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a b s t r a c t

Corrosion behavior of (� + �) Ti–10Mo and � Ti–20Mo (mass%) alloys cold rolled and solution heat treated
was investigated by studying the anodic polarization curves at 310 K in 5 mol% HCl solution to determine
the potential use of those alloys in biomedical applications. The anodic films formed on the surfaces
of the alloys were examined using X-ray photoelectron spectroscopy analysis and scanning electron
vailable online 11 March 2011
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microscopy. The results reveal that both of the Ti–Mo alloys cold rolled and solution treated exhibit a
passive behavior in 5% HCl solution, which is attributed to the passive film formation of a mixture of
MoO3 and TiO2. The cold rolling process does not influence the formation of passive films on the Ti–Mo
alloys although it slightly increases the passive current densities. The corrosion resistance of the Ti–Mo
alloys increases with Mo content and both of the Ti–Mo alloys exhibit better corrosion resistance than

curre
orrosion resistance
etallic biomaterial

commercial pure Ti—the

. Introduction

Recently, there has been a tread towards the development of
type Ti alloys to replace the conventional metallic biomaterials

uch as stainless steel, Co–Cr alloys, pure Ti and Ti–6Al–4V alloy,
specially for orthopedic implant applications since the � phase in
i alloys exhibits a significantly lower modulus and the � Ti alloys
atisfy most of the other requirement for ideal metallic biomaterials
1–3]. Many new � Ti alloys composed of non-toxic and non-allergic
lements such as Nb, Ta, Zr, Hf, Mo, and Sn have been studied for
iomedical applications [1–9].

Among the above safe alloying elements, Nb, Ta, and Mo are
onsidered as the excellent �-phase stabilizers for Ti alloys used
or biomedical applications [1–6]. An increase in alloying content
f those � phase stabilizers usually tends to stabilize the � phase
nd decrease the elastic modulus of the Ti alloys. On the other hand,
owever, Nb, Mo, and Ta belong to refractory elements with very
igh melting points (2750, 2896, and 3290 K for Nb, Mo, and Ta,
espectively) [10] and heavy densities (8.57, 10.28, and 16.65 g/cm3

or Nb, Mo, and Ta, respectively) [10]. Therefore, an increase in their
lloying contents leads to both higher melting points and heavier
ensities of obtained � Ti alloys, which is undesirable for biomed-
cal applications since a biomedical Ti-base alloy should have (1)
reasonably low density; (2) little or no cytotoxic metals in its

omposition; (3) a high strength and long fatigue life; (4) a low
lastic modulus comparable with that of cortical bone; (5) a large
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ntly used metallic biomaterial.
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room-temperature plasticity so that it can be easily formed; and (6)
good casting properties so that it can be easily cast into defect-free
materials [11]. Combining with the above two viewpoints, it can
be expected that the � Ti alloys with the lowest alloying content
of the above � stabilizers is desirable for biomedical applications
because they have a good combination of low elastic modulus, low
melting point, and low density. In other words, the most effective
�-phase stabilizer is preferable for the Ti biomaterials.

The concentrations of alloying elements, Mo, Nb, and Ta above
which � is retained after quenching from � field are 8, 22, and
52 mass%, respectively for binary Ti–Mo [12], Ti–Nb [12], and Ti–Ta
alloys [13]. Therefore it can be expected that Mo is the most effec-
tive � stabilizer and the � Ti–Mo alloys are more suitable than
the other � Ti alloys for biomedical applications from the above
viewpoint of good combination of low elastic modulus, low melt-
ing point, and low density. Up to now, Ti–15Mo [14] and Ti–7.5Mo
alloys [15] have been developed for biomedical applications. How-
ever, most previous studies on Ti–Mo alloys were concentrated
on the microstructures, phase transformation, and as-cast prop-
erties [4,15–25], and there are few investigations on the corrosion
behavior of Ti–Mo alloys which have been subjected to thermome-
chanical process. On the other hand, Ti alloys often exhibit lower
elastic modulus under cold deformation or solution treatment due
to the presence of �′′ or/and � phase [4,6,26–28], which is desir-
able for biomedical applications, therefore the corrosion behavior

of Ti alloys including Ti–Mo alloys under such conditions should
be investigated if used for biomedical applications. In this study,
Ti–10Mo and Ti–20Mo (mass%) alloys cold rolled and heat treated
were chosen as sample alloys for investigating their corrosion
behavior to further examine their potential use in biomedical appli-
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Table 1
Chemical compositions of Ti–Mo alloys (mass%).

