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Abstract
The design and development of metastable β-Ti alloys with non-toxic elements that are used in the manufacturing 
of orthopedic implants are gaining significant research attention. In this work, two metastable β-Ti alloys, binary 
alloy of Ti-17Mo wt% (referred as Alloy A) and ternary alloy of Ti-16.5Mo-1.1Fe wt% alloy (referred as Alloy B) were 
designed with different values of electronic parameters such as the Molybdenum equivalence (Moeq), electron 
to atom ratio (e/a), and the Bo-Md. The contribution of the electronic parameters in influencing the formation 
of phases and the elastic modulus is discussed. Phase characterization and tensile properties of the alloys after 
solution treatment at 1100 °C and quenched in ice-brine were carried out using different techniques. The X-ray 
diffraction (XRD) patterns and optical microscopy (OM) micrographs showed that with increasing e/a ratio the 
β phase stability increases. EBSD phase maps showed the decrease in the volume fractions of α″and ω phases 
upon addition of Fe. With increase in stability of β phase, the ultimate tensile strength (UTS) and elastic modulus 
decreased from 912 MPa to 540 MPa and 82 GPa to 73 GPa in Alloy A and Alloy B, respectively. On the other 
hand, the increase in the β phase stability resulted in increased hardness from 366 Hv0.5 for Alloy A to 428 Hv0.5 in 
Alloy B. Using scanning electron microscopy (SEM), a combination of cleavage facets and dimpled structure were 
observered in both alloys.
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Introduction
A metallic biomaterial is a material or a combination of 
materials, which is either natural or artificial in origin 
that is employed for a duration of time or as a compo-
nent of a system to heal, improve, or replace the specific 
human body tissue or any organ or the natural function-
ing of the body (Todros et al. 2021). Due to its benefits, 
such as superior mechanical properties such as yield 
strength, ductility, fatigue strength, and fracture tough-
ness, metallic biomaterials are used to fabricate orthope-
dic implants such as joint replacement prosthetic, heart 
valves, tooth fixation in dental implants, manufactured 
ligaments and tendons, blood vessel prostheses, bone 
plates, bone cement, cochlear replacements, skin repair 
devices and contact lenses (Tathe et al. 2010). Amongst 
the group of various metallic materials, titanium (Ti) 
and its alloys, mostly Ti6Al4V alloy, are currently being 
widely used for manufacturing orthopedic implants 
because of their excellent bio-compatibility, corrosion 
resistance, high strength-to-weight ratio and low elastic 
modulus compared to other metallic biomaterials (Oka-
zaki et al. 1998; Zhou et al. 2005). Regardless of its out-
standing properties, Ti6Al4V alloy possesses two major 
drawbacks that challenge its further use as a biomate-
rial. The first drawback is the release of toxic elements of 
vanadium (V) and aluminium (Al) from the parent mate-
rial to the human body that are associated with health 
issues, and the other drawback is the high elastic modu-
lus of 110 GPa which is much higher as compared to the 
human bone which is between 10 and 40 GPa (Sakaguchi 
et al. 2005; Liang 2020; Cui et al. 2024). The mismatch 
in the elastic modulus between the human bone and the 
implant results in bone atrophy which eventually leads to 
implant failure (Zhang and Chen 2019). The above rea-
sons have motivated the focus on the design and devel-
opment of metastable β-Ti alloys that have non-toxic 
elements such as Ta, Nb, Mo, Sn, etc., with moderate to 
high strength and low elastic modulus (Cui et al. 2024). 
Long-term implants have certain requirements that the 
candidate material should meet, e.g. the candidate mate-
rial should be compatible with the surrounding living 
tissue and the bone in terms of mechanical biocompat-
ibility for example. Cui et al. reported that the mechani-
cal properties of a material is influenced by its processing 
technique, its phase or crystal structure and microstruc-
ture constituents. Therefore, it is very vital that when 
designing metastable Ti alloys attention is carefully paid 
into the formation of phases and microstructure. Alloy 
design refers to the process of selecting proper composi-
tions of a suitable alloying elements and subjecting them 
to specific heat treatment or thermo-mechanical process 
to obtain the alloy that meets the application needs (Cui 
et al. 2024).

