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Corrosion behaviour of titanium alloyed by molybdenum
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Abstract

Titanium is a metallic biomaterial used for a long period of time. The current interest
is focused on β titanium alloys; molybdenum is one of the elements that close the α region
effectively. The objective of this work was to prepare titanium-molybdenum experimental
alloys and to describe their corrosion properties in environments interesting from application
in dentistry point of view.
The measurements were done using Ti grade 2, Ti15Mo and Ti30Mo alloys. Corrosion

properties were studied in the physiological solution at three pH levels and fluoride ions
content up to 5000 ppm. Measurements were done by standard electrochemical techniques.
Corrosion properties of the studied alloys were at higher pH values comparable with the

properties of titanium. Decrease of pH and presence of fluorides resulted in the case of titanium
in pronounced decrease of corrosion resistance. The change was not so sharp for alloys, alloying
resulted in improvement of corrosion behaviour.
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1. Introduction

Titanium is a metallic biomaterial that has been
in the focus of attention over a long period of time. A
major argument in support of its application was its
mostly problem-free acceptance by the organism. The
current development is focused on development of the
so-called β alloys. In contrast to the hcp structure of α
titanium, these materials have a bcc lattice; they are
easy to process as compared with α or α + β alloys,
and their elasticity-related characteristics place them
the closest to the human bone of all metallic materials
[1–3].
Molybdenum represents one of the elements that

closes the α region very effectively, according to Oli-
veira et al. [4]; the β phase becomes the dominant
structural component when the molybdenum content
exceeds 10 wt.%. The Ti-Mo system has been stud-
ied from the metallurgical point of view by a number
of authors [5–8]. A survey of the development of the
Ti15Mo alloy is presented in Jablokov’s study [9].
Alloying, by which the β structure is achieved, may
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lead to a change in corrosion properties. The carrier
of titanium and titanium alloys corrosion properties
is passivity, i.e. the existence of an oxide layer on the
phase boundary between the metal and the body en-
vironment. In dentistry, which uses medical prepara-
tions combining low pH and a high content of fluoride
ions, titanium-based products are exposed to rather
aggressive environment. The negative corrosion effect
of fluorides on titanium is generally known for a long
time. In literature devoted to dental applications of
titanium, attention is focused on this problem in the
works, e.g. [10–14].
The effect of molybdenum on the corrosion proper-

ties of often complexly alloyed materials has been the
subject of a few studies. Its positive effect in terms
of passivity has been stated by Gonzalez et al. [15], a
good corrosion resistance of TiMo alloys (4–20 wt.%)
has been reported by Oliveira [4]. Alves Rezende dis-
closed the dominancy of the effect of low pH and the
presence of fluoride ions over the effect of the alloy-
ing when he studied the corrosion behaviour of the
Ti10Mo alloy [16]. Hashimoto has published a survey
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Ta b l e 1. Composition of the tested materials

Mo O N Al Fe W Ti
Sample

(wt.%)

Ti grade 2 0.23 0.01 rest.
Ti15Mo 15.1 0.18 0.044 0.37 0.044 0.18 rest.
Ti30Mo 29.4 0.15 0.032 0.63 0.051 0.073 rest.

article on the effect of molybdenum on the passive
state of steels [17]. His conclusions are applicable to
titanium-based alloys, particularly in a situation when
the passive layer breakdown occurs.
The aim of this study was to prepare titanium-

-molybdenum experimental alloys with 15 wt.% and
30 wt.% molybdenum content and to describe their
corrosion properties in an environment interesting
from application in dentistry point of view.

2. Experimental

Measurements were done on specimens of titanium
grade 2, Ti15Mo and Ti30Mo alloys. The specimens’
composition is given in Table 1. An arc furnace
L200 (Leybold-Heraeus) was used to prepare the al-
loys. They were melted in helium at a pressure of
3 × 104 Pa, with the use of a non-meltable wolfram
electrode. Small ingots were 5 times remelted to im-
prove homogeneity. The specimens were subsequently
annealed at a temperature of 650◦C for 15 minutes
in order to eliminate strain. In addition to the micro-
structure, the specimens were also evaluated in terms
of hardness using the Vickers method. The structure
was studied after etching in modified Kroll etching
solution (3 ml HF, 8 ml HNO3, 100ml H2O).
For the purpose of electrochemical measurements,

