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Crevice corrosion behavior of titanium (Ti) and binary Ti alloys containing 5–25 mass% of molybdenum
(Mo) was investigated in 10% NaCl at 100 �C. Although a considerably large shift in crevice potential
toward the active region and large current were observed with Ti, no change in crevice potential or cur-
rent was observed with the Mo–Ti alloy. The resistance against crevice attack was found to depend on the
Mo content of the alloys in the experiment. Further investigations by potentiodynamic polarization and
the electrochemical impedance spectroscopy (EIS) method were conducted. Polarization measurements
showed an increase in cathodic current density with the increase of Mo content in Ti alloys. As the Mo
content was increased to around 10%, the corrosion potential was found to exist within the passive region
even in highly acidic solutions. These results illustrated the more highly passivating behavior of 10–25%
Mo–Ti alloys than pure Ti and 5% Mo–Ti alloys. The higher impedance values shown by EIS revealed the
high ability of 15% and 25% Mo–Ti alloys to keep the passive film even in the acidic solutions. It was found
that Mo–Ti alloy could keep the passive film even in a high chloride concentration environment at 100 �C.
Hence, as for the crevice corrosion, this alloy could be useful for environments simulating the overpack
near the coast.

� 2008 Published by Elsevier B.V.
1. Introduction

It is required that the overpack should be guaranteed the geo-
logical disposal of high-level radioactive waste for more than sev-
eral hundred years. However, candidate materials of overpacks
suffer from corrosion due to surrounding groundwater. The corro-
sion of metals depends mainly on the chemical composition of
groundwater, and in Japan, there is a high possibility of the pres-
ence of high-concentration chloride solution from the sea. More-
over, the temperature at the surface of the overpack may be as
high as 100 �C due to radioactive waste. Ti alloy is a candidate
material for such corrosive conditions. While extensive studies
have been carried out on the corrosion behavior of Ti, very little
information is available on the crevice corrosion in environments
simulating the overpack under the ground near the coast. In gen-
eral, the excellent corrosion resistance offered by Ti is directly re-
lated to the formation of a stable surface oxide film of TiO2.
However, Ti is susceptible to crevice corrosion when exposed to
environments containing a high-concentration of chloride at ele-
vated temperatures [1–6]. Much effort has been made to improve
the stability of the surface film of Ti by suitable alloying [7–15].
Although Pd–Ti alloy was developed and could have high resis-
tance against crevice corrosion at 100 �C, Pd is very rare and expen-
Elsevier B.V.
sive. Instead of Pd–Ti alloy, we have been interested in Mo–Ti alloy,
however, there have been few investigations of its crevice corro-
sion. On the other hand, it is important to understand the mecha-
nism of crevice corrosion of Ti alloys. Hence, in the present work,
the changes in chloride ion concentration, pH and potential within
the crevice were monitored for long periods of exposure by using
microelectrodes. The results of these measurements and the
results obtained from polarization and EIS techniques were
compared to understand the crevice corrosion resistance of 15%
Mo–Ti alloy.

2. Experimental method

Ti alloys containing 5–25 mass% of Mo in the base metal of pure
Ti (ASTM Grade-2) were made in the present investigation. The in-
gots of the size in 60 � 150 � 15 mm were melted by arc-melt pro-
cess using pure Mo and Ti (Grade-2). Then, they were subjected to
the solution heat-treatment at 900 �C for 1 h and water quench. It
was found that there was no crack in the ingot by X-ray examina-
tion. Moreover, the chemical compositions of the several part of
the ingot were checked, and there was little segregation all over
the ingot. The test specimens were cut by wire-cutting process to
prevent the clacks.

The pH microelectrode was fabricated from 0.3 mm diameter
tungsten (W) wire, which was partially sealed in a capillary tube.
The W wire was then oxidized in 10% nitric acid solution for 18 h

mailto:nishimura.toshiyau@nims.go.jp
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


0 50 100 150 200

0

4

8

12 a

b

c

-400

-300

-200

-100

Time / Hours

-200

-100

0

Po
te

nt
ia

l /
 m

V,
 S

C
E

Ti
15% Mo-Ti

C
ur

re
nt

 / 
µA

Fig. 2. Changes in (a) crevice current, (b) potential outside crevice and (c) potential
inside crevice at 100 �C.
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to form the W/WOx microelectrode. The chloride ion selective
microelectrodes of Ag/AgCl were made from 0.3 mm silver wire
partially sealed in a capillary tube, and were electrolyzed in
0.1 M HC1 solution under the potential of 500 mV for 12 h.