Alloy code Mo (%) O (%) Ti (%)
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martensite �′′ transformation (SIMT) from � phase to martensite
Ti–10Mo 10.25 0.137 Bal.
Ti–20Mo 19.47 0.130 Bal.

ations. For comparative purpose, same measurements were also
erformed on commercial pure (CP) Ti—the currently used metallic
iomaterial.

. Experimental procedure

.1. Material preparation

Ti–10Mo and Ti–20Mo alloys were synthesized by the following procedure.
ppropriate amounts of high-purity sponge Ti (99.5 mass% purity) and Mo pow-
er (99.8 mass% purity) were mixed. The mixtures were melted by non-consumable
rc melting for three times in order to ensure chemical homogeneity. The obtained
ngots were homogenized in a vacuum at 1273 K for 21.6 ks with the furnace cool-
ng in order to eliminate the microscopic segregation of the as-cast alloys and then
old rolled (CR) into 3-mm-thick plates by the same reduction in thickness. In order
o investigate the effect of cold rolling on the corrosion behavior, some samples
ut from the rolled plates were subjected to a solution-treatment (ST) in a vacuum
bove the �-transus temperature of the alloys [16], i.e., 1123 K, for 1.8 ks, followed
y their rapid quenching in ice water.

.2. Material characterization

Microstructures of the Ti–Mo alloys were observed by scanning electron
icroscopy (SEM) at 20 kV. The samples for the SEM observation were ground, pol-

shed, and etched in a solution composed of 5 vol% HF, 10 vol% HNO3, and 85 vol%
2O. The phase constitutions of the Ti–Mo alloys were analyzed by X-ray diffrac-

ion (XRD) analysis using Cu-K� radiation in the typical 2� range of 30–80◦ with an
ccelerating voltage of 40 kV, current of 250 mA, and scanning speed of 1◦/min.

.3. Corrosion test

The corrosion resistance of the Ti–Mo alloys and CP Ti was evaluated by anodic
olarization tests in 5% HCl solution at 310 K using an automatic potentiostat. A sat-
rated calomel electrode and a platinum wire with a surface area of 1 × 1.5 cm2 were
sed as the reference electrode and counter electrode, respectively. Corrosion spec-

mens (10 mm × 10 mm × 2 mm), acting as the working electrode, were embedded
n glass cement and polished under running water with water-proof emery paper
p to 1500 grit. After polishing, the specimens were cleaned with ethanol to remove
rease and then rinsed with distilled water for three times. The acid solution was agi-
ated and deaerated with high purity nitrogen gas at a flow rate of about 250 mL/min
or 2.4 ks to reduce the oxygen content, and was replaced for each experiment. The
athodic treatment was then carried out at −0.9 V for 600 s to remove any oxide
lms present on the surface of each specimen. After the immersion in the same
olution for 1.2 ks, the anodic polarization test was automatically started in the air
t a sweep rate of 1 mV/s to 2.5 V (SCE). To prevent the intrusion of oxygen, nitrogen
as was also blown onto the surfaces of the samples during the polarization tests at
flow rate of 2 × 10−7 m3/s. In the anodic tests, three specimens were used for CP
i and each Ti–Mo alloy.

After the corrosion tests, the specimens were cleaned in ethanol and their chem-
cal compositions were characterized by X-ray photoelectron spectroscopy (XPS)
nalysis, which was carried out with an Al-K� source having an output of 150 W,
nd the X-ray spot size was set to 500 �m. The surfaces of specimens were sputtered
y an Ar+ ion beam for less 1 min prior to the XPS analysis to reduce the atmospheric
arbon on the surfaces of samples. The binding energies were calibrated using the C
s peak. The microstructures of surfaces exposed for the anodic testes were observed
y SEM for all the samples.

. Results

.1. Chemical compositions of studied alloys

In order to check the actual chemical compositions of studied
lloys, the Ti–10Mo and Ti–20Mo alloys were subjected to wet

hemical and gas analysis. The results, which are shown in Table 1,
eveal that the chemical compositions of two Ti–Mo alloys are
losely related to their nominal compositions, indicating that the
i–Mo alloys were synthesized successfully.
Fig. 1. XRD patterns of (a) CR + ST Ti–10Mo alloy and (b) CR + ST Ti–20Mo alloy.