cylinders of ø 8 × 20mm2 were prepared with an inner
thread allowing for their fixing in a holder according
to ASTM G5-94, which was made solely of PTFE. The
measurements were conducted in a physiological solu-
tion (9 g l−1 NaCl) of a temperature of 37.0 ± 0.2◦C,
with pH either non-adjusted or adjusted to values of
5.8 and 4.2 using a buffer solution [18]. The effect of
fluoride ions, which are used in a number of medical
preparations at a concentration of up to 10000 ppm
(0.53mol l−1) and pH in the range of 3.2–7.7 [19], was
modelled by the addition of sodium fluoride. Fluorides
concentrations of 0.26mol l−1 (5000 ppm) in a solution
with non-adjusted pH, 0.053mol l−1 (1000 ppm) in a
solution with pH = 5.8, and 0.0053mol l−1 (100 ppm)
in a solution with pH = 4.2 were chosen in order for
the specimens to be exposed in the region of titanium
dioxide stability [12]. The content of 0.011mol l−1

(200 ppm) at pH = 4.2 corresponds, according to Fovet
et al. [12], to a boundary condition at which titanium

dioxide ceases to be stable in an environment contain-
ing fluoride ions. The solutions were prepared using
chemicals of the reagent grade purity and deminer-
alized water of conductivity lower than 0.01 mSm−1.
The oxygen content in the electrolytes was not adjus-
ted; it was in equilibrium with air.
Prior to measurements, the specimens were ground

to the roughness of paper FEPA P1200, degreased in
an ultrasound washer XB2 (Grant). Then they were
sterilized in a standard way (120◦C/20 min, saturated
water vapour) (Ecosteri, BMT), and exposed after
cooling in the air.
Electrochemical measurements were carried out us-

ing potentiostat FAS (Gamry). The potential is shown
in relation to an Ag/AgCl/3mol l−1 KCl (abbrev.
SSCE) reference electrode RE 404 (Theta’90) with
a potential of 0.207V vs. standard hydrogen elec-
trode. The measurements were conducted in a two-
-compartment thermostatic cell made of PTFE, with
graphite auxiliary electrodes. The working electrolyte
containing fluoride ions could get in contact only with
polymer materials in the course of the specimens ex-
posure.
The measurements proceeded as follows: At first

the open circuit potential (Eocp) was scanned for 11
hours, and it was always stabilized during this time.
The measurement of polarization resistance followed
and was always repeated twice, and the sequence was
completed with the scanning of the potentiodynamic
curve. The potential-current dependences needed for
determining polarization resistance were measured in
the range ±0.015 V from the open circuit potential at
a rate of 0.1 mV s−1. Potentiodynamic curves were
scanned at a rate of 1 mV s−1 in the range from
−0.05V vs. Eocp up to 1 V vs. SSCE.

3. Results

Titanium grade 2 is a material that is highly
corrosion-resistant under the conditions of the human
organism, and alloying should not have negative influ-
ence on this behaviour. The results of this corrosion
study showed differences in the corrosion properties of
titanium and its binary alloys with molybdenum.
Figures 1a and 1b show the microstructures of the

alloys used in measurements. After rapid cooling, the
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Fig. 1a,b. Microstructure of the tested alloys.

material containing 15 wt.% of molybdenum had β

structure with precipitated globular particles of the
metastable α phase denoted as ω (Fig. 1a). With the
molybdenum content increased to 30 wt.%, the struc-
ture of the alloys did not change, and it was again
formed by phase β with precipitated particles of phase
ω (Fig. 1b). However, the origin of this phase was
strongly suppressed. The heat treatment of the spe-
cimens, which was aimed to eliminate strain in the
casting structure, did not have any significant effect
on the structure.
The time dependences of the open circuit poten-

tial of the specimens in the studied environments
were very similar, and therefore only selected typ-
ical courses are shown in Fig. 2 ((a) Ti grade 2, (b)
Ti15Mo, (c) Ti30Mo, valid for Figs. 2 and 3).
The values of the stabilized open circuit potential

at the end of the eleventh hour of exposure in solutions
containing fluoride ions are summarized in Table 2.
The measured data range in three regions, as is also
obvious from Fig. 2. The shape of potentiodynamic
curves, which are summarized in Fig. 3, corresponds
in most cases to the passivity of the specimens. The

Fig. 2a,b,c. Time dependences of the open circuit poten-
tial.

level of pH played only a limited role. The addition
of fluoride ions to the physiological solution led gener-
ally to a decrease in the potential, its value being due
primarily to their content.
Current densities read from potentiodynamic

curves at a potential of 0.2 V/SSCE, which is approx-
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Ta b l e 2. Open circuit potential in the end of 11th hour
of exposure

F− conc. Eocp
Sample pH

ppm V (SSCE)

Ti rade 2 n-a 5000 −0.240
5.8 1000 −0.314
4.2 100 −0.339
4.2 200 −1.005

Ti15Mo n-a 5000 −0.307
5.8 1000 −0.383
4.2 100 −0.319
4.2 200 −0.379

Ti30Mo n-a 5000 −0.273
5.8 1000 −0.335
4.2 100 −0.234
4.2 200 −0.262

imately the highest oxidation-reduction potential in
the oral cavity and thus represents the boundary po-
tential that a material may achieve in the mouth [20],
are summarized in Table 3.
The polarization resistances are summarized in

Table 4. The differences in corrosion behaviour bet-
ween titanium grade 2 and the tested alloys is the
most important at pH = 4.2.