As shown in Fig. 1, the working electrodes of 2 � 2 � 0.2 cm for
Ti and alloy were covered in a Teflon shim of 0.1 mm thickness and
tightly screwed on an acrylic board to make the crevice cell. The
counter m from the working one. Three capillary holes of 1 mm
diameter were made over the acrylic board to insert the microelec-
trodes such as Ag/AgCl, W/WOx and micro-SSE. The crevice moni-
toring was conducted in 10% NaCl with open air condition at
100 �C. Just before the measurement, the surface of the test sample
was polished by the 600 paper. The current in the crevice was mea-
sured using a zero resistance ammeter. Moreover, the potential in-
side the crevice was measured by using the micro-SSE. The
chloride ion concentration and pH were determined from their cor-
responding potential �log [C1-] and potential �pH calibration
curves. The specimens of pure Ti and Mo–Ti alloy were cut into
1 � 1 � 0.2 cm for the polarization and EIS (Electrochemical
Impedance Spectroscopy) studies. These studies were conducted
in simulated crevice solution that was 20% NaCl solution adjusted
to different pH values at 100 �C. The polarization behavior was
measured at the scan rate of 1 mV/s. A frequency response analyzer
(FRA) was used for EIS measurements and experiments were con-
ducted with an amplitude of 10 mV and the frequency range from
10 kHz to 3 mHz. Impedance spectra were obtained with speci-
mens in the open circuit (OCP) condition and in the passive region
of 500 mV. The breakdown behavior of passive film was observed
by EIS using the specimens kept at OCP up to 24 h after setting
at 500 mV (passive region) for 1 h.
3. Results and discussion

3.1. Monitoring of crevice corrosion for Ti and Mo–Ti alloy

Fig. 2(a) shows the results of changes in crevice current, and the
potential inside and outside the crevice in pure Ti (ASTM Grade-2)
and 15% Mo–Ti alloy in neutral 10% NaCl at 100 �C. There was no
significant change in crevice current for both Ti and 15% Mo–Ti al-
loy up to 96 h of monitoring, and then the crevice current of Ti in-
creased suddenly to higher values. At the same time simultaneous
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Fig. 1. Schematic diagram of crevice cell u
change of potential outside and inside the crevice of Ti from
�130 mV to �196 mV and �165 mV to �306 mV, respectively,
were observed as shown in Fig. 2(b) and (c). These changes in po-
tential to the more active region reflected the decrease in stability
of passive film over the Ti surface and led to active dissolution
reaction 1, 3–4) within the crevice. The potential inside the crevice
was more sharply detected by micro-SSE than that outside of the
crevice. The absence of changes in the above parameters for 15%
Mo–Ti alloy suggested that the passive film of the alloy remained
stable in this test.

Fig. 3 shows the changes in pH and chloride ion concentration
inside the crevice of pure Ti and alloy in 10% NaCl at 100 �C. An in-
crease in chloride ion concentration increased from 10% to 17% at
96 h within the crevice. It is thought that in order to maintain elec-
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tro neutrality within the crevice, chloride ions migrate from the
bulk to the crevice. The pH within the crevice slowly shifted to-
ward lower values and reached a value of pH 2.3 after 96 h for
Ti, indicating the predominant dissolution reaction was operating
within the crevice. This process produced Ti ions, and the subse-
quent hydrolysis reaction produced hydrogen ions and further re-
duced the pH.