Up to now, some studies correlating to mechanical 
performance to the microstructure have be conducted 
on binary Ti-Mo alloys (Wang et al. 2016). The process 
of solution heat treatment which is followed by water 
quenching can result in formation of metastable phases 
such as such as hexagonal martensite α′ (Oliveira et al. 
2007), orthorhombic martensite α″ (Alves and Rezende 
2017; Davis and Flower 1979), and athermal omega (ω) 
phase (Min et al. 2015). Based on the Mo content, the 
following phase formation sequence is reported: β → 
α′ (0 < x ≤ 6 wt%), β → α″ (6 < x ≤ 8 wt%) and β → ω 
(x >8 wt%) (Samimi et al. 2014). In recent years, Ti-Mo 
alloys as potential biomaterials have been studied with 
the emphasis on their microstructure and mechanical 
properties. Molybdenum in titanium alloys can improve 
corrosion resistance, help reduce elastic modulus and 
enhance ductility (Oliveira et al. 2007). Several studies 
are reported in literature on Ti-Mo alloys, demonstrating 
better biocompatibility because Mo can lower the elastic 
modulus effectively by stabilizing β phase, it is biocom-
patible and non-toxic element (if added within accept-
able concentration) and it is cheaper as compared to Nb 
and Ta. In terms of mechanical compatibility, the follow-
ing studies were reported: Studies by Ho et al. and Zhao 
et al. reported that the amount of ω phase is formed in 
Ti-xMo alloys when the high Mo content is between 10 
and 12 wt% and decreases as the Mo content increases 
(10 ≤ x ≤ 20 wt%) (Ho et al. 1999; Zhao et al. 2012a, b; 
Ho 2008). Ho et al. evaluated the microstructure and 
tensile properties of as-cast Ti-xMo alloys (x = 7.5 and 
15 wt%). Their light optical microscope showed fine, 
acicular martensitic (α″) morphology in Ti-7.5Mo and 
the retainment of β phase with a significant amount of 
equiaxed morphology in Ti-15Mo alloy. They reported 
an ultimate tensile strength (UTS) of 1019 MPa, yield 
strength (YS) of 737 MPa and elastic modulus of 70 GPa 
in Ti-7.5Mo alloy whereas in Ti-15Mo alloy, the UTS was 
lower at 921 MPa, while YS and E were higher at values 
of 745 MPa and 84 GPa, respectively (Ho 2008). Mosho-
koa et al. investigated the bending properties of solution 
treated Ti-xMo alloys (x = 10, 12.9 and 15 wt%) designed 
using theoretical methods such as molybdenum equiva-
lence, and electron to atom (e/a) ratio. Presence of the α″ 
in Ti-10Mo was observed, resulting to bending strength 
of 1552 MPa and high bending modulus of 97 GPa. On 
the other hand, the β phase was observed in Ti-12.9Mo 
and Ti-15Mo alloys with bending strength of 1500 MPa 
and 1627 MPa, and bending modulus of 84 GPa and 74 
GPa, respectively (Moshokoa et al. 2022). The release of 
metallic ions in the human body is caused by low wear 
and corrosion resistance, which they are considered to 
be responsible for reported toxic allergies in the human 
body (Bălţatu et al. 2015). Literature studies on corro-
sion resistance of Ti-Mo alloys continue to be a subject 
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of investigation. For example, Oliveira and Guastaldi 
investigated the electro-chemical behavior of pure Ti and 
Ti–Mo alloys (6–20 wt% Mo) (Oliveira and Guastaldi 
2009). Rezende et al. evaluated the effect of three com-
mercial mouthwashes on the corrosion resistance of Ti–
10Mo alloy. Their results demonstrated that Ti–10Mo 
alloys can be applied for orthopedic devices. Although 
Ti–10Mo alloys have been found to possess superior 
corrosion resistance compared to Ti–Ni alloys, with Mo 
being a favoured non-toxic alloying element, Ti–10Mo 
alloy has not yet been used as a biomaterial in bone tis-
sue engineering (Alves Rezende et al. 2007). Another 
study, Wei et al. revealed Ti-16Mo showed potential to 
to be considered for bone-tissue application because its 
corrosion rate increased about 100 times when it was 
investigated for wear and corrosion properties in a phos-
phate buffered saline by a ball-on plate tribometer (Xu et 
al. 2020a, b). The effects of Mo content on the corrosion 
and tribo-corrosion behaviors of Ti-xMo (x = 8, 10, 12, 
14, 16, and 20 wt%) alloys fabricated by powder metal-
lurgy were investigated by Xu et al. (Xu et al. 2020a, b). 
Their results showed that Ti-16Mo alloy exhibited high-
est Vickers hardness of 403 Hv, whereas the XRD pat-
terns revealed peaks belonging to β phase and acicular α 
phase, leading to the alloy exhibiting the lowest wear rate 
as opposed to other alloys despite the tribo-corrosion 
resistance being the highest (Xu et al. 2020a, b). Zhao et 
al. developed a new Ti-Mo alloy with changeable Young’s 
modulus for spinal fixture devices by subjecting Ti-16Mo 
alloy through different thermo-mechanical processing 
(hot rolling + solution treatment and cold rolling). Pres-
ence of peaks belonging to only β phase were observed 
after hot rolling and solution treatment whereas peaks of 
β + ω phase were revealed after cold rolling. An increase 
in hardness after solution treatment (255 Hv) and after 
cold rolling (266 Hv) was reported. Young’s modulus 
was recorded to be 75 GPa after solution treatment and 
87 GPa after cold rolling (Zhao et al. 2012a, b). Luo et 
al. examined the microstructure, thermo-mechanical 
properties and Portevin-Le Chatelier effect in Ti-xMo 
(x = 10, 12, 15 and 18 wt%) alloys using TEM technique 
and Gleeble 3500 testing machine. Their results showed 
that Ti-18Mo alloy possessed low yield strength and elas-
tic modulus due higher volume fraction of β phase and 
reduced ω phase (Luo et al. 2019).

From the above literature, it is clear that the devel-
oped alloys were able to retain the β phase, while others 
experienced precipitation of the ω phase which affected 
their mechanical properties, more especially the elastic 
modulus. The literature studies above have demonstrated 
the compatibility of Mo in terms of its good corrosion 
resistance. However, from mechanical compatibility 
point of view, the strength of investigated Ti-Mo binary 
alloys with high Mo content such as Ti-16Mo (700 MPa), 

Ti-17Mo (750 MPa) and Ti-18Mo (800 MPa) reported in 
literature are insufficiently less 1000 MPa, a factor that 
poses a challenge for their intended use in biomedical 
applications, e.g. load bearing implants. Therefore, there 
is still a need for developing more new alloys that can 
match Ti-6Al-4 V alloy in terms of strength and remain 
compatible and cost-effective (Abdel-Hady Gepreel and 
Niinomi 2013). Therefore, researchers have focused more 
attention on developing low-cost Ti alloys for biomedi-
cal applications using common elements while minimiz-
ing the content of high-cost rare elements such as Nb, 
Ta, etc. (Abdel-Hady Gepreel and Niinomi 2013).,. For 
example, Ti-(10–12)Cr (Zhao et al. 2012a, b), Ti-10Fe-
10Ta (Haghighi et al. 2015), and TMF55 (Abd-elrhman 
et al. 2016) have been recently developed. whereas add-
ing iron to a titanium alloy can enhance its strength 
(Liu et al. 2006). Moreover, the presence of Fe as a sec-
ond alloying element in these alloys developed, even in 
small amount, could have an impact on the corrosion 
resistance and, possibly, on their biological performances 
(Min et al. 2010; Niu et al. 2021). As already evidenced 
for the family of alloy studied, Fe was chosen due to its 
low cost, strong β stabilization effect and effectiveness 
in solid-solution strengthening (Catanio Bortolano et 
al. 2022),. It has been reported that Ti-3Fe binary alloy 
could present an ultrahigh strength of 1300 MPa after 
simple heat treatment (Sandlöbes et al. 2019). While the 
porous Ti88.2Fe11.8 (at%) manufactured by liquid metal 
dealloying presenting an extremely low elastic modulus 
as 4.5 GPa with 568 MPa maximum strength (Okulov 
et al. 2018). A study by Niu et al. revealed that corrosion 
resistance of Ti-xFe (x = 0, 0.2, 0.5, 1, 2,3 and 4 wt%) was 
higher due to grain refinement of Fe addition, the passive 
film formed over the β phase were containing more Fe 
oxides. Ti-2Fe alloy showed the highest corrosion resis-
tance due the balance in the grain refinement (Niu et al. 
2021).