4. Discussion

The addition of molybdenum into titanium rapidly
closes the α region under equilibrium conditions. The
maximum solubility of molybdenum in a solid α solu-
tion at 695◦C is 0.8 wt.%. At this temperature and
Mo concentration of ∼ 12 wt.%, eutectoid transform-
ation occurs [21]. At higher molybdenum concentra-
tions, the β phase becomes the dominating structural
component. From the practical point of view, this fact
signifies good cold formability.
Minor changes in the structure of the tested alloys

occurring with increasing molybdenum content cor-
responded with the noted changes in their hardness.
In the Ti15Mo alloy, the mean hardness value was
295 ± 12 (S.D.) HV, in the Ti30Mo alloy it was 282
± 15 HV. The slight decrease in hardness was within
the limits of the measurement variance, the differences
were not statistically significant at p = 0.05, yet it may
correspond to a lower share of phase ω in the matrix.
The hardness was compared with hardness of titanium
grade 2. It was 157 HV, i.e. markedly lower than that
of the TiMo alloys.
Titanium grade 2 offers only limited formability.

Forming must be done in the region of cubic modi-

Fig. 3a,b,c. Potentiodynamic curves.

fication stability, i.e. at temperatures over 900◦C. In
contrast, the formability of alloys with the β struc-
ture is very good. Cold rotational forging helped us to
achieve an up to 85 % reduction of the cross section of
cylindrical rods without any damage. The strength of
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Ta b l e 3. Potentiodynamic curves-current density at 0.2 V/SSCE

pH n-a pH = 5.8 pH = 4.2 pH = 4.2
5000 ppm F− 1000 ppm F− 100 ppm F− 200 ppm F−

j (A m−2) j (A m−2) j (A m−2) j (A m−2)

Ti grade 2 0.021 0.17 0.17 0.54
Ti15Mo 0.86 0.66 0.37 1.1
Ti30Mo 1.1 2.4 0.12 0.77

Ta b l e 4. Polarization resistances

pH n-a pH = 5.8 pH = 4.2

ppm F 0 5000 0 1000 0 100 200

(Ω m2) (Ω m2) (Ω m2)

Ti grade 2 1558 2.83 1283 1.99 1109 1.74 0.044
Ti15Mo 957 1.17 1091 0.87 1020 1.75 0.865
Ti30Mo 370 4.91 396 0.89 385 5.13 1.72

these alloys may be up to doubled by way of forming.
Physical properties of the titanium-molybdenum sys-
tem may be also changed by way of heat treatment.
In the range of temperatures 300 to 450◦C, precipit-
ation of dispersely scattered ω particles occurs. The
choice of a suitable regime of hardening annealing may
help increase hardness up to three times. A drawback
rests in difficulties concerning the homogeneity of the
chemical composition, which requires the inclusion of
homogenization annealing and remelting operations in
the process of production.
In addition to corresponding mechanical proper-

ties, and particularly good formability which is ne-
cessary for the production of complicated shapes of
stomatological components, alloys considered for ap-
plication in this field must also satisfy requirements
relating to their corrosion resistance and cell toler-
ance. Titanium grade 2 is a material that is highly
corrosion-resistant under the conditions of the human
organism, and alloying should not have any negative
effect on this behaviour.
Regardless of the specimens’ composition, the open

circuit potential in a pH non-adjusted physiological
solution stabilized at 0.034 V/SSCE (confidence in-
terval of 0.021 V at p = 0.05), without any obvious
trend as a consequence of alloying. This fact allows
us to assume that the corrosion behaviour of the spe-
cimens under these conditions was governed primar-
ily by titanium and its capability to form the pass-
ive layer effectively. This is due among other things
to the fact that titanium dioxide is more stable than
molybdenum oxides – standard Gibbs energy of TiO2
formation is –889 kJmol−1 at 298K as compared with
–668 kJmol−1 in the case of MoO3 and –533 kJmol−1

in the case of MoO2 [18].

