passive behavior but only anodic dissolu-
tion. Finally, the effect of the 0.5 M NaCl solution pH
is shown in Fig. 4. It can be seen that the lowest Ecorr

value was for the most alkaline solution, around
�600 mV, whereas the noblest value was obtained in
the acidic solution, around �220 mV, 100 mV more
anodic for the value obtained at pH 7. There was no
passive region for this alloy except in a solution with
pH 10, around 300 mV wide, with a pitting potential,
Epit, around �200 mV, much lower than that obtained
in 0.5 M NaOH solution, Fig. 2.

The change in Icorr with time for the three alloys in
0.5 M NaCl is shown in Fig. 5. It can be seen that the
alloy with high Si contents, i.e. 25%, had a higher Icorr
value than the one for the alloy with 22%Si. The two
alloys tended to have constant Icorr values with time. In
0.5 M NaOH, Fig. 6, again, the alloy that had the
highest Icorr value was the one containing 25Si, and the
one with the lowest value, like in 0.5 M NaCl, was the
one with 22Si. However, this time, the Icorr values never

reached a steady-state value, like in 0.5NaCl, instead,
they tended to increase with time.

The effect of the 0.5 M NaCl solution pH in the Icorr
values for the 75Mo-25Si alloy is shown in Fig. 7, where
it can be seen that the lowest value was obtained in a
solution with a pH value of 7. At the beginning of the
test, the highest Icorr value was obtained in the most
basic solution, at least during the first 10 h, however,
after this time, this was reverted, and the highest Icorr
value was obtained in the acidic solution, since the Icorr
value in the alkaline solutions decreased with time,
probably due to the presence of a passive film formed in
this solution, as evidenced in Fig. 4. Finally, Fig. 8
shows the change in the Icorr value for the 75Mo-25Si
alloy obtained at different NaCl concentrations. This
figure shows that highest Icorr value was obtained in the
0.5 M solution, and the lowest value was obtained in the
most diluted one, i.e. 0.1 M NaCl solution.

The results from the electrochemical noise experi-
ments for 75Mo-25Si alloy in 0.5 M NaCl, pH 3 is

Fig. 3 Effect of the NaCl solution concentration on the PC for the
75Mo-25Si alloy

Fig. 4 Effect of the NaCl solution pH on the PC for the 75Mo-25Si
alloy

Fig. 5 Change in Icorr with time for molybdenum silicides in 0.5 M
NaCl

Fig. 6 Change in Icorr with time for molybdenum silicides in 0.5 M
NaOH
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shown in Fig. 9, whereas the results of the tests at pH 7
are shown in Fig. 10. It can be seen that, in both cases,
there are some anodic, (positive), and negative (catho-
dic) current transients, which are typical of some local-
ized form of corrosion, such as pitting or crevice
corrosion or even stress corrosion cracking [12–15]. The
amplitude of the transients observed in the solution with
a pH value of 7 was 100 times higher than those ob-
served in the acidic solution. In 0.5 M NaOH, Fig. 11,
on the other hand, the transients were of much higher
frequency than the ones observed in NaCl solutions, but
with lower intensity, which are typical of a material
undergoing uniform corrosion, such as evidenced in the
polarization curve for this solution in Fig. 2.

Corrosion morphologies

The microstructures of the two uncorroded alloys were
described elsewhere [16], but briefly, the alloy containing

22 (at.%)Si contained a-Mo precipitates in a Mo3Si
matrix specimen (Fig. 12), whereas the alloy with 25Si
contained small particles of Mo5Si3, in a Mo3Si matrix
(Fig. 13). Small precipitates grew during the annealing
process due to the evaporation of Mo. The grain size of
the 25%Si was much larger than that for Mo-22%Si
also.

Some typical micrographs of the corroded samples
are shown in Figs. 14 throughout 16. Figure 14 shows
the corroded surface of alloy Mo-25%Si in 0.5 M NaCl,
pH 3 whereas the alloy with 22%Si corroded in this
solution is shown in Fig. 15. In general terms, the phases
with higher silicon contents were least corrosion resis-
tant. For instance, in Fig. 14, it can be seen that the
Mo5Si3 phases were selectively corroded respect to the
Mo3Si matrix, whereas Fig. 15 shows that the a-Mo
phases were corroded preferentially respect to the
Mo3Si, matrix, as expected, due to the fact that Si im-
parts corrosion resistance to the matrix.

Fig. 7 Effect of the NaCl solution pH on the change in Icorr with
time for the 75Mo-25Si alloy

Fig. 8 Effect of the NaCl solution concentration on the change in
Icorr with time for the 75Mo-25Si alloy

Fig. 9 Electrochemical noise in current for Mo-25%Si in 0.5 M
NaCl, pH 3

Fig. 10 Electrochemical noise in current for Mo-25%Si in 0.5 M
NaCl, pH 7
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In 0.5 M NaCl, pH 7 solution, something very simi-
lar happened. For the alloy with 25%Si, for instance, as
shown in Fig. 16, the Mo5Si3 phases were preferentially
corroded respect to the Mo3Si matrix also.

