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EFFECT OF ALLOYING ELEMENTS ON PLASTIC WORKABILITY AND CORROSION BEHAVIOR
OF Ti-X (X = 6 Co, 8 Cr, 4 Fe, 6 Mn, 10 Mo, AND 36 Nb) BINARY ALLOYS

The purpose of this study was to investigate the effect of the alloying elements on the plastic workability and corrosion behavior of Ti-X (wt.%) (X = 6 Co, 8 Cr, 4 Fe, 6 Mn, 10 Mo, and 36 Nb) binary alloys. The alloys with a molybdenum equivalence
of 10 wt.% were fabricated by a vacuum arc re-melting process and were then homogenized at a temperature 20°C greater than
the beta transus temperature for 14.4 ks. The plastic workability was investigated under uniaxial cold rolling, while the corrosion
behavior was examined in Ringer’s solution at 37°C. Among the Ti-X alloys, the Ti-8 wt.% Cr and Ti-6 wt.% Mn alloys showed
an outstanding plastic workability and corrosion resistance, respectively.
Keywords: molybdenum equivalence, titanium binary alloys, plastic workability, corrosion behavior, potentiodynamic

1. Introduction
Titanium alloys are widely used for biomedical applications
because of their high strength, low elastic modulus, excellent
corrosion resistance, and superior biocompatibility [1]. Ti-6Al4V is one of the titanium alloys registered as an implant material
in the ASTM standards. However, the exposure of such alloys
to vanadium and aluminum, may cause senile dementia, neurological disorders, or allergic reactions in humans [3]. Thus, the
current research is mainly focused on vanadium- and aluminumfree beta type titanium alloys as their elastic modulus is similar
to that of the human bone (20 GPa) [4].
Many titanium alloys composed of beta phase stabilizers
including Mo, Cr, Nb, Mn, Co, and Fe have been studied for
biomedical applications. Mo and Nb are excellent beta phase
stabilizers that decrease the elastic moduli of titanium alloys
[5]. Ti-Cr alloys have high tensile strength and good ductility for
dental applications [6]. Furthermore, Ti-Mn alloys exhibit a high
ultimate tensile strength, low elastic modulus (94 GPa), and good
biocompatibility [7]. R. Wang and G. Welsch have reported that
Ti-Co alloys exhibit an improved cast quality and a high tensile
strength [8]. Fe has been widely used as an alloying element in
titanium alloys for biomedical applications because of its high
strength and low elastic modulus [9].
The beta phase stability of titanium alloys can be described
by means of the molybdenum equivalence (Moeq), which is
calculated from the composition of titanium alloys [10]. For instance, Ti-4Al-5Mo-5V-6Cr (wt.%) showed an increased strength
and a decreased fracture toughness as the Moeq increased. It has
been reported that the Moeq values lying in the range of 12-15

wt.% yield an optimal combination of the strength and toughness
[11]. The formation of the stress induced α′′ phase in alloys with
Moeq less than 10 wt.% results in grain refinement [12].
In this study, titanium binary alloys with a Moeq of 10 wt.%
were prepared by the amount of beta phase stabilizers, including
Cr, Mn, Fe, Co, Nb, and Mo. Their microstructural evolution,
hardness, and corrosion properties in Ringer’s solution were
investigated after uniaxial cold rolling.

2. Experimental
The alloy design was based on the Moeq according to Eq.
(1) [10]:
Moeq (wt.%) = [Mo] + 0.2[Ta] + 0.67[V] +
+ 1.25[Cr] + 0.44[W] + 0.28[Nb] + 1.25[Ni] +
+ 1.7[Mn] + 1.7[Co] + 2.5[Fe] – [Al] (wt.%)

(1)