The shape of potentiodynamic curves (Fig. 3) was
distinctly influenced by the addition of fluoride ions
to the physiological solution. Severe influence of fluor-
ide ions addition was recorded at pH lowered to 4.2.
The open circuit potential of titanium was always in
this environment the most negative while that of the
Ti30Mo alloy was the most positive. This difference
was at a level of 100 mV in an environment contain-
ing 100 ppm F−. However, the value of the open cir-
cuit potential of titanium was in the region of TiO2
stability. The sharp decrease of the titanium grade 2
potential in an environment containing 200 ppm F−

represented an essential change in its corrosion be-
haviour. An increase in the concentration of fluoride
ions to this level led after some time of exposure to a
jump decrease of the potential to about –1 V/SSCE,
which roughly corresponded to Ti/TiO2 equilibrium
[22]. The open circuit potential of alloys stayed un-
der these conditions practically unchanged in the case
of Ti30Mo, while shifting by –60 mV in the case of
Ti15Mo. Both values fall within the region of oxides
stability of both molybdenum and titanium in water
environment [22].
Potentiodynamic curves of titanium grade 2 and

both the tested alloys were mostly of a very sim-
ilar shape in the studied environments. In a pH non-
-adjusted electrolyte without any fluorides content,
the curves lie in the region of very low current dens-
ities. Corrosion potentials are on the boundary of the
maximum oxidation-reduction potential in the oral
cavity [20], while the anodic parts of the curves are
outside this region. Alloying with molybdenum led to
a slight shift in potentiodynamic curves towards more
negative potentials and higher current densities.
In all cases, the presence of fluoride ions in a cor-
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rosion environment resulted in a distinct shift of the
corrosion potential in the negative direction, and an
increase of current densities by orders of magnitude.
In an environment of pH = 4.2 containing 100 ppm
F−, the position of titanium grade 2 and the Ti15Mo
alloy curves in the corrosion potential region is com-
parable. However, the curve for Ti15Mo lies lower on
the current axis. Current densities become balanced
at a potential of –0.030 V/SSCE. With an increasing
oxidation power of the environment, the current in
the Ti15Mo alloy grows more rapidly than in titanium
grade 2. Essentially different is the behaviour of the
Ti30Mo alloy. Its curve is shifted towards lower val-
ues on the current axis and in the positive direction on
the potential axis. It achieves the same current level as
titanium grade 2 only at a potential of 0.260V/SSCE.
Just as in the case of the open circuit potential,

an essential change occurred in the course of the
potential-current dependence of titanium grade 2 in
the most aggressive electrolyte with 200 ppm F− and
pH = 4.2. In addition to a distinct shift of the curve
in the negative direction and an increase in current
densities, the curve shows a clear passivation peak
with a passivation potential of –0.63 V/SSCE, and a
current density of 1.4 A m−2 in the peak. The course
of the potentiodynamic curve makes it clear that the
oxide layer was strongly attacked by fluorides under
these conditions, and only an increasing potential –
the oxidation power of the environment – allowed for
its effective restoration. The behaviour of both bin-
ary alloys shows considerable differences under these
conditions. The anodic parts of the curves lie in the re-
gion of potentials which is by over 0.6 V more positive
than in the preceding case. The anodic currents be-
come balanced at potentials of 0.05 V/SSCE (Ti15Mo)
and 0.15 V/SSCE (Ti30Mo). It is evident that alloying
with molybdenum increased the corrosion resistance
of the studied materials in wide range of potentials
(oxidation power of the environment).
Current densities read from potentiodynamic cur-

ves at a potential of 0.2 V/SSCE (Table 3) are in
most cases the lowest in the case of titanium grade
2. The current density of 0.54 Am−2 determined on
the curve measured in an environment with pH = 4.2
and 200 ppm F− nevertheless corresponds to a corro-
sion rate calculated with the assumption of the origin
of a compound with titanium in an oxidation state
of 4+, 0.47 mm a−1. This statement is not surpris-
ing from the corrosion point of view. The measured
data clearly show that pH in the acidic region com-
bined with the presence of fluorides and higher level
of oxidation-reduction potential of the environment
leads to a considerable increase in the corrosion rate
and consequently to higher burdening of the organism
with released corrosion products.
The polarization resistances are summarized in