Metastable β-Ti-Mo-Fe alloys have been and are con-
tinuously being explored, either designed using the trial 
and error method and evolving to using other design 
methods such as the theoretical predictive methods or 
electronic parameters. For instance, Lin et al. investi-
gated the effect of Fe addition on the alloy structure and 
mechanical properties of as-cast designed using the trial 
and error method Ti-7.5Mo-xFe (x = 0, 1–7 wt%). They 
reported a combination of β + α″+ω in low Fe content and 
retainment of the β phase from 2 to 5 wt%. Above the 5 
wt% Fe they reported the formation of dendritic struc-
tures (Lin et al. 2002). In another study, Kobayashi et al. 
revealed the effect of Fe addition on the microstructure 
formation and mechanical properties of as-quenched 
Ti-2.0Mo-xFe (x = 0.5, 1, 1.5 and 2 at%) → Ti-3.93Mo-
xFe (x = 0.573, 1.15, 1.72 and 2.29 wt%) and Ti-3Mo-xFe 
(x = 0.5, 1, and 1.5 at%) → Ti-5.84Mo (x = 0.57, 1.13 and 
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1.70 wt%). The formation or presences of phases included 
the β + α″ in alloy with low Fe content, as the Fe content 
increased the α″ phase was no longer visible and the for-
mation of β + ω was more pronounced. The elastic modu-
lus in both alloys increased significantly with an increase 
in Fe content. The study does not report on the design 
method to attain the compositions, therefore their design 
methods can be concluded as unknown. The alloys did 
not retain the β phase, however the formation of the pre-
cipitation of the ω phase affected the elastic modulus sig-
nificantly by increasing it (Kobayashi et al. 2014). There 
are studies that used theoretical methods to design their 
compositions and also to predict the formation of phases 
in those alloys. For example, Abd-elrhman et al. investi-
gated the compatibility and performance of new low cost 
β-type Ti alloys (Ti-4.7Mo-4.5Fe at% →Ti-8.9Mo-4.99Fe 
wt%) using the Bo and Md method, where the alloy was 
predicted to be situated within the martensitic region. 
The hot rolled and solution treated alloy depicted β + α″ 
phase with a young’s modulus of 83GPa and ultimate ten-
sile of 974MPa (Abd-elrhman et al. 2016). Abd-elrhman 
et al. presented two β + α type Ti alloys (Ti-2Mo-0.5Fe 
at% → Ti-5.8Mo-0.57Fe wt%) and (Ti-3Mo-0.5Fe at% → 
Ti-3.9Mo-0.57Fe wt%) which were designed using the Bo 
and Md method as potential low-cost Ti alloys for bio-
medical applications. The alloys were hot rolled and then 
subjected to solution treatment showed a combination of 
β + α″ phase with a decrease in elastic modulus from 84 
GPa to 82 GPa, tensile strength of 949 MPa to 800 MPa 
(Abdelrhman et al. 2019a, b).

The studies in literature showing positive progress 
reported alloys designed using both the theoretical pre-
dictive and trial-and-error methods, however the alloys 
reported in the published studies possesses low content 
of Mo that might still pose challenges in the stabilization 
of the β phase, hence the presence of the α″ and some the 
precipitation of the ω phase were observed in the results. 
The addition of Fe content differs in some alloys however 
high content of Fe can pose challenges in the formation 
of B2 intermetallic brittle phase, thus careful consider-
ation is taken when adding Fe. The above research gaps 
have motivated the study to design metastable β alloy 
with high Mo and low Fe as a low-cost alloying ele-
ments. The aim of the study is to stabilize the β phase 
with minimal formation of α″+ω phases, thus resulting 

in elastic modulus much lower than that of Ti-6Al-4 V 
alloy and moderate strength. The objective of the study 
is to explore how different values of electronic param-
eters such as Molybdenum equivalence (Moeq), electron 
to atom ratio (e/a), and the Bo and Md phase stability 
map influences the phase stability, and also understand 
how the resulting β phase stability affects mechanical 
properties when small addition of Fe is added to Ti-17Mo 
in attempt to further increase the strength of the alloy. 
Thus, the two alloys that are currently investigated are 
binary Ti-17Mo and ternary Ti-16.5Mo-1.1Fe alloys.

Materials and methods
Molybdenum equivalence (Moeq)
The molybdenum equivalence (Moeq) is an expression 
that represents the contribution of each alloying element 
towards β phase stability when they are compared to the 
most effective β stabilizer which is Molybdenum (Mo). 
Molybdenum equivalence concept was first proposed by 
Molchanova et al. (Molchanova and Glazunov 1965) and 
it was later modified by Bania in 1994. The modified coef-
ficient of each β-stabilizers was calculated as the ratio 
of critical minimum level of β stabilizing content of Mo 
which reported by Bania to be 10 wt% (Bania 1994). Thus, 
the stability of β phase in Ti alloys which is dependent on 
theory in other words, the weight% (wt%) of the alloying 
elements necessary to suppress martensitic transforma-
tion temperature (Ms) in the β-Ti alloy can be predicted 
by quantitative rule of Moeq. The calculated Moeq values 
of the two currently considered alloys are illustrated in 
Table 1, indicating that Moeq values where they show that 
Alloy 1 and Alloy 2 are higher than 10 wt% in both alloys, 
suggesting that both alloys will stabilize the β phase when 
quenched from high temperatures.

Theoretical d -method alloy design
A molecular orbital method was employed where elec-
tronic structures were calculated for body centered cubic 
(bcc) Ti alloyed with a variety of alloying elements (Mori-
naga 2016; Kuroda et al. 1998). Two alloying parameters 
were determined theoretically, one is the bond order 
(hereafter referred to as Bo) which is a measure of the 
covalent bond strength between Ti and an alloying ele-
ment. The other is the metal d-orbital energy level (Md) 
which correlates with the electronegativity and the 
metallic radius of elements (Abdel-Hady et al. 2006). 
The average values of Bo and Md are defined by taking 
the compositional averages of the parameters respec-
tively (Li et al. 2013a, b; Ahmed et al. 2015). The aver-
age Bo and Md and their composition are presented in 
Table 1. Figure 1 is a phase stability map (called the Bo-
Md map) in which the areas of α, α + β and β type alloys 
are separated clearly. The position of Ti alloys are shown 
by symbols such as a circle and diamond shapes in Fig. 

Table 1  Designated name, composition, the calculated Moeq, 
e/a ratio and average Bo-Md
Designated 
Alloy Name

Alloy Composition 
(wt%)

Moeq 
(wt%)

e/a 
ratio

Aver-
age 
Bo

Av-
er-
age 
Md

Alloy A Ti-17Mo 17.0 4.19 2.82 2.40
Alloy B Ti-16.5Mo-1.1Fe 19.7 4.22 2.81 2.39
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1. The values of moduli of elasticity for these alloys are 
decreasing with increasing average Bo and Md values 
in β type alloys regions on the phase stability (Kuroda 
et al. 1998). According to the phase stability map in Fig. 
1, both Alloy A and B are both within the β region, this 
implies that both alloys will stabilize the β phase, while 
upon quenching from high temperature. The calculated 
Bo and Md values presented in Table 1 demonstrates that 
when 1.1wt.% of Fe is added as third alloying element 
both the Bo and Md values decrease slightly, this could be 
affected by the addition of Fe which has a smaller atomic 
radius and electronegativity as compared to Mo and Ti. 