Discussion

It was clear that, in all cases, the alloy with higher silicon
contents presented higher corrosion rate. Micrographs
also showed that also, in all cases, for each alloy phases
such as a-Mo and Mo5Si3 phases were always selectively
corroded points respect to the Mo3Si matrix, but there
was not a direct relationship between corrosion rate and
silicon contents since but they formed active galvanic
cells with a large surface area. PC did not show the
existence of a passive film on the alloy surfaces in either
solution used, only anodic dissolution and solution dif-
fusion through the corrosion products. ECN results
showed the occurrence of localized corrosion for all al-
loys. Localized type of corrosion can take place only

Fig. 11 Electrochemical noise in current for Mo-25%Si in 0.5 M
NaOH

Fig. 12 Surface morphology of the uncorroded Mo-22%Si alloy

Fig. 13 Surface morphology of uncorroded Mo-25%Si alloy

Fig. 14 Surface morphology of Mo-25%Si in 0.5 M NaCl, pH 3

Fig. 15 Surface morphology of Mo-22%Si in 0.5 M NaCl, pH 3
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with the disruption either of the passive film or the
corrosion products barrier. Molybdenum silicides were
studied intensively as their oxidation resistance results
from the formation of a highly protective SiO2 layer in
MoSi2-containing alloys, and some authors have re-
ported that the oxide film formed on these silicides upon
anodic oxidation in aqueous solutions is similar to that
obtained upon thermal oxidation [17].Other authors [18]
have concluded that no protective SiO2 film was formed
on molybdenum silicides. Shams [17], when corroding
MoSi2 anodically in acidic media found that the pas-
sivation could be due to the formation of hydrated
oxides, whereas Halada [9], studying plasma-sprayed
MoSi2 in sulfuric acid solution, reported that the passive
film contained SiO2, and exhibited a corrosion potential
value of about �300 mV. Our Ecorr values here were
from �250 mV to �150 mV in 0.5 M HCl and around
0 mV in 0.5 M H2SO4. Irrespective of the composition
of the passive film, local disruption, either mechanically
or chemically, will lead to localized corrosion.

In high temperature environments with high oxygen
levels, it is believed that the sequential formation ofMoO3

and SiO2 forms and passivate the surface [17], while in low
oxygenmolten salt applications, the low activity of phases
such as Mo5Si3 and Mo3Si result in minimal corrosion
[18]. MoO3 volatilizes, which helps the SiO2 to establish
continuity and hence protectiveness. This is only for
MoSi2 and only in certain temperature ranges, usually
around 900–1,000 �C. As the temperature range used in
aqueous environments precludes the formation of MoO3

and SiO2 and as Mo is only passive in a small pH range
where MoO2 forms it is no surprise that these materials
have high dissolution rates in solution. In comparison, Si
is active at high pH according to the Pourbaix diagrams
for both Mo and Si. Although the shape of the PC indi-
cates the formation of a ‘‘passive’’ film on 22 Si in NaOH,
the ‘‘passive’’ dissolution rates are quite high, 0.1 mA/
cm2, this is not what one could call passivity and is likely
the result of a Mo or Si precipitation reaction, but more
research is needed to confirm this.

It is considered that the anodic transients are the
result of a film rupture, which exposes the metal to the
solution. The current transient is the result of exposure
of the metal and their relatively slow current recovery
reflects, perhaps, a repassivation process. The transient
ceases on reformation of the film. The anodic transients
observed suggest that these events are associated with an
electron consuming reaction, cathodic discharge of the
specimen. According to theoretical potential/pH (E/pH)
equilibrium diagrams [11] for Mo and Si, at the Ecorr and
the pH values of the solutions used here (from �250 mV
to �150 mV in 0.5 M HCl and around 0 mV in 0.5 M
H2SO4, and pH=1), the two stable species are MoO2

and H2Si(OH)6. So, molybdenum could be oxidized
mainly to Mo4+ while silicide can be oxidized to silicic
acid [18], which can be incorporated into the film. This
film could contain, thus, both, molybdenum and silicon
ions. The large area of the cathodic phase, i.e. Mo3Si,
together with a relatively small area of the anodic pha-
ses, a-Mo and Mo5Si3, in combination with an aggres-
sive environment, made conditions favorable for a
selective corrosion of the least corrosion resistant phase
to take place.

Conclusions

The corrosion performance of Mo-22Si and Mo-25Si
intermetallic alloys in NaCl and 0.5 M NaOH was
evaluated using electrochemical techniques. Polarization
results showed that only the alloys containing 22Si
developed a passive film in 0.5 M NaOH solution,
whereas the alloy containing 25Si was never passivated
in any solution. In both 0.5 M NaCl, and 0.5 M NaOH
solutions, the alloy with 25Si was the one with the
highest corrosion rate, whereas the one containing 22Si
was the most corrosion resistant. In NaCl solutions, the
alloys exhibited a localized type of corrosion, but not in
NaOH solutions. Some localized type of corrosion oc-
curred in the NaCl solutions, due to a selective corrosion
of the a-Mo and Mo5Si3 phases with respect to the
Mo3Si matrix. Alkaline NaCl solutions increased the
corrosion rate of the 75Mo-25Si alloy with respect to
acidic or neutral solutions, whereas diluted (0.1 M) or
concentrated (1.0 M) NaCl solutions produced lower
corrosion rates than the 0.5 M NaCl solution.
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