Table 4. In an environment free from any fluoride

ions, the corrosion current density calculated from
Rp of titanium grade 2 is 4.2 × 10−5 Am−2, that
of the Ti15Mo alloy is 5.3 × 10−5 Am−2, and the
Ti30Mo alloy shows 14 × 10−5 Am−2. The given
values correspond to corrosion rates of the order of
10−5mm a−1. The differences in corrosion resistance
between titanium grade 2 and the tested alloys are ap-
parently insignificant under the given conditions. The
addition of fluoride ions in the amount of 5000, 1000
and 100 ppm at a corresponding pH was chosen in or-
der for titanium to be exposed in the region of stable
passivity. The destruction effect of fluorides is clearly
expressed by a decrease in polarization resistances by
orders of magnitude as compared with an environ-
ment free from fluoride ions. Even under these condi-
tions, however, the corrosion properties of the tested
alloys are comparable with titanium grade 2. In an
environment with 100 ppm F−, the measured polar-
ization resistance of the Ti30Mo specimen was higher
than that of titanium grade 2. An essential change in
the polarization resistance, reflecting the course of the
open circuit potential and evident from the position
of the potentiodynamic dependence, was noticed for
titanium grade 2 in an environment with pH = 4.2
and 200 ppm F−. For this material the given combin-
ation of pH and a low concentration of fluoride ions
are evidently critical. Polarization resistances of the
tested binary alloys are under these conditions on a
relatively low level, yet they are higher by two orders
of magnitude as compared with titanium.
In the absence of fluorides, the corrosion rate of

titanium calculated from the polarization resistance
is 3.6 × 10−5mm a−1. This corresponds to the rate
of titanium release in the oxidation state 4+ at the
level of 0.002 µg cm−2 h−1. With a polarization resist-
ance 1.99 Ωm2 (current density of 2.7 × 10−2 Am−2),
the rate of release is 1.2 µg cm−2 h−1. A polarization
resistance 0.044 Ωm2 (current density of 1.2 Am−2)
represents a rate of release of 55 µg cm−2 h−1, and the
corrosion rate is 1.1 mm a−1 in this case.
The main objective of alloying titanium with mo-

lybdenum was to achieve the β structure of the alloys.
In the case of titanium-based products, the highest
corrosion resistance may be expected for the non-
-alloyed titanium. The corrosion behaviour of this non-
-noble metal (the standard potential of the reaction
Ti2+ + 2e→ Ti is −1.63 V [23]) is due to its easy pas-
sivation and high stability of its homogeneous passive
layer. If the alloying elements participate in the form-
ation of the passive layer, a change in the passive layer
homogeneity and possibly also deterioration of corro-
sion properties may be expected. The data measured
in the presented study confirm the effect of molyb-
denum in the mechanism of binary alloys passivation.
Their open circuit potential was always in the region
of stability of both molybdenum and titanium oxides.
At a potential of 0.2 V/SSCE, the current densities
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of the tested alloys read from potentiodynamic curves
were on the same or somewhat higher level than in
the case of titanium. It is evident that the presence
of molybdenum did not have any substantial negative
effect on the corrosion properties even at a potential
corresponding to the boundary oxidation conditions
in the oral cavity. On the contrary, the positive effect
of molybdenum could be seen in the case of the alloy
containing 30 % molybdenum at pH = 4.2. The corro-
sion current density of the Ti30Mo alloy in a solution
containing 100 ppm fluoride ions was three times lower
than that of titanium grade 2. The open circuit poten-
tial of the alloy remained practically unchanged when
the concentration of fluoride ions was doubled, and it
stayed in the region of stability of the oxides of both
components. The corrosion current density of the alloy
increased under these conditions but this change was
only minimal in view of the change in the corrosion
current density of titanium grade 2. The calculated
rate of corrosion products release was 40 times lower
in the case of Ti30Mo alloy than for titanium grade
2. Under these conditions, the alloying with molyb-
denum prevented a decrease of the potential and most
likely led to the stabilization or a more effective res-
toration of titanium oxides.

5. Conclusions

Both experimentally prepared titanium-molybde-
num binary alloys have a β structure with precipitated
particles of the ω phase. In terms of practical applic-
ation, both alloys promise good formability combined
with the possibility of affecting their mechanical prop-
erties by way of hardening or strain hardening.
Comparison with the values recorded for titanium

grade 2 shows that alloying with molybdenum does
not have any essential effect on the corrosion beha-
viour in the presence of fluoride ions within the studied
pH range if titanium and molybdenum oxides are the
stable corrosion products. In a situation when the ti-
tanium passive layer is significantly destroyed by the
effect of fluoride ions and titanium open circuit po-
tential corresponds to the active state, the potential
of the tested alloys is more positive by hundreds of
milivolts and the corrosion current densities are lower
by orders of magnitude. Based on the results we may
conclude that molybdenum represents a suitable alloy-
ing element for the development of titanium β alloys
for dentistry both in view of the effective closure of the
α region and in view of the positive changes in the cor-
rosion behaviour of alloys exposed in an environment
with increased aggressiveness.
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