The ingots of the Ti-X (wt.%) (X = 6 Co, 8 Cr, 4 Fe, 6 Mn,
10 Mo, and 36 Nb) binary alloys were fabricated by a vacuum arc
remelting (VAR, ACE VACUUM, AVA-1500, Korea) process.
Commercially pure titanium chips (ASTM CP Grade II), Mo
bars (99.8 wt.%), V sheets (99.9 wt.%), Cr chips (99.9 wt.%),
Sn balls (99.9 wt.%), and Zr sheets (99.9 wt.%) were arc melted
in a water-cooled copper hearth with a tungsten electrode. The
compositions of the titanium binary alloys are shown in Table 1.
The ingots were remelted three times under an argon atmosphere
to ensure chemical homogeneity. The ingots of the Ti-X alloys
were then homogenized at a temperature 20°C greater than the
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beta transus temperature for 14.4 ks followed by a furnace cooling. The uniaxial cold rolling (TAE HENG PRECISION, TH500,
Korea) was performed on the Ti-X binary alloys to evaluate
their cold plastic workability. The hardness was measured by
a Rockwell hardness testing machine (HEUNGJIN, HJ-8362,
Korea) to investigate the changes after cold rolling.
The microstructures of the alloys were observed with an
optical microscope (OM, Leaci Microsystems Ltd., CH-9435,
Germany). The samples were etched for a duration of 8-10 s in
a solution of 1 L distilled water, 10 ml HF, and 15 ml HNO3.
All the samples were wet ground with waterproof silicon
carbide papers to 2000 grit and were polished with a colloidal
silica suspension followed by an ultrasonic cleaning. The phase
constitutions of the alloys were examined by X-ray diffraction
(XRD, PANalytical, X’ Pert pro, Netherland) analysis using
Cu-Kα radiation with a 2θ range of 30-80° at an accelerating

TABLE 1
Composition of titanium binary alloys with an Moeq of 10 wt.% and
the beta transus temperature of each alloy
Alloy composition (wt.%)

Moeq (wt.%)

Tβtr (°C)

Ti-8Cr
Ti-6Mn
Ti-4Fe
Ti-6Co
Ti-36Nb
Ti-10Mo

10
10
10
10
10
10

730
760
820
760
530
780

voltage of 40 kV, a current of 250 mA, and a scanning speed
of 2°/min.
The ele ctrochemical experiments were conducted in
a standard three-electrode cell corrosion tester (PARSTAT 2273,
Princeton Applied Research, USA) at 37°C, which included

Fig. 1. Optical micrographs of the homogenized Ti-X alloys (wt.%): (a) Ti-4Fe, (b) Ti-6Mn, (c) Ti-8Cr, (d) Ti-6Co, (e) Ti-10Mo, and (f) Ti-36Nb
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a working electrode with an exposed area of 1 cm2, a platinum
mesh as a counter electrode, and a silver/silver chloride reference electrode. The working electrolyte was a naturally aerated
aqueous Ringer’s physiological solution (NaCl = 9.00 g L–1;
CaCl2 = 0.24 g L–1; KCl = 0.43 g L–1; NaHCO3 = 0.2 g L–1).

4. Results and discussion
Table 2 gives the thickness reduction of the titanium alloys
after uniaxial cold rolling without the formation of any cracks.
The Ti-8 wt.% Cr alloy showed a relatively higher thickness
reduction than the other alloys. Such an availability of Cr to
the workability of titanium has also been reported by Ho et al.
[6]. The Ti-6 wt.% Mn and Ti-10 wt.% Mo alloys also showed
a fairly good cold plastic workability.