The change in solution chemistry observed in the crevice by the
combination of increased acidity and higher chloride concentration
might result in the continuous propagation of crevice corrosion on
pure Ti after 96 h. These phenomena corresponded to the shift of
crevice potential from the passive to active region and the increase
in crevice current. However, only marginal changes were observed
in the above parameters for the Mo–Ti alloy. This behavior of alloy
suggested that adding Mo effectively kept the passive film stable
even in the high chloride and high temperature condition. In this
way, Mo–Ti alloy had no susceptibility to crevice corrosion at the
high temperature of 100 �C.
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The variation in crevice potential with immersion time for Ti
and Mo–Ti alloys containing 5–25 mass% of Mo in pH 4.0 solution
of 10% NaCl at 100 �C is shown in Fig. 4. The potential of the crev-
iced Ti was found to change gradually from an initial �360 mV to
nobler potential, reflecting the formation of the surface film. After
180 h, the potential was found to change rapidly toward the active
region of around �510 mV and then stayed at the same potential
up to 500 h of monitoring. This behavior demonstrated the contin-
uous active dissolution reaction taking place within the crevices of
Ti, and the susceptibility of pure Ti to crevice attack. A similar trend
was observed with 5% Mo alloy as evident from the final crevice
potential of around �370 mV. Alloys containing 15% and 25% Mo
showed a gradual shifting of crevice potential toward more posi-
tive values and reached +6 mV and +30 mV, respectively at the
end of 500 h. The positive crevice potential with these alloys sug-
gested the presence of a stable passive film over the surface, which
imparted higher resistance against crevice corrosion.
3.2. OCP measurement under simulated crevice solution

To investigate the effect of different Mo alloying content on the
passivation of Ti at various acidic conditions in environments of
higher chloride concentration, open circuit potential (OCP) was
monitored in 20% NaCl at different pH values (Fig. 5). At pH 4.0
solution Ti exhibited an OCP value of �420 mV which shifted to
less noble values with a decrease in pH. Thus, Ti was thought to
be highly susceptible to crevice corrosion under pH 4.0 solution
of 20% NaCl. These observations were in agreement with the re-
sults shown in Fig. 4. It was understood that the increase of Cl ions
and decrease of pH proceeded in the crevice, and once the pH fell
below 4.0, then active corrosion occurred for pure Ti. A similar
trend was observed with alloys containing 5% Mo. In the case of
10% Mo–Ti alloy, the pH fell below 2.0, then active corrosion oc-
curred. On the other hand, a quite different behavior was observed
for 15% and 25% Mo–Ti alloys. These alloys showed an OCP value of
�210 mV and �198 mV respectively in pH 0.5 solution. This obser-
vation clearly revealed the existence of the passive condition,
which was responsible for providing immunity against crevice cor-
rosion in 20% NaCl. In this way, Mo was shown to be effective
against corrosion in acidic solution simulating the crevice at high
temperature.
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3.3. Potentiodynamic polarization measurements

The polarization behaviors of Ti and Mo–Ti alloys were mea-
sured in simulated crevice solution of 20% NaCl at pH 0.5 as shown
in Fig. 6. Higher cathodic currents were observed for all Mo–Ti al-
loys than that of pure Ti. As against the active peak current of
9.8 � 10�4 mA cm�2 obtained with pure Ti, there were no apparent
active peaks with the alloys in pH 0.5 solution. The higher cathodic
currents and lower active peak contributed to ennobling of the cor-
rosion potential (Ecorr) of Mo–Ti alloys. The Ecorr values were very
high with 15% and 25% Mo–Ti alloys, and existed completely with-
in the passive region around �200 mV. Similar results were ob-
tained with Ti and its alloys in pH 1.0 solution of 20% NaCl at
100 �C. The polarization behavior suggested that the addition of
15% and 25% Mo was effective for maintaining the passive film
even in highly acidic crevice environments at elevated tempera-
ture. However, the passive current densities of Mo–Ti alloys were
slightly higher than that of pure Ti. This might be due to the trans-
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Fig. 6. Polarization behavior of Ti and Mo–Ti allo
passive dissolution of Mo through the passive film. In this way, it
was shown that the ennobling of corrosion potential and mainte-
nance of the passive condition resulted in the higher resistance
of 15% and 25% Mo–Ti alloys against crevice corrosion.