The decrease in Bo and Md values might indicate that 
the elastic modulus might increase as the results contra-
dict the statement made by Kuroda et al., that states that 
when Bo increases and Md decreases the elastic modulus 
will decrease (Kuroda et al. 1998).

The electron-to-atom (e/a) ratio method
Another theoretical prediction mostly used in research 
studies is the electron to atom (e/a) ratio which is used to 
predict the average number of valence electron for each 
atom (Ikehata et al. 2004). The Hume-Rothery showed 
that the e/a ratio of metals and alloys is vital in control-
ling the phase stability and phase transition boundar-
ies, where e and a represent the number of free valence 
electrons for each atom (Hume-Rothery et al. 1934). 
According to Tiwari et al.,, the phase stability of met-
als and alloys are determined by free energy that can be 
attributed to the change in electronic energy or the mis-
fit or strain energy (Tiwari and Ramanujan 2001). Previ-
ous works (Wang et al. 2017); Buzatu et al. 2016) have 
indicated that the phase stability of Ti alloys is related to 
the e/a ratio. The function of e/a ratio and the expected 
phase constituents after water quenching are depicted in 
Fig. 2 (a) where the stability of the β phase in Ti alloys 
increases with the e/a ratio and the stability limit of a Ti 
alloy with a fully β phase was reported to be around 4.20 
and below this value presence of other phases such as ω 
and α″ can occur (Laheurte et al. 2010).

The elastic modulus of metastable β Ti alloys is related 
to phase constituents as indicated in most literature work 
(Zhou and Niinomi 2009). Figure 2 (b) illustrate a rela-
tionship between the elastic modulus, phase constitu-
ents and the e/a ratio. It can be seen from the diagram 
that low modulus is seen when the e/a ratio is between 
4.07 and 4.09, beyond these values (4.1–4.19) the elastic 
modulus increase significantly and below these values 

Fig. 2  Expected phase constituents in the microstructure of Ti alloys after quenching from high temperature versus e/a ratio, reproduced from Refs 
(Liang 2020; Laheurte et al. 2010). a and the relationship between elastic modulus with e/a ratio in Ti alloy systems (Zhao et al. 2022) b

 

Fig. 1  Phase stability diagram based on the average Bo and Md param-
eters (Morinaga 2016; Kuroda et al. 1998; Abdel-Hady et al. 2006; Morinaga 
et al. 1986)
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the modulus start to decrease slightly. Several research-
ers have designed new Ti alloys with low elastic modulus 
using the e/a method and they reported on the relation-
ship between e/a ratio and the phase boundary and the 
effect of phase constitution on the elastic modulus (Lee 
et al. 2012). Table 1 present the e/a ratio of the designed 
alloys where Alloy A illustrate an e/a ratio of 4.186 and 
Alloy B with 1.1 wt% Fe shows an e/a ratio of 4.139. The 
calculated e/a ratio and the e/a ratio demonstrated in the 
diagrams demonstrate that Alloy A will exhibit β + α″, 
while Alloy B will possess β phases upon quenching from 
high temperature and also indicate that Alloy A will show 
high elastic modulus because of the presence of both β, 
α″ and high ω phase and Alloy B is predicted to exhibit 
low elastic modulus because of low content of ω phase 
and the presence of β phase.

Materials preparations and fabrication process
Two metastable β-type Ti-Mo alloys, namely, binary alloy 
containing 17 wt% Mo and a ternary alloy of Ti-16.5Mo-
1.1Fe wt% composition (referred to as Alloy A and Alloy 
B, respectively) were investigated in this study. High 
purity metallic powders were weighed according to tar-
geted composition and cold compacted into green bodies 
using the Zwick-Roell testing machine with a maximum 
load of 80 kN and cross head speed for 20 mm/min. 
The compacted green bodies were melted using the 
AMAZEMET rePowder Plasma melting system which 
operates under high inert environment (Żrodowski et al. 
2021). The system was purged with argon to minimise 
the oxygen content in the chamber to at least to less than 
100 ppm and pure titanium was melted to act as oxygen-
getter. This process use an arc with current starting from 
70 A to 270 A to melt the powder compacts. Without 
opening the chamber, the ingot is turned and re-melted 4 
times on the water cooled copper hearth to attain better 
homogeneity. The ingots were solution treated in a muffle 
furnace at 1100 °C, held for an hour and quenched in ice-
brine, thereby referred as water quenched (WQ) samples.

Phase and microstructural characterization
Phase analysis was executed using X-ray diffractometer 
(Malvern Panalytical Empyrean Diffractometer). XRD 
patterns were run with Cu Kα radiation with a second-
ary monochromatic (λ = 0.1545 nm) at 45 kV and 40 
mA. The 2θ scan range is from 5° to 100 ° at a step size 
of 0.01°. A reference silicon disk is run at the same condi-
tions as verification. X-Pert High score was used to detect 
the phase constituent of as-cast Ti-Mo-Fe alloys. Opti-
cal microscope (OM) specimens were prepared follow-
ing the metallographic preparation techniques and they 
were etched using Kroll etchant (90 ml H2O, 2 ml HF, 3 
ml HNO3 and 5 ml HCl.) for 30–60 s. The OM micro-
graphs were analysed using the Leica optical microscope 

(Olympus DSX-HRSU. SN: 5H42695, Tokyo, Japan). The 
elemental analysis on heat-treated samples were con-
ducted using energy dispersive X-ray spectroscopy (EDS) 
embedded within the JOEL JSM-6010 Plus/LAM scan-
ning electron microscope (SEM) operating at an accel-
erating voltage of 8 kV. In order to obtain clear images 
within large grains, the images were taken at higher 
magnifications.

To further investigate the phase analysis or present of 
phases, electron backscatter diffraction (EBSD) technique 
was used. EBSD samples were prepared by electropolish-
ing them using a Struers electro-polishing machine at 30 
V for 80s. The EBSD scans of all the samples were were 
performed using Zeiss Cross Beam 540 equipment oper-
ating at 25 kV and 10 nA to image the samples. The EBSD 
analysis were performed using an Oxford NordLys Max 
detector and Oxford Aztec analysis software. Band con-
trast images and phase maps were constructed. The grain 
size measurements on the micrographs were conducted 
using Image J software.

Tensile and hardness properties
Micro-Vickers hardness for all the water-quenched 
samples was measured using the Zwick Roell Vickers 
hardness indenter. The indents were made from a small 
diamond under the load of 500gf for 10s. For each sam-
ple, 10 indents were made with a 2 mm distance and 
measured microscopically and finally, their averages 
were recorded. Tensile specimens of 40 × 5 × 3 mm were 
prepared by electrical discharge machining. Tensile tests 
were performed at room temperature using an Instron™ 
1342 tensile tester fitted with 50 kN load cells with a con-
stant crosshead speed of 0.5 mm/min. An extensometer 
was attached to the gauge section of the test specimen 
and was used to measure the tensile strain. The fracture 
surfaces of the tensile specimens were analysed using 
JOEL JSM-6010 Plus/LAM scanning electron microscope 
(SEM) at accelerating voltage of 8 kV and all the images 
were captured at a magnification of 350 (50 μm scale bar).