TABLE 2
Thickness changes of the titanium binary alloys after uniaxial
cold rolling
Alloy
composition
(wt.%)

Initial
thickness
(mm)

Final thickness
(mm)

Thickness
reduction
(%)

Ti-8Cr
Ti-6Mn
Ti-4Fe
Ti-6Co
Ti-36Nb
Ti-10Mo

14.46
14.68
14.36
16.52
12.53
13.26

7.15
9.41
9.77
10.97
10.62
8.16

50.6
35.9
32.0
33.6
15.2
38.5

Figures 1 and 2 show the microstructures of the homogenized and cold-rolled Ti-X binary alloys, respectively. The
homogenized Ti-8 wt.% Cr, Ti-6 wt.% Mn, Ti-10 wt.% Mo, Ti-4

Fig. 2. Optical micrographs of the cold-rolled Ti-X alloys (wt.%): (a) Ti-4Fe, (b) Ti-6Mn, (c) Ti-8Cr, (d) Ti-6Co, (e) Ti-10Mo, and (f) Ti-36Nb
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wt.% Fe, and Ti-6 wt.% Co alloys exhibited a typical Widmanstätten structure of the α phase, as can be seen from Fig. 1a-e.
The size of the acicular structures of the Ti-8 wt.% Cr, Ti-6
wt.% Mn, and Ti-10 wt.% Mo alloys was smaller than that of
the lamellae structures observed in the case of the Ti-4 wt.% Fe
and Ti-6 wt.% Co alloys. The workability of the Ti-8 wt.% Cr,
Ti-6 wt.% Mn, and Ti-10 wt.% Mo alloys was superior to that of
the Ti-4 wt.% Fe and Ti-6 wt.% Co alloys, which indicates that
the acicular microstructure observed in titanium alloys resulted
in better cold workability than the lamellar microstructure. As
shown in Table 2, the thickness reduction in Ti-36 wt.% Nb was
extremely small as compared to that in the other alloys. Nb is
commonly used as an alloying element for Ti alloys because of its
significant biocompatibility, superplasticity, and shape memory
effect. However, the mechanical properties of Ti alloys can be
deteriorated when the amount of Nb is more than 25 at%. Kim et
al. reported that Ti-(28-29) at% Nb alloys exhibit neither a shape
memory effect nor a superplastic behavior [13].
Figure 3 shows the XRD patterns of the homogenized and
cold-rolled Ti-X binary alloys. The α phase intensity of the

(101) plane was extremely high in the homogenized Ti-8 wt.%
Cr, Ti-6 wt.% Mn, Ti-10 wt.% Mo, Ti-4 wt.% Fe, and Ti-6 wt.%
Co alloys, indicating that the α phase was the dominant phase
in these alloys. This is attributed to the slow cooling rate in the
furnace. The XRD patterns of the cold-rolled alloys showed no
significant changes and the intensity of the (101)α remained
high even after the cold rolling. The microstructures of the
alloys (both cold-rolled and homogenized) were also similar.
However, the homogenized Ti-36 wt.% Nb alloy showed a single
beta phase, while the cold-rolled Ti-36 wt.% Nb alloy exhibited
stress induced martensitic α′′ phases. The Ti-36 wt.% Nb alloy
showed a better beta phase stability than the other alloys even
though the Moeq values were the same for all the alloys.
Figure 4 shows the Rockwell hardness of the homogenized
and cold-rolled Ti-X binary alloys. The hardness of all the alloys
increased after cold rolling as a result of the dense distribution of
the α phase followed by a slight decrease in the grain sizes after
cold rolling. Such an increase in the hardness of the Ti-36 wt.%
Nb alloy after cold rolling was attributed to the precipitation of
stress induced martensitic α′′ phases at the grain boundaries and
in the grains. The homogenized Ti-10 wt.% Mo alloy exhibited
a relatively higher hardness than the other homogenized alloys.
This suggests that molybdenum significantly improves the
strength of titanium binary alloys. Similar result was reported
by Min et al. [14].