3.2. Microstructural characteristics

The XRD patterns of Ti–Mo alloys are shown in Fig. 1. It can
be observed that the CR Ti–10Mo alloy is composed of � + �′′ two
phases and the CR Ti–20Mo alloy comprises only single � phase.
The CR Ti–Mo alloys exhibit obvious texture because their strongest
peaks are (2 0 0) rather than (1 1 0) or (2 1 1) which is normally the
strong peak of � phase [29]. After the solution treatment, how-
ever, the texture of Ti–Mo alloys disappears since the strong peaks
change from (2 0 0) to (1 1 0) or (2 1 1). And new � phase except
� is detected in the ST Ti–10Mo alloy and the ST Ti–20Mo alloy is
still composed of single � phase. No martensite was transformed
when quenched from the � field, which indicates the Ms (marten-
sitic start) transformation temperature is below room temperature
for both of the alloys. The phase transformations after the solution
treatment are in agreement with the previous studies [12,16].

It is expected that before the cold rolling, the Ti–10Mo and
Ti–20Mo alloys after the homogenization heat treatment with fur-
nace cooling should exhibit single � phase according to Refs. [4,16].
However, after the cold rolling, martensite �′′ and � phases were
detected in the Ti–10Mo alloy. This is related to the strain-induced
�′′ during plastic deformation that only occurred in the Ti–10Mo
alloy, which will be discussed in a separate report.

The SEM microstructures of Ti–Mo alloys are shown in Fig. 2.
It can be observed that the CR Ti–Mo alloys exhibit microstruc-
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ructures of Ti–Mo alloys.
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Fig. 2. SEM microst

ures with obvious fibrous stripe, which corresponds with the
olling texture detected by the above XRD analysis. By contrast,
he ST Ti–Mo alloys exhibit similar microstructures with equiaxed

grains, which is in agreement with the above XRD results. No
ther significant difference exists in their microstructures except
arger � grains in the ST Ti–10Mo alloy than in the ST Ti–20Mo alloy.
he � phase detected by the XRD analysis is invisible in the SEM
icrostructure of Ti–10Mo alloy, which may be related to its very

mall size and limited SEM resolution.

.3. Corrosion characteristics

The corrosion resistance of Ti implants is improved by the for-
ation of extremely thin and dense oxide films (passive films)

ver the surfaces of the implants. The passive film formation and
tability are usually evaluated by anodic polarization tests. The
hysiological fluids are chloride solution with pH 7.4 and home-
statically maintained at 310 K (37 ◦C), which are much aggressive
han the air or moisture environment. When the Ti alloys are
mplanted into human bodies, they come into contact with the
ody fluid containing mainly Na+ and Cl− [30]. To simulate these
henomena, 5% HCl solution is often chosen as a testing solution
30–33].

The anodic polarization curves of the Ti–Mo alloys and CP Ti in
% HCl solution are shown in Fig. 3. It can be observed that all the
urves are similar on the whole with obvious passive characteris-
ics, which indicates the passive film formation on the surfaces of
P Ti and all the (CR and ST) Ti–Mo alloys. The passive current den-
ities of the Ti–Mo alloys keep almost unchanged inside their wide
assive regions, revealing that their corrosion rates are in steady

tate and the passive films formed on the surfaces are stable. All
he Ti–Mo alloys show smaller passive current densities (ipc) as
ompared to CP Ti, indicating that those alloys are more corro-
ion resistant than CP Ti. The passive current density of (CR and
T) Ti–Mo alloy gradually decreases with the Mo content, implying
Fig. 3. Anodic curves of CP Ti and Ti–Mo alloys in 5% HCl solution at 310 K.

that the corrosion resistance of Ti–Mo alloy increases with Mo con-
tent. The passive current densities of Ti–Mo alloys in 5% HCl solution
are close to those of the Ti–Ta–Nb alloys in Ringer’s solution [34],
and Ti–Mo alloys in Hanks’ solution [15] and in fluoridated physi-
ological serum [25], which are all less than 10 �A/cm2, suggesting
a high possibility for the Ti–Mo alloys to be passivated in a human
body environment according to the previous study [15], since all
the corrosive solutions belong to the similar simulated physiolog-
ical media. No potential breakdown is observed up to 2.5 V for all
the specimens. It also can be noticed that the corrosion potential
of Ti–Mo alloy shifts in the noble direction as compared with CP Ti.
This trend is similar to those observed on the additions of Hf [31], Ta
[32], Mo [33], and Pt [35] to the Ti alloys, respectively. Small oscil-
lations of current density for CP Ti are observed in Fig. 3, which is

related to the consecutive formation and repassivation of microsize
pits, commonly called metastable pits [25].