Results and discussions
X-ray diffraction
X-ray diffractometer (XRD) technique was used to detect 
phases present in Alloy A and Alloy B. The correspond-
ing XRD patterns are depicted in Fig. 3 (a and b). XRD 
patterns of both alloys after quenching from high tem-
perature indicated peaks belonging to only β phase. It 
is interesting to note that the most intense peak in both 
metastable βTi alloys is at 2θ = 85° along (220) crystal 
plane, reflecting the abundance of atoms in this plane, 
as opposed to typical 2θ = 40° along (110) plane for sta-
ble BCC crystals. This change in highest peak intensity 
could be linked to strong possibility of omega (ω) phase 
presence, with Alloy A displaying the highest ω phase 
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presence signalled by highest atomic density along (220) 
crystal plane. On the other hand, the peak width in both 
alloys were generally narrow, an indication of higher 
crystallinity, with little difference. The predictions by e/a 
ratio in both alloys indicated that both alloys are likely 
to possess the orthorhombic martensitic phase (α″) and 
athermal omega (ω) phase after quenching from high 
temperatures. However, both phases were not detected 
in both Alloy A and Alloy B using the XRD technique 
because of the following: the absence of martensitic 
phase could indicate that the martensitic start transfor-
mation (Ms) temperature is below room temperature for 
both alloys. It is well known that the martensitic start 
transformation (Ms) temperature of β-isomorphous 
alloys decreases as the solute content increases (Davis 
and Flower 1979; Hanada and Izumi 1986). This view 
is in agreement with the previous studies by (Zhou and 
Luo 2011; Bagariatskii et al. 1958). The existence of XRD 
peaks belonging to α″ phase is widely reported in litera-
ture in alloys with lower content of Mo such as Ti-12Mo, 
Ti-10Mo, Ti-15Mo alloys (Ho et al. 1999; Moshokoa et 
al. 2024; Raganya et al. 2021), thus it was evident from 
the current study that in binary Ti-Mo alloys with higher 
Mo content, the orthorhombic martensite phase was not 
observed. The other phase such as the hexagonal ather-
mal omega (ω) phase was not distinguished in the XRD 
patterns and this could be a result of it’s low detection 
limit when using this technique. Earlier investigations by 
Zhao et al. and Sabeena et al. pointed out the presence of 
the precipitation of the athermal omega (ω) phase from 
Ti-10Mo to Ti-20Mo alloys (Zhao et al. 2012a, b; Sabeena 
et al. 2017). However, according to Sun et al., and Nakai 
et al. the ω phase is difficult to detect by XRD since β and 
ω phase peaks overlap (Sun et al. 2013; Nakai et al. 2011). 
Therefore, the presence of the α″ and ω might be revealed 
by using high characterization techniques such as TEM 

(Transmission Electron Microscope) and EBSD (Electron 
Backscatter Diffraction).

The XRD patterns in TM17 alloy are in agreement 
with those reported by Zhou et al. (Zhou and Luo 
2011), where a fully β phase peaks in Ti-17Mo alloy after 
quenching was reported. Ternary alloys such as Ti-2Mo-
xFe and Ti-3Mo-xFe (x = 0.5, 1.0, 1.5 and 2.0 at%) were 
investigated by Kobayashi et al. and were not compara-
ble to current XRD peaks belonging to Alloy B, as those 
showed presence of the orthorhombic martensitic phase 
(α″) and hexagonal athermal omega (ω) (Kobayashi et al. 
2014),. Abd elrhman et al. reported the presence of peaks 
of orthorhombic martensitic phase (α″) and bcc β phase 
in Ti-4.7Mo-4.5Fe at% (Ti-9Mo-5Fe wt%) (Abd-elrhman 
et al. 2016). The XRD technique showed that the designed 
alloys, binary alloy with high Mo and a ternary alloy with 
the addition of 1.1 Fe wt%, have the ability to stabilize the 
β phase when quenched from above the β-transus tem-
perature without forming other phases when character-
ized using the XRD technique. The phases predicted by 
the predictive tools such as e/a ratio in Alloy A in Fig. 2 
(a) were not in accordance with the experimental XRD 
results, however the Moeq and Bo-Md predicted results 
were in agreement with experimental data.

Optical microscope
Optical microscope (OM) technique was employed to 
analyse the microstructural features of both alloys after 
quenching. Figure 4 represents the optical micrographs 
of Alloy A and Alloy B respectively. As shown in Fig. 4 
(a), Alloy A depicts a micrograph composed of very 
large grains of β-equiaxed grain and with fine substruc-
tures precipitated inside the grains and along the grain 
boundaries. The fine substructures could be associated 
with either orthorhombic martensitic structure or ather-
mal omega structure. Thus, highly sensitive character-
ization techniques are required to confirm the crystal 

Fig. 3  X-ray diffraction patterns of (a) Alloy A and (b) Alloy B upon water quenching
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structure of the observed substructures as they could 
not be detected by XRD technique. Depending on the 
stability of the β structure which depends on the com-
position, and cooling rate, other phases may precipitate 
upon quenching. It is reported that crystal structure of 
martensite phase formed in alloys with low β solute con-
tent changes from hexagonal (α’) to orthorhombic (α″) 
with increasing the β solute content (Li et al. 2019; Kolli 
and Devaraj 2018). Due to the possible impact of these 
phases/structures on the mechanical properties of Ti 
alloys, the prediction of their formation is of great inter-
est. The e/a ratio and the phase stability map predicted 
that Alloy A will possess orthorhombic martensitic struc-
ture and the hexagonal athermal omega after quench-
ing. Since the fine substructures could not be quantified 
by XRD, they could be associated as either belonging to 
hexagonal athermal omega structure or orthorhombic 
martensitic structure. Moreover, the precipitation of sub-
structure was in agreement with the results illustrated by 
the predictive tools.

Optical micrograph of Alloy B in Fig. 4 (b) possessed 
only β equiaxed grains without any presence of substruc-
tures and the grains were observed to be smaller as com-
pared to Alloy A. The experimental results of Alloy B are 
not in agreement with the e/a ratio phase prediction, 
however they agreed with the predictions by the Moeq, 
Bo and Md phase stability map in Fig. 1. The OM micro-
graphs were in agreement with the XRD peaks presented 
in Fig. 3 whereas OM micrograph of Alloy A was not 
completely in agreement with the corresponding XRD 
results in Fig. 3.

