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Abstract
Compression properties of three binary Ti–Mo alloys for potential use as load-bearing implants were investigated in this 
study. Three binary alloys, namely, Ti–15Mo, Ti–17Mo, and Ti–20Mo, were designed using theoretical predictive methods 
and produced using a plasma melting system. Melted ingots were heat treated in a muffle furnace at 1100 °C for 1 h and 
quenched in ice brine water. X-ray diffraction patterns demonstrated β + α″ phase peaks, deformation mechanisms showed 
thin parallel plates in TM15, wide deformation bands, and wavy thin lines in TM17 and wavy thin lines only in TM20 alloy. 
Compressive yield and ultimate strength as well as hardness decreased with an increase in Mo content. On contrary, com-
pression strain increased with increasing Mo content.

Introduction

Due to the elderly population suffering from conditions 
like arthritis, the demand for prosthetic tools composed of 
metallic materials to replace malfunctioning hard tissues has 
substantially grown [1]. As human life expectancy increases, 
metallic biomaterials will become more and more necessary 
[2]. Titanium and its alloys are the most used biomaterials 
that are used in the production of orthopedic implants owed 
to a combination of properties, such as high specific strength 
and biocompatibility [3, 4]. An important category of Ti 
alloys is the metastable β type, as they possess a variety of 
deformation mechanisms, which depends on the stability of 
the β phase and extend of deformation [5, 6]. Hanada et al. 
demonstrated that when the β phase stability increases, sev-
eral deformation mechanisms can occur, and they change in 
the following manner: from SIM-Twinning and then to Slip 
[7]. Min et al. stated that when an alloy contains mechanical 

twinning as the dominant deformation mechanism then high 
strain hardening rate and large ductility leading to lower 
yield strength will occur [8, 9], but when the deforma-
tion mechanism is composed of only slip then low ductil-
ity and high yield strength will occur [10]. Stress-induced 
martensite (SIM) in metastable β Ti alloys can result in an 
improved combination of strength and ductility [11].

Extensive work has been reported in controlling the β 
phase and the deformation mechanisms [6], although some 
alloy compositions have been formulated principally using 
the traditional trial and error method without a clear sys-
tematic fundamental basis. However, other studies have 
reported on the deformation mechanism in different alloys 
designed using the d-electron and the electron-to-atom (e/a) 
ratio methods to predict the phases present and deformation 
mechanism involved. Such studies include Ti–Al–Mo–V–Cr 
alloys reported by Sadeghpour et al. [12], Min et al. [9] in 
Ti–15Mo–xFe alloys, and the work by Bortolan et al. [13] 
on Ti–Mo–Fe alloys. Despite substantial work in literature 
on alloys designed using the theoretical methods, the reports 
on systematic compression tests on the Ti–Mo binary alloys 
designed using theoretical methods are scarce. Thus, the cur-
rent work will focus on investigating the compressive prop-
erties of quenched binary Ti–Mo alloys and their deforma-
tion mechanism predicted using theoretical methods.
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Methodology

Theoretical predictive methods

Molybdenum equivalence (Moeq) proposed by Bania et al. 
was used to predict the stability of β in all the ternary alloys 
[14]. These predictions followed findings by Bania et al. who 
reported that only 10-wt.% Mo is needed to stabilize the β 
phase [14]. The equation of Moeq according to Bania is pre-
sented in Eq. 1 below. The e/a ratio which is a dominant factor 
in controlling the elastic properties and formation of phases 
was utilized to predict which phase the binary alloys form. 
Stabilization of the β phase increases as the e/a value is in the 
range 4.2–4.3 [15], 16. The calculated Moeq values are pre-
sented in Table 1, the method predicted stabilization of the β 
phase of all the binary alloys. The calculated e/a ratio indicated 
that TM15 and TM17 alloys will not stabilize the β phase due 
to the precipitated α″ + ω phases, whereas TM20 alloy will 
retain β phase.