It also can be observed from Fig. 3 that the CR Ti–Mo alloy has
bigger passive current density than the corresponding ST Ti–Mo
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lloy despite the same chemical composition, which is related to the
old rolling process. It is well-known that the extra free energy, high
ensity of dislocation, texture, and internal stress caused by the
lastic deformation may accelerate the corrosion [36–39], which
elps to understand that the CR Ti–20Mo alloy has bigger passive
urrent density than the ST Ti–20Mo alloy in spite of the same Mo
ontent and constituent phase. The CR Ti–10Mo alloy with (�′′ + �)
hases has bigger passive current density than the ST Ti–10Mo alloy
ith � plus � phases, which is associated with the effects of both

old rolling and second phase on the corrosion behavior. The dif-
erence in passive current density between the CR and ST Ti–10Mo
lloys is bigger than that between the CR and ST Ti–20Mo alloys,
hich is related to the effects of Mo content and second phase on

he corrosion behavior since the effect of same cold rolling pro-
ess on the corrosion behavior of Ti–Mo alloys should be same. The
etailed information on effects of � and �′′ phases on the corrosion

ehavior of Ti alloys is not readily available, thus deeper discussion

s impossible in this study and further experiment is necessary.
The surface morphologies of CP Ti and the Ti–Mo alloys after

nodic tests in 5% HCl solution are shown in Fig. 4. The oxide films

Fig. 4. The surface morphology of CP Ti and Ti–Mo
Compounds 509 (2011) 6267–6272

formed on the surfaces of CP Ti and the Ti–Mo alloys are basi-
cally non-porous barriers (compact and uniform) characterized by
grooves and ridges, except for a few of small pits over the surface
of CP Ti as indicated by arrows in Fig. 4(a). Those suggest that the
Ti–Mo alloys exhibit better corrosion resistance than CP Ti, which
is in agreement with the above polarization data as shown in Fig. 3.
There is no obvious difference in the surface morphologies between
the CR and ST Ti–Mo alloys, which indicates that the extra free
energy, higher density of dislocations, texture, and internal stress
caused by the cold rolling had no obvious effect on the formation of
passive films on the alloys although they lead to bigger passive cur-
rent density of the CR Ti–Mo alloy than that of the corresponding
ST Ti–Mo alloy.

The small pits over the surface of CP Ti are related to the small
oscillations of current density as shown in Fig. 3, since it is well-
known that the chloride solutions strongly promote the anodic

dissolution of TiO2/Ti [40–44], and pitting corrosion of pure Ti and
its alloys has been often observed [25,31,32,40–43]. In the pres-
ence of chloride ions, Cl− can migrate across the passivating oxide
film in parallel with oxide ions. Thus, if Cl− reaches the metal/film

alloys after anodic tests in 5% HCl solution.
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nterface, it would form the metal chloride. Accumulation of metal
hloride (or perhaps in the case of titanium, metal oxychloride) at
he metal/film interface may cause oxide film rupture, resulting
n the initiation of pits [44]. The ability to propagate a metastably
rowing pit then depends on the amount of chloride accumulated
t the nucleated site [44]. This mechanism may explain the reason
hy some small pits formed over the surface of CP Ti in this study.