3.4. EIS investigation

To confirm the influence of Mo alloying on the resistance of the
passive film against crevice attack, EIS measurements were carried
out for Ti and Ti alloys in the OCP condition at different pH values
of 20% NaCl at 100 �C. From the EIS spectra (Fig. 7), resistance (Rt)
values at 3 mHz are plotted in Fig. 8. The pure Ti exhibited a very
low value of Rt in the low frequency region in pH 0.5 and 1.0 solu-
tion. The phase shift spectra observed for Ti in pH 0.5 and 1.0 solu-
tions suggested the presence of two capacitances; the capacitance
at high frequency was thought to be the passive film capacitance.
As the lower value of Rt in the low frequency region suggested that
the pure Ti underwent active dissolution at these pH values, the
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ys in pH 0.5 solution of 20% NaCl at 100 �C.
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capacitance at low frequency was thought to correspond to the
double layer capacitance. Ti alloy containing 5% Mo exhibited a
similar behavior as evidenced by the very low Rt value of
148 X cm2 at pH 0.5 with two capacitances. However, the 15%
Mo–Ti alloy exhibited the very high Rt value of 4400 X cm2 even
in the highly acidic condition of pH 0.5. A still higher Rt value of
6100 X cm2 was observed with 25% Mo–Ti alloy. Change of pH of
the environment to 1.0 produced a further increase in Rt value of
15% Mo–Ti alloy to 4600 X cm2. This higher Rt value and the ab-
sence of a second capacitance peak in the EIS spectra indicated that
these alloys were completely dominated by the passive film prop-
erties. These results were in good agreement with the results of
polarization experiments shown in Fig. 6. In this way, the imped-
ance spectra obtained with Ti and Mo–Ti alloys were depicted by
the equivalent circuit as shown in Fig. 9. Here, by adding Mo the
equivalent circuit was changed from (a) active to (b) passive con-
dition. Thus, Rt in Fig. 9 corresponded to (a) corrosion reaction
resistance (Rct) in the active condition and (b) the film resistance
(Rf) in the passivated condition, respectively. Thus, the Rt value at
3 mHz could estimate the corrosion resistance of Ti alloy both in
the active and passive conditions. In Fig. 5, pure Ti or 5% Mo-alloy
could not keep a high value of Rt at pH 2 and pH 1, respectively.
However, Rt of 10–25% Mo-alloy could keep a high value even in
low pH solutions.

In order to examine the passive behavior, the specimens were
passivated at 500 mV for one hour and impedance spectra were
obtained at the same potential. The impedance spectra of Ti and
5–25% Mo–Ti alloys in pH 0.5 solutions are shown in Fig. 10. The
plot of Rt values at 3 mHz as a function of % Mo content in Mo–Ti
alloys is given in Fig. 11. The passive film capacitances were
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observed for Ti and all alloys, and Rt was as high as 16,000 X cm2 at
pH 0.5. The Mo alloys exhibited relatively lower Rt values than pure
Ti as is evident from 10,700 and 6160 X cm2 for 15% and 25% Mo–
Ti alloys, respectively. However, the Rt values were significantly
higher when compared to the corresponding values in the OCP
condition. This anomalous behavior in Rt might be attributed to
the transpassive dissolution characteristics of Mo through the pas-
sive film [18]. Higher Mo content in the alloy was expected to re-
sult in higher transpassive dissolution by Mo and thus reduce Rt to
lower values. These results corresponded to the increase of the
passive current by Mo addition in polarization curves (Fig. 6).

3.5. Breakdown behavior of passive film of Ti and Mo–Ti alloys

It was important to confirm more details about the stability of
the passive film on Ti and its alloys for longer durations. Thus, sam-
ples were passivated at 500 mV for 1 h, then the open circuit
potential (OCP) was measured for 24 h. The potential decays of
the samples were monitored as presented in Fig. 12. The OCP of
Ti in pH 0.5 solution reached around �700 mV within 20 h. This
was almost the same as that observed for the bare metal surface
of Ti at the same pH (Fig. 5). Thus, the breakdown of passive film
on Ti was found to occur in a short time at pH 0.5. Alloy containing
5% Mo also reached an active corrosion potential value of around
�540 mV within 20 h. However, potential decays of 15% and 25%
Mo–Ti alloys at this pH were found to be around �260 mV and
�220 mV, respectively, even after 24 h, which indicated that stable
passive films remained on these alloys even after 24 h.