Energy dispersive spectroscopy (EDS)
To determine the elemental analysis of the two alloys 
after processing, SEM equipped with EDS capability was 
used. Figure 5 represents the EDS analysis of Alloy A and 
Alloy B respectively, where point and shoot were done 

at different place. The results in Alloy A showed that the 
area within the grains where there are no substructures 
depicted Mo-rich areas as compared to the the area on 
the grain boundaries composed of substructures. The 
results in Alloy B illustrated that area 2 which was by the 
grain boundaries was Mo-rich but lean in Fe whereas 
the areas within the grains were little bit high in Mo and 
low in Fe, although area 2 was rich in Mo as compared to 
area 1. According to the EDS results, very minimal seg-
regation did occur in Alloy A and Alloy B. The concept 
of segregation is common in metastable β Ti alloys, for 
instance Ruzic et al. reported on effect of Mo segregation 
in Ti-12Mo alloys which were investigated using nano-
indentation methods (Ruzic et al. 2018).

EBSD band contrast and phase maps
The EBSD band contrast of the two alloys were analysed 
to illustrate the grains in each alloy better as opposed to 
the ones in the OM micrographs and the EBSD contrast 
were analysed to further show if the alloys were com-
posed of other structure other than the ones that were 
present when examining using the OM. The EBSD con-
trast and IPF maps are presented in Fig. 6 (a & b) and (d 
& e) respectively. The EBSD contrast in Alloy A, showed 
no substructures or any other phases that were noticeable 
in the OM micrographs but the β equiaxed grains with 
coarser grains (grain size of 393 μm) were more visible. 
The absence substructures in the EBSD contrast could 
be due to segregation that is reported to occur in meta-
stable β-Ti alloys during melting and casting and that was 
noticeable in the EDS results (Ruzic et al. 2018). The area 
that was analysed in the EBSD might not be same as the 
one position that was analysed in the optical microscope. 
The EBSD contrast in Alloy B showed significantly finer β 
equiaxed grains with a grain size of 146 μm without the 
presence of any other structures. The EBSD phase maps, 
Fig. 6 (c and f ) respectively were evaluated to determine 

Fig. 4  Optical microscope (OM) micrographs of water quenched (a) Alloy A and (b) Alloy B
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the presence of other phases that were not detected using 
the XRD technique. Both Alloy A and Alloy B showed the 
presence of ω and β phase, in addition to these phases 
Alloy A depicted low volume fraction of the existence of 
α″ phase. The volume fraction of ω in Alloy A was higher 
as compared to Alloy B, the results indicated that the ω 
phase do existence in metastable Ti alloys with higher 
Mo concentration and this phase have the ability to affect 
the mechanical properties: strength and elastic modulus.

Tensile properties
Ultimate tensile strength
The design of an orthopedic implant must meet certain 
requirements such as mechanical compatibility, bio-
compatibility, because a human bone is a dynamic tis-
sue which is continuously being remodelled to adopt 
variable mechanical loads (Abdel-Hady Gepreel and 
Niinomi 2013). Remodelling bone tissue entails replacing 
old bone tissue with new bone (Arias et al. 2018). Thus 
an implant must possess acceptable mechanical proper-
ties such as strength to endure loads and resist fracture 
(Asri et al. 2017). Other essential mechanical properties 
that decide the type of a material are hardness, elonga-
tion, elastic modulus and fatigue strength. To investigate 
the mechanical properties of the designed alloys, tensile 
strength was performed at room temperature on three 

specimen per alloy and their mechanical properties were 
recorded. Figure 7 illustrate the ultimate tensile strength 
(UTS) of Alloy A and Alloy B. It was observed that when 
Fe was added as a third element, the tensile properties 
(UTS and E) decreased significantly. Alloy A displayed a 
tensile strength of 912 MPa, whereas the tensile strength 
of Alloy B was found to be 540 MPa. There are several 
factors that affect the strength of a material, this includes 
the phase constituents, the microstructure which include 
the solid solution strengthening, dispersion hardening, 
deformation mechanism and grain size, etc. The presence 
of phases influences the strength of a material in the fol-
lowing manner according to Lee et al.: Sω > Sα′ > Sα″ > Sβ 
> Sα (Lee et al. 2002). From the above factors, it is most 
likely that the high strength in Alloy A is as a result of 
solid solution strengthening whereas the lower strength 
in Alloy B is attributed to strong β phase stability and 
hardening driven by presence of Fe with smaller atomic 
radius than both Ti and Mo. As revealed by EBSD phase 
maps in Fig. 6 (c), Alloy A showed high volume fraction 
of the athermal omega (ω) phase and presence of ortho-
rhombic (α″) martensitic phase, alongside the β phase as 
opposed to Alloy B which is mainly comprised of β phase 
and reduced amount of ω phase. The other reason for the 
difference in strength could be attributed by presence of 
the fine sub-structures that are associated with very fine 

Fig. 5  EDS analysis of water quenched (a) Alloy A and (b) Alloy B
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athermal omega or orthorhombic structure as observed 
in the OM micrographs. Moreover, the ω phase is known 
to be a harder phase than the αʺ or β phase, and thus a 
high density of the fine ω particles will strengthen the 
alloy more (Lin et al. 2002).

The UTS of Alloy A was notably higher as opposed to 
other binary alloys that were explored in literature such 
as Ti-17Mo with a UTS of 750 MPa, higher than the 
UTS of 700 MPa and 800 MPa in Ti-16Mo and Ti-18Mo 
alloys, respectively, which were investigated by Zhao 

Fig. 6  EBSD band contrast, IPF maps and phase maps of water quenched Alloy A (a-c) and Alloy B (d-f), respectively
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et al. (Zhao et al. 2012a, b). On the other hand, due to 
higher Mo content which resulted in β single phase and 
less work reported on the tensile properties of Alloy B, 
the UTS of Alloy B were compared with other Ti-Mo-Fe 
alloys that are reported in literature. The UTS of Alloy 
B was found to be significantly lower as opposed to the 
UTS of Ti-2Mo-0.5Fe at% (949 MPa) and Ti-3Mo-0.5Fe 
at% (800 MPa) that were subjected to different process-
ing which were studied by Abdel-Hady Gepreel et al. 
(Abdel-Hady Gepreel and Niinomi 2013; Abd-elrhman et 
al. 2016) and the UTS of Alloy B was found to be notably 
lower that UTS of Ti-9Mo-5Fe (975 MPa) which under-
went different processing and was reported by Abd-elrh-
man et al. (Abdelrhman et al. 2019a, b). The UTS of Alloy 
B was found to lower as found to be lower in comparison 
to the annealed UTS of Ti6Al4V alloy (825–892 MPa), 
however the UTS of Alloy A was higher than that of com-
mercially available Ti6Al4V alloy. The high strength in 
Alloy B shows potential to be considered for biomedical 
applications such as orthopedic implants and those of 
vascular stents, but Alloy B can be further be processed 
to improve its tensile strength because the alloy depicted 
no intermetallic phases or dendrites that will contribute 
to its brittleness.