The molecular orbital method was employed to give guide-
lines on the selection of alloying elements and also to predict 
the phase stability of the alloys and their deformation mecha-
nism [4]. This approach allows theoretical determination of 
two electronic parameters, namely, the bond order (Bo), which 
shows the overlapping populations of the electrons between 
atoms and hence, a measure of the strength of the covalent 
bonding between atoms. As the Bo value increases, the 
stronger the chemical bond between the atoms and the metal 
d-orbital (Md) energy level correlates with the electronegativ-
ity and metallic radius of elements [17]. Phase stability map 
considers the general electronic parameters which are proved 
to be promising coordinates in designing and development of 
Ti alloys [4] [18].The phase stability diagram of Bo–Md shown 
in Fig. 1 presents the important information of Ti alloys, such 
as mechanical properties, chemical properties, and deforma-
tion mechanism. According to [19], the alloy positions in the 
Bo–Md phase stability map vary as the composition changes.

The calculated Bo and Md values are presented in Table 1 
and plotted on the phase stability map in Fig. 1. The Bo is 

(1)

[

Moeq
](B)

= [Mo] + 0.22[Ta] + 0.28[Nb] + 0.44[W]

+ 0.67[V] + 1.6[Cr] + 1.11[Ni] + 2.9[Fe]

+ 0.77[Cu] + 1.43[Co] + 1.54Mn

− 1.0[Al] (%wt).
increased while Md decreases as the Mo increases, this 
predicts a decrease in the elastic modulus and an increase 
in strength. According to the phase stability map, TM15 is 
situated between the SIM and twin areas, TM17 is located 
between twin boundary and the Slip region, and TM20 is in 
the Slip region. The deformation mechanism is predicted to 
change from SIM to twining to slip with increase in Mo.

Experimental procedures

Metastable β-Ti–Mo binary alloys such as TM15, TM17, & 
TM20 were investigated in this study. High-purity metallic 
powders were weighed and cold compacted into green bodies. 
The compacted green bodies were melted using the Ultrasonic 
atomization machine, AMAZEMENT re-powder Plasma melt-
ing system operated under high inert environment. The pro-
cess uses an arc with a current from 70 to 270A with melting 
temperature 100 to 2500 °C. During melting, the compacts 
are placed on a copper hearth that is continuously cooled 
underneath with water at 17–20 °C. The cast ingots were solu-
tion treated in a muffle furnace at 1100 °C, for 1 h, and then 
quenched in ice brine water.

Table 1   Calculated Moeq, the 
e/a ratio, and the Bo and Md 
values of binary alloys

Designated name Composition (wt.%) Moeq (wt.%) e/a ratio (at.%) Bo Md

TM15 Ti–15Mo 15 4.162 2.812 2.408
TM17 Ti–17Mo 17 4.185 2.815 2.402
TM20 Ti–20Mo 20 4.222 2.820 2.393

Fig. 1   Bo and Md phase stability map showing all three binary alloys 
under investigation [4]
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Phase analysis was executed using an X-ray diffractometer 
(Malvern Panalytical Empyrean Diffractometer). XRD pat-
terns were run with Cu Kα radiation source with a secondary 
monochromatic source (λ = 0, 1545 nm) at 45 kV and 40 mA. 
OM was prepared following the metallographic preparation 
techniques and then etched using Kroll etchant. The OM 
micrographs were analyzed using the Leica Optical Micro-
scope (OM).

Micro-Vickers hardness was measured using the Zwick 
Roell Vickers hardness indenter with a load of 500 gf for 
10 s. Compression test samples of 3 rectangular shapes of 
4 × 4 × 8 per alloy were tested using the  InstronTM at room 
temperature following an ASTM standard E9.

Results and discussion

X‑ray diffraction profiles

Figure 2 depicts XRD profiles of 3 investigated binary 
alloys. According to the XRD patterns, all the binary 

illustrated peaks belonging to β + α″ phases. It was noticea-
ble that the volume fraction of α″ phase decreased as the Mo 
content increased. This indicated that as the Mo increased, 
the stabilization of β phase was becoming dominant, influ-
enced mainly by composition more than cooling rate. The 
presence of the α″ phase could indicate that the martensi-
tic start temperature of the three binary alloys was above 
room temperature. Weak ω phase diffraction peaks were not 
observed in this study. This could be due to their small size 
and volume falling below the XRD detection limits. Thus, 
there is a high possibility that this phase may be present in 
the studied alloys; however, higher magnification analyzing 
techniques such as EBSD and TEM should be employed to 
validate its presence in these compositions.

The XRD results were comparable to the predictions of 
the e/a ratio for TM15 and TM17 alloys, because the method 
predicted the presence of the α″ and ω phases in addition to 
the β phase. However, according to the e/a prediction, the 
observed α″ martensite phase was not expected in TM20 
alloy.