The impedance spectra of samples passivated at 500 mV for 1 h,
then kept at OCP for 10 h, are shown in Fig. 13. The impedance
spectra of Ti and 5% Mo–Ti alloy showed two capacitances and very
low Rt values, which showed almost the active condition. On the
other hand, 10–25% Mo–Ti alloys showed one capacitance and very
high Rt values, which showed the passive condition. The plot of Rt

values versus Mo content at pH 0.5 and 1.0 are shown in Fig. 14. In
pH 0.5 and pH 1.0 environments, Rt values of pure Ti kept for 1 h in
the OCP condition after passivation were as low as 130 and
160 X cm2. These were similar to those of the bare metal of Ti
shown in Fig. 4. Thus, in the case of Ti, the passive film was broken
down completely and active corrosion occurred within a short time
even after passivation. The 5% Mo–Ti alloy revealed lower Rt values
at around 10 h. In the impedance spectra of Fig. 10, 5% Mo–Ti alloy
revealed two capacitances. These behaviors suggested that the
oxide film on 5% Mo–Ti alloy was not stable in these environments.
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On the contrary, 10–25% Mo–Ti alloys kept higher Rt values
throughout the period kept in the OCP condition. For example,
the Rt value was around 10,000 X cm2 at pH 0.5 for 24 h. Hence,
it was confirmed that the passive films of 10–25% Mo–Ti alloys re-
mained stable in highly acidic chloride solutions at elevated tem-
perature. In this way, adding Mo to Ti alloys conferred very high
resistance against crevice corrosion at high temperature.

3.6. Crevice corrosion behavior of Ti and Mo–Ti alloy

In this paper, crevice corrosion of Ti and Mo–Ti alloy was mon-
itored by microelectrodes under the simulated condition for over-
packs. In the case of pure Ti, as the concentration of chloride ions
increased and pH reduced in the crevice, the crevice current in-
creased. This behavior was explained by the hydrolysis reaction
in the crevice, and pure Ti showed susceptibility to crevice corro-
sion at a temperature of 100 �C. On the other hand, in the case of
Mo–Ti alloy, there were few changes in the concentration of chlo-
ride ions and pH in the crevice, and little increase in crevice cur-
rent. From the OCP and polarization measurements, it was
revealed that pure Ti could not keep the passive film in the solution
of low pH and high chloride concentration. As the hydrolysis reac-
tion in the crevice proceeded, the concentration of chloride ions in-
creased and pH reduced, and the passive film of pure Ti was easily
broken down. At 100 �C, the depassivation pH was estimated to be
almost 4.0 for the pure Ti in high chloride solution. However, the
corrosion potential of Ti alloy was kept in the passive region by
the high cathodic current and low anodic peak current caused by
the Mo addition. In the case of Mo–Ti alloy, the passive film re-
mained even in the solution of low pH of 0.5 and high chloride con-
centration. The mechanism of the high corrosion resistance of
Pd–Ti alloy can be explained by the stable passive film in acidic
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Fig. 13. Impedance behavior of passivated (+ 500 mV) Ti and Mo–Ti alloys kept in OCP for 10 h in pH 0.5 solution of 20% NaCl at 100 �C.
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solution. Mo–Ti alloy showed almost the same mechanism as that
of Pd–Ti alloy. Thus, it may be possible to design high corrosion-
resistant Ti alloy without using rare metals.

EIS measurements confirmed the above findings by showing the
corrosion resistance, Rt. Rt of pure Ti was a very low value in the
low pH solution, and even when the sample was kept in the passive
region, Rt immediately changed to a low value because of the
breakdown of the films. However, Rt of alloy remained high even
in the solution of low pH and high chloride concentration, which
showed that the passive film was kept. Thus, Mo–Ti alloy kept
the passive film in the simulated crevice solution and showed high
resistance against crevice corrosion under environments simulat-
ing the overpack near the coast.
4. Conclusions

Crevice corrosion experiments showed that Mo–Ti alloys have
higher crevice corrosion resistance in environments with higher
chloride concentration. From the crevice corrosion monitoring in
10% NaCl at 100 �C, although a considerably large shift in crevice
potential toward the active region and large current were observed
with Ti, no change in crevice potential or current was observed
with the Mo–Ti alloy. Polarization measurements showed an in-
crease in cathodic current density with the increase of Mo content
in Ti alloys. As the Mo content was increased to around 15%, the
corrosion potential was found to exist within the passive region
even in highly acidic solutions. The higher impedance values
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shown by EIS revealed that 15% and 25% Mo–Ti alloys could keep
the passive film even in the acidic solutions. Thus, the presence
of stable oxide film on the surface of Mo–Ti alloys was responsible
for imparting higher resistance to crevice corrosion even in envi-
ronments of high chloride concentration. It was found that Mo–
Ti alloy kept the passive film in such environments at 100 �C. In
this way, as for the crevice corrosion, this alloy could be useful
for environments simulating the overpack near the coast.
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