Elastic modulus
Elastic modulus is the resistance offered by the mate-
rial against deformation when the load is applied, and it 
must not exceed that of the cortical bone because it will 
result to what is called a stress shielding effects which 

is not desirable as it leds to implant failure (Zhang and 
Chen 2019). Figure 8 demonstrate the elastic modulus 
of the studied alloys, where Alloy A depicted an elastic 
modulus of 82 GPa and Alloy B with low elastic modulus 
of 74 GPa. According to literature, elastic modulus can be 
affected by factors such as microstructural constituents, 
solid solution phenomenon, presence of phases, pro-
cessing techniques ect. According to Hao et al. (Hao et 
al. 2002), elastic modulus of different phases of Ti-alloys 
decrease in the following way: Eω > Eα > Eα′ > Eα″ > Eβ. 
The trend shows that an alloy that possess the presence 
of ω phase will exhibit high elastic modulus as opposed 
to the alloy with β phase. It is well reported in literature 
that the ω phase has a significant effect on the mechani-
cal properties of Ti alloys and it is likely to increase the 
elastic modulus (Akahori et al. 2005). Thus, the high elas-
tic modulus in Alloy A might have been attributed by the 
high volume fraction of ω phase and existence of αʺ phase 
that were observed in the EBSD maps in Fig. 6 (c) and 
the high elastic modulus might be due to the presence of 
substructures that were seen in the OM micrographs in 
Alloy A. The low elastic modulus in Alloy B might be due 
to the low presence of ω phase as seen in the EBSD maps 
in Fig. 6 (f ) and the presence of only β equiaxed grains as 
indicated in the OM micrographs.

The elastic modulus in Alloy A agrees with the results 
predicted by the e/a ratio in Fig. 2 (b), as it predicted 
that an alloy within that e/a range of 4.1–4.2 will likely 
to possess high modulus as compared to an alloy with an 
e/a ratio that is more than 4.2. The low elastic modulus 

Fig. 7  Ultimate tensile strength of Alloy A and Alloy B
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in Alloy B could be due to its high Moeq value that pre-
dicted β stability that lead to low elastic modulus. Com-
paring the studied alloy with those available in literature, 
it was seen that the elastic modulus in Alloy A was nota-
bly higher as compared to the elastic modulus of 73 GPa, 
78 GPa, and 75 GPa in Ti-17Mo, Ti-16Mo and Ti-18Mo 
alloys respectively that were studied by Zhao et al. (Zhao 
et al. 2012a, b).,. Due to current limited studies on Ti-
Mo-Fe alloys with higher Mo composition, the elastic 
modulus in Alloy B was compared to published Ti-Mo-Fe 
alloys with low composition of Mo such as Ti-2Mo-0.5Fe 
(84 GPa), Ti-2Mo-1.5Fe at% (117 GPa), Ti-3Mo-0.5Fe at% 
(81 GPa) and Ti-3Mo-1.5Fe at% (119 GPa) which were 
investigated by Kobayashi et al. (Kobayashi et al. 2014; 
Ion et al. 2021; Song et al. 1999)They were also com-
pared to the elastic modulus reported by Abdel-Hady 
Gepreel et al.(Abdel-Hady Gepreel and Niinomi 2013; 
Abd-elrhman et al. 2016) in Ti-4Mo-1Fe (85 GPa) and 
Ti-6Mo-1Fe (82 GPa). The elastic modulus of both alloys 
were significantly lower as compared to the commercially 
available Ti6Al4V alloy. Alloy B showed better potential 
as a candidate alloy that can considered to be used as a 
biomaterial for orthopedic implants because of its ability 
to stabilize the β phase with only solution treatment pro-
cess and possesses lower elastic modulus. However, Alloy 
A with high elastic modulus and higher strength, which 
can still be improved further by other thermomechani-
cal processes, shows potential to be considered for other 
biomedical applications such as vascular stents (Gordin 
et al. 2020; Ion et al. 2021).

The mechanically compatible performance of a 
material intended for biomedical application and 
it can be evaluated by the elastic admissible strain 
(EAS) (Song et al. 1999).The elastic admissible strain 
is defined as the ratio of yield strength or tensile 
strength to elastic modulus (Abdel-Hady Gepreel and 
Niinomi 2013). It is a useful parameter for the design 
of orthopedic implant and it should be exploited in 
order to prevent failures due to fatigue and the onset 
of stress-shielding effect which is associated with high 
elastic modulus (Dal et al. 2018). The higher the elas-
tic admissible strain, the more desirable the material is 
for biomedical applications. The EAS of Alloy A was 
higher and that of Alloy B was lower. The results indi-
cate that for the EAS to be higher it must possess high 
strength and low elastic modulus to meet the require-
ment for orthopedic implants. High elastic modulus 
contributed to high EAS, thus rendering Alloy A desir-
able for biomedical application such as vascular stent 
applications as opposed to orthopedic implants.

Micro-Vickers hardness
Micro-Vickers hardness results of Alloy A and Alloy 
B are presented in Fig. 9. Hardness increased notably 
with the addition of Fe content, the hardness increased 
from 366 Hv0.5 in Alloy A to 428 Hv0.5 in Alloy B. 
According to published work, hardness of a material 
can be attributed by several factors such as the grain 
size, the microstructure or phase present, the process-
ing technique and the cooling medium (Jamhari et al. 

Fig. 8  Elastic modulus of Alloy A and Alloy B
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2023). In addition, Furukawa et al. stated that hard-
ness has a connection with the structure of a mate-
rial, for example, it has a connection with the grain 
size, the distance between the particles of the inter-
mediate phases (Furukawa et al. 1996; Hall 1951). As 
per the Hall-Petch mechanism the grain boundaries 
acts as a barrier to the dislocation movement. Smaller 
grains makes it difficult for dislocations to move and 
this results in an increase in the hardness, whereas big 
grains allows free movement of dislocations and there-
fore decrease the hardness of a material. Although it 
is reported that reducing grain size can simultaneously 
increase the strength and ductility in the metastable 
titanium alloys (Bhattacharjee et al. 2006), the above 
explanation provided clarity on the hardness difference 
between Alloy A and Alloy B. According to the opti-
cal micrographs in Fig. 4(a), Alloy A depicted bigger 
grains as compared to smaller grains of Alloy B in Fig. 
4 (b), the EBSD band contrast in figure also depicted 
coarser grain with a grain size of 393 μm in Alloy A 
and finer grains with grain size of 146 μm in Alloy B. 
The bigger grains in Alloy A led to low hardness as 
dislocations were able to move freely without restric-
tions, whereas Alloy B with smaller grains restricted 
the movement of dislocations which led to disloca-
tion pile up and strengthening of a material. The hard-
ness of both alloys were notably higher as compared to 
Ti6Al4V (288 Hv) alloy reported by Guo et al. (Guo et 
al. 2022). The hardness in Alloy B was higher as com-
pared to Ti-2.0Mo-0.5 at.%Fe (327 Hv), Ti-3Mo-0.5Fe 

at% (270 Hv) and Ti-3Mo-1.5Fe at% (401 Hv) pre-
sented by Kobayashi et al.(Kobayashi et al. 2014).