Fig. 2   X-ray diffraction patterns of water-quenched a TM15, b TM17, and c TM20 alloys
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Optical microscope

Figure 3 illustrates light optical micrographs of binary alloys 
after compressive deformation. It can be observed that defor-
mation-induced products appeared in all the alloys. Three 
types of deformation products can be identified as follows: 
thin parallel lines, wide deformation bands, and wavy thin 
lines. The thin parallel plates and wide deformation bands 
were observable in the TM15 micrograph in Fig. 3a, b. Wide 
deformation bands and wavy thin lines were seen in TM17 
alloy in Fig. 3c, d and only wavy thin lines were demon-
strated in TM20 micrographs in Fig. 3e–f. According to lit-
erature work reported by Min et al. on Ti-15Mo-xFe alloys 
[9] and the work of Sadeghpour et al. on Ti–Al–Mo–V–Cr-
based alloys, similar deformation products were observed 
when characterized using the light optical microscope [12]. 
They reported that the thin parallel lines correspond to 
stress-induced martensitic (SIM), while the wide deforma-
tion modes are referred to as twins and the wavy thin lines 
as slip lines observed using an EBSD [5].

The deformation products of the studied alloys are simi-
lar to the light micrographs reported by the above authors. 
However, to validate the types of deformation mechanisms, 
EBSD analysis will be conducted in future work. Nonethe-
less, the light optical micrographs can be compared to the 
deformation mechanisms predicted by the Bo–Md phase 
stability map in the following way: (i) the thin parallel 

plated + wide deformation bands in TM15 are related to SIM 
and twinning deformation, (ii) the wide deformation bands 
and wavy slip lines in TM17are related to twinning and slip 
deformations, and finally (iii) the wavy slip lines in TM20 
that can be correlated to the slip deformation mode.

Compression properties

Compressive yield strength, ultimate compression strength, 
compression strain, and micro-Vickers hardness were ana-
lyzed after conducting compression tests at room tempera-
ture. High to moderate strength in orthopedic implants is 
important to avoid mechanical failure. It was noticeable that 
the maximum compressive strength decreased from TM15 
(1569 MPa), TM17 (1424 MPa) and TM20 (1308 MPa) and 
the yield strength decreased from TM15 (1307 MPa), TM17 
(1158 MPa) and TM20 (911 MPa). Strength of a material 
could be affected by phases present according to the fol-
lowing trend: Sω > Sα′ > Sα″ > Sβ > Sα [20]. TM15 and TM17 
alloys with the high volume of the α″ martensitic phase and 
the possibility of ω phase exhibited high strength, because 
these phases increase the strength of a material, while the 
alloy with β phase only will have low strength. A simi-
lar trend was seen in the hardness values 536Hv (TM15), 
405Hv (TM17) and 386Hv (TM20) which are also affected 
by presences of phases according to [20]. The compression 
strain increased slightly with an increase in Mo content (22, 

Fig. 3   Optical Microscope of water-quenched TM15 (a and b), TM17 (c and d), and TM20 (e and f) alloys
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24, and 30%, respectively). The compressive yield strength 
of the studied alloys was found to be higher as compared to 
Ti–Al–Mo–V-Cr reported by Sadeghpour et al. [12].

Conclusion

This study reported for the first time the compression prop-
erties of three binary Ti–Mo alloys designed using theoreti-
cal methods for potential use as load-bearing implant mate-
rials. In general, the volume fraction of martensite phase 
decreased with an increase in Mo content, an indication of 
increased stabilization of β phase resulting to a decrease in 
mechanical properties. This trend also corresponded to an 
increase in Moeq and e/a ratio, promoting β phase stability. 
The e/a ratio predicted the formation of α′′ and ω phases 
in TM15 and TM17 alloys in addition to the β phase; how-
ever, the presence of a nano-sized ω phase was too small to 
analyze using the XRD technique. In addition, this study 
observed presence of α″ martensite phase in TM20 alloy, 
although e/a ratio did not predict its existence. The deforma-
tion mechanisms upon compression tests were explained in 
accordance with the Bo-Md phase stability map. A decrease 
in strength and hardness is attributed to a decrease in volume 
fraction of hard and brittle phases. The current work paves 
a way of using compression properties for the development 
of Ti-based metastable alloys.
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