For the characterization of passive films on the surfaces of Ti–Mo
lloys and CP Ti, the specimens were cleaned in ethanol after cor-
osion tests and then examined by XPS analysis. Fig. 5 shows the
can-survey spectra for the passive films formed on the surface of
P Ti after anodic tests. The wide-scan survey spectrum of passive
lms formed on the surface of CP Ti is shown in Fig. 5(a), which
onfirms the presence of O, Ti, C, and N. The peaks of C 1s and

1s observed in the wide-scan spectrum of CP Ti are attributed
o the surface contamination of specimens during experiments, as
hown in previous studies [31,45–47]. Fig. 5(b) shows the narrow-
can survey spectrum of oxygen. The presence of the O 1s spectrum
onsisted of two peaks: the primary peak located at 530.5 eV is
ttributed to the presence of OM oxygen (oxide oxygen) on the
urface, and the minor peak at 532.5 eV corresponds to the OH oxy-
en [48–50]. The OM oxygen corresponds to O2− ions in oxide in
he surface film, and the OH oxygen is composed of OH− ions and
ound water in the surface film. The O2− is more intense than the
H− peak. Fig. 5(c) shows the narrow-scan spectrum of Ti 2p with

wo peaks at 458.8 eV and 464.5 eV, which correspond to Ti4+ oxi-
ation state [47,50]. Therefore, the above XPS results indicate that
he passive films formed on the surface of CP Ti mainly consist of
he oxide film TiO2.

The CR and ST Ti–Mo alloys exhibit similar spectra of elements,
herefore only the scan-survey spectra of passive films formed on
he surface of ST Ti–10Mo alloy are presented in Fig. 6. Fig. 6(a)
hows the wide-scan survey spectrum of passive films formed on
he surface of specimen after anodic test. From this spectrum, the

resence of O, Ti, Mo, C, and N was confirmed. Fig. 6(b) and (c),
imilar to Fig. 5b and c, respectively, which show the narrow-scan
urvey spectra of O2− and Ti4+, respectively. Fig. 6(d) shows the
arrow-scan spectrum of Mo 3d, which exhibits two peaks—one
t 232.8 eV and the other at 235.5 eV. Those two peaks can be

Fig. 5. Scan-survey spectra for the passive films formed on CP Ti in 5% HCl solution.

Fig. 6. Scan-survey spectra for the passive films formed on the ST Ti–10Mo alloy in 5% HCl solution.
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ttributed to the presence of MoO3 formation in the films [50–52].
n combining Fig. 6(b) with Fig. 6c and d, it can be concluded that

he passive films formed on the surface of Ti–10Mo alloy consist
f a mixture of both TiO2 and MoO3, since the peaks of OM oxy-
en (O2−) ions are the same for both the molybdenum dioxide and
itanium dioxide. The intensity of the Mo 3d as shown in Fig. 6(d)
s much smaller than that of Ti 2p as shown in Figs. 5(c) and 6(c),

hich indicates that the main component in the passive films is
iO2 for both pure Ti and Ti–10Mo alloy. This is related to that the
oncentrations of element Ti are much higher than those of Mo in
oth CP Ti and Ti–10Mo alloy.

The high corrosion resistance of pure Ti and its alloys is due to
he formation of highly stable, continuous, protective oxide films on
heir surfaces within milliseconds of exposure to corrosive media
ith a wide range of pH [21–25,30–43,53–57], which is also proved

y this study. On combining the anodic polarization curves (Fig. 3)
ith the scan-survey spectra of passive films (Figs. 5 and 6), it can

e observed that CP Ti exhibits good corrosion behavior because of
he formation of protective oxide film TiO2, and the Ti–Mo alloys
xhibit good corrosion behavior due to the passive film formation
f a mixture of TiO2 and MoO3. The stronger the passive film that
orms on the surface of an implant is, the better the corrosion resis-
ance of the implant is [45,58]. In this study, the Ti–Mo alloys exhibit
etter corrosion resistance than CP Ti, which suggests that the pas-
ive film of a mixture of TiO2 and MoO3 is more stable and stronger
han the passive film TiO2, and the Ti–Mo alloys are suitable than CP
i for biomedical application from the viewpoint of good corrosion
esistance.

. Conclusions

In this study, the corrosion resistance of Ti–Mo alloys cold rolled
nd solution treated was investigated in 5% HCl solution at 310 K.
he main conclusions are summarized as follows.

Both of the Ti–Mo alloys cold rolled and solution heat treated
xhibit a passive behavior in 5% HCl solution, which is attributed to
he passive film formation of a mixture of MoO3 and TiO2. The cold
olling process does not influence the formation of passive films on
he Ti–Mo alloys although it slightly increases the passive current
ensities. The corrosion resistance of Ti–Mo alloys increases with
o content and both of the Ti–Mo alloys exhibit better corrosion

esistance than CP Ti—the currently used metallic biomaterial.
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