Fig. 4. Rockwell hardness of the Ti-X (wt.%) (X = 6 Co, 8 Cr, 4 Fe,
6 Mn, 10 Mo, and 36 Nb) binary alloys subjected to homogenization
and cold rolling

Fig. 3. XRD patterns of the Ti-X (wt.%) (X = 6 Co, 10 Mo, 8 Cr, 4 Fe,
6 Mn, and 36 Nb) binary alloys subjected to (a) homogenization and
(b) cold rolling

Table 3 shows the corrosion parameters of the potentiodynamic polarization curves in Ringer’s solution at 37°C derived
from Fig. 5. Both the corrosion and passive current densities of
the alloys clearly decreased after cold rolling, while the corrosion potentials increased with the exception of the Ti-10 wt.%
Mo alloy. The corrosion properties of the titanium binary alloys
improved after cold rolling. This is attributed to the high dislocation density and reduced grain size caused by the cold rolling
process. High grain boundary volumes improve the passivation
kinetics, which leads to a rapid formation of a protective pas-
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TABLE 3
Corrosion parameters of potentiodynamic polarization for the homogenized and cold-rolled titanium binary alloys
in Ringer’s solution at 37°C
Homogenized

Cold-rolled

Alloy composition
(wt.%)

Ecorr (VSSC)

icorr (nA/cm2)

ipass (μA/cm2)

Ecorr (VSSC)

icorr (nA/cm2)

ipass (μA/cm2)

Ti-8Cr
Ti-6Mn
Ti-4Fe
Ti-6Co
Ti-36Nb
Ti-10Mo

–0.318
–0.327
–0.326
–0.245
–0.273
–0.214

15.28
7.742
28.06
21.31
27.32
48.81

15.55
14.86
16.79
15.18
16.27
13.11

–0.253
–0.288
–0.226
–0.111
–0.234
–0.235

5.958
5.656
8.901
13.94
26.51
9.283

7.145
8.536
8.158
9.746
10.861
6.548

sive film on the alloy surface [15]. The values of the corrosion
current density were found to be of the order of 10–8 and 10–9
A/cm2, which are lower than the reported corrosion current
densities of titanium alloys (of the order of 10–7 A/cm2) [16].
However, the passive current densities of the cold-rolled alloys
(6.548-10.861 μA/cm2) were comparatively higher than those

reported by Robin et al. (1.01-4.08 μA/cm2) [16]. Generally, the
passive current density determines the stability of the passive
film. High values of passive current densities indicate the poor
stability of passive films. Cremasco et al. proposed that high
values of passive current density indicate the porous passive Ti
oxide film [17]. The Ti-6 wt.% Mn alloy showed an excellent
corrosion resistance after both the homogenization and cold
rolling when compared to the other alloys. The Ti-5 wt.% Mn
alloy shows a superior corrosion resistance with a corrosion current density of 0.572 μA/cm2 [18]. The Ti-8 wt.% Cr and Ti-10
wt.% Mo alloys also showed a remarkable corrosion resistance
after cold rolling. Both the cold-rolled and solution heat-treated
Ti-10 wt.% Mo alloys exhibited good corrosion behavior, which
was attributed to the formation of a passive film of TiO2 and
MoO3 [5]. The Ti-5, 10, 15, and 20 wt.% Cr alloys showed an
improved corrosion resistance in a fluoride-containing saline
solution because of the formation of a chromium oxide-rich
surface film [19].

5. Conclusions
The cold plastic workability and corrosion properties of the
Ti-X binary alloys with an Moeq of 10 wt.% were investigated
in this study. The α-phases with a Widmanstätten structure were
observed in both the homogenized and cold-rolled alloys with
the exception of the Ti-36 wt.% Nb alloy. The Ti-8 wt.% Cr alloy
exhibited an excellent cold plastic workability with a thickness
reduction of 50.6% after the uniaxial cold rolling. The Ti-10
wt.% Mo alloy showed the highest hardness value among all
the homogenized alloys. The corrosion resistance was enhanced
after cold rolling. The Ti-6 wt.% Mn alloy showed a better corrosion resistance than the other alloys. Thus, Cr, Mn, and Mo
are favorable alloying elements for improving the cold plastic
workability and corrosion resistance of titanium alloys.
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