Fracture surfaces
The micrographs of fracture surface after tensile test at 
room temperature along different orientation is depicted 
in Fig. 10 (a) and (b). As illustrated, the micrographs in 
both alloys are characterized by the presence of tearing 
bridges, cracks along the grain boundaries, cleavage fac-
ets signifying brittle fracture. There were thin parallel 
lines visible that could not be distinguished if whether 
they belong to the orthorhombic martensitic structure. 
The appearance of coarse particle boundary facets indi-
cated an enhanced embrittlement trend of the alloy, 
which ultimately leads to poor ductility due to the inter-
granular fracture (Rao et al. 2006). The fracture surface 
of both alloys were composed of large β equiaxed grain 
with intergranular cleavage facets, coarse dimples with 
less tearing ridges and microvoid coalescence. The results 
implied that the Alloy B exhibited a combination of brit-
tle and ductile fracture.

Biocompatibility and long performance of metastable beta 
Ti alloys
Biocompatibility in Ti alloys for biomedical appli-
cations stems from its inertness, strength to weight 
ratio, flexibility with mirroring the bone, non-toxic 
elements, lack of immunogenicity ect, hence it is vital 
to characterize the biocompatibility of new compo-
sition and the effect of processing (Bahl et al. 2021). 

Fig. 9  Micro-Vickers hardness of Alloy A and Alloy B
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Biocompatibility can be tested in corrosion and wear 
properties because the two affect the life span of alloys. 
Currently, corrosion and wear behaviors of Ti-Mo 
alloys are usually studied separately as isolated systems 
(Oliveira and Guastaldi 2009). But implants are gener-
ally encompassed by body fluids in the human body 
that induces corrosion. Also, there is relative motion 
between the implant and bone as well, such as sliding 
and fretting. Therefore, wear and corrosion can occur 
simultaneously when the alloys are implanted into the 
human body. Biocompatibility can also be tested in 
vitro and in vivo test (Bahl et al. 2021). In vitro tests 
evaluate attachment, proliferation, and differentia-
tion of osteoblasts or stem cells. Viability of fibroblasts 
often serves as a measure of cytotoxicity of alloys. To 
ascertain Ti’s safety and effectiveness, it is often sub-
jected to in-vitro cytotoxicity evaluations using spe-
cific cell types like L929 and MC3T3 E1 cells. Through 
these tests, Ti’s viability and reliability as an implant 
material are consistently demonstrated. Various stud-
ies have demonstrated the investigation of cell culture 
and response in metastable β-Ti alloys, for instance a 
study by Abdelrhman et al. evaluated the biocompati-
bility of new low cost Ti-Mo-Fe alloy using cytotoxicity 
test which was carried in a murine-derived MC3T3-
E1 cell line, where the results high cytocompatibil-
ity between Ti-Mo-Fe alloys which was higher than 
Ti6Al4V alloy (Abdelrhman et al. 2019a, b),. Another 

study by Mostafa et al. evaluated the in vitro and in 
vivo test in Ti-4.7Mo-4.5Fe and Ti-3Mo-0.5Fe alloys 
by using cytotoxicity test which was conducted in 
murine derived MCT3T3-E1 cell line for in vitro test 
and for in vivo, the test was done in six male V Spain 
while rabbits who were 6 months. The results showed 
that Ti-3Mo-0.5Fe alloy showed significant potential 
for bioactive osteogenic activity and excellent biocom-
patibility (Mostafa et al. 2025),. The literature studies 
show much potential for Ti-Mo-Fe based alloys to be 
biocompatible alloy to be considered for biomedical 
applications. The current study did not evaluate the 
corrosion resistance or cytotoxicity test of the studied 
composition, however the above literature pave ways 
for the biocompatibility test of the investigated com-
position to further be evaluated in vitro, in vivo and 
for corrosion and wear properties.

Conclusions
The study of phase stability and mechanical proper-
ties of binary Ti-Mo and ternary Ti-Mo-Fe alloys using 
electronic predictive methods was successfully con-
ducted. The X-ray diffraction (XRD) patterns and OM 
micrographs showed that with increasing e/a ratio the 
β phase stability increased. With increase in stabil-
ity of β phase, the ultimate tensile strength and elas-
tic modulus decreased from 912 MPa to 540 MPa and 
82 GPa to 73 GPa in Alloy A and Alloy B, respectively. 

Fig. 10  Fractography of (a) Alloy A and (b)) Alloy B
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On the other hand, the increase in the β phase stabil-
ity resulted in increased hardness from 366 Hv0.5 for 
Alloy A to 428 Hv0.5 for Alloy B. In agreement with 
theoretical predictions from Moeq and Bo-Md meth-
ods, the XRD analysis of both alloys displayed only 
β phase, whereas the e/a ratio predicted the pres-
ence of α″ and ω phases in Alloy A, which were not 
detected by XRD although fine substructures were 
observed from the corresponding OM micrographs. 
The EBSD phase maps for both Alloy A and Alloy B 
demonstrated the presence of α″, ω and β phase, where 
Alloy A revealed high proportion of α″, ω phase which 
agreed with the phases predicted by e/a ratio method 
as opposed to Alloy B. Therefore, it can be concluded 
that the theoretical predictive tools were able to pro-
vide direction in the design and composition selection 
in terms of phases likely to form and thus their contri-
bution to overall mechanical properties of each alloy. 
The addition of low Fe content in Alloy B stabilized the 
β phase and supressed the presence of α″ phase, result-
ing in lower elastic modulus as opposed to Ti6Al4V 
alloy. However, hardness increased significantly with 
addition of Fe at the expense of strength and elastic 
modulus, owed to its smaller atomic radius compared 
to Ti and Mo, thus rendering Fe a strong β stabilizer 
and solid solution hardener. On the other hand, Alloy 
A revealed an improved strength compared to Ti-
16Mo and Ti-18Mo binary alloys that are reported in 
literature, thus rendering it a potential material to be 
considered for use in biomedical applications such as 
orthopedic implants or vascular stents that requires 
high strength.
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