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1  Introduction
Development of Ti-based alloys for a variety of biomedical applications, such as hard tis-
sue replacements, dental implants, cardiovascular, etc., is growing rapidly [1]. Amongst 
the available biomaterials, titanium (Ti) and its alloys are the most widely used ortho-
pedic implant materials to date, more especially Ti6Al4V alloy due to its excellent 
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Abstract
Metastable β-Ti alloys with non-toxic and low-cost alloying elements, with high 
biocompatibility and improved mechanical properties, are being developed globally 
for biomedical applications. Howerver, there is still limited published work on Ti-
Mo and Ti-Mo-Fe alloys with high Mo content and low cost alloying element with 
high strength designed for biomedical applications such as vascular stents. Thus, 
the current study uniquely investigates the combined influence of Fe addition and 
theoretical methods on β stability and mechanical performance of Ti-Mo alloys with 
high Mo content vascular stents. Two metastable β-Ti alloys, namely, binary Ti-20Mo 
wt% (referred to as Alloy 1) and ternary Ti-16.5Mo-1.1Fe wt% (referred to as Alloy 2), 
were designed using the theoretical predictive methods such as the molybdenum 
equivalence (Moeq), the average Bo-Md method, and the electron-to-atom ratio (e/a). 
Microstructural characterization and tensile properties of the alloys after solution 
treatment at 1100 °C and quenched in ice-brine were analysed. The X-ray diffraction 
(XRD) patterns and optical micrographs showed stability of the β phase in both alloys 
due to similarity in e/a ratio value and a slight difference in Moeq. Alloy 1 showed a 
high ultimate tensile strength (UTS) of 920 MPa and yield strength (YS) of 906 MPa, 
whereas a much lower UTS of 540 MPa was observed in Alloy 2. The elastic modulus 
decreased from 85 GPa in Alloy 1 to 74 GPa in Alloy 2, while micro-Vickers hardness 
increased significantly from 353 Hv0.5 in Alloy 1 to 428 Hv0.5 in Alloy 2. The high 
strength and modulus in Alloy 1 illustrated that the alloy could be considered as a 
potential alloy for biomedical applications such as those in vascular stents.
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properties such a high strength, high corrosion resistance, lower elastic modulus com-
pared to stainless steels and Co-Cr alloys [2]. However, health issues such as cytotoxic-
ity emanating from the presence of aluminum (Al) and vanadium (V) as main alloying 
elements are reported to cause neuro-degenerative diseases such as Alzheimer’s [3, 4]. 
Furthermore, the elastic modulus of 110 GPa in Ti6Al4V alloy is still much higher than 
the elastic modulus of the human cortical bone (30–40 GPa), leading to the stress shield-
ing phenomenon [5]. Stress shielding effect occurs when an implant material possesses 
an elastic modulus much higher than that of the bone it is replacing. As a result, the 
bone tissue surrounding the implant material will experience much lower stress than it 
is used to, resulting in enhanced osteoclast activity, which is bone remodelling. Conse-
quently, bone atrophy, which reduces bone density, eventually leads to aseptic loosening 
or failure [6–7].

Despite the increasing demand due to the increasing population of the elderly and 
number of accidents, the above-mentioned challenges limit further use of Ti6Al4V alloy 
in manufacturing biomedical implants [7]. Therefore, alternative metallic bio-implant 
materials comprised of non-toxic alloying elements such as Nb, Ta, Mo, Zr, etc., with 
low elastic modulus, moderate strength, and a combination of high compatibility and 
corrosion resistance are needed [8]. At the forefront of designing and developing such 
alloys, the metastable β-Ti-type alloys hold much promise. Among key requirements 
for a potential candidate alloy to be used as a biomaterial for the manufacturing of bio-
medical implants are mechanical compatibility, corrosion resistance, and chemical bio-
compatibility [9]. According to Cui et al., the mechanical properties of a material are 
influenced by the processing techniques, phases present, and microstructural constitu-
ents. Thus, it is important to pay careful attention to the design aspects when developing 
metastable alloys [9]. Another criterion for developing metastable β-Ti alloys is the rela-
tionship between the elastic modulus and the phase stability [1].

In recent years, Ti-Mo alloys as potential biomaterials have been studied with the 
emphasis on their microstructure and mechanical properties. For example, Molybde-
num in titanium alloys can improve corrosion resistance, help reduce elastic modulus 
and enhance ductility [10]. Mo demonstrate better biocompatibility, it can stabilize the 
β phase thus lowering the elastic modulus, it is non-toxic (when added within accept-
able concentration) and it is cheaper as opposed to alloying elements such as Nb, Ta ect. 
In terms of mechanical compatibility, the following studies were reported: Wang et al. 
investigated the microstructural characteristics and mechanical properties of Ti-10Mo, 
Ti-15Mo, and Ti-20Mo wt% binary alloys. The XRD analysis illustrated a completely 
β phase in Ti-15Mo and Ti-20Mo alloys, but the corresponding transmission electron 
microscope (TEM) analysis revealed the existence of fine ωath particles in Ti-15Mo and 
Ti-20Mo alloys. Elastic modulus was reported to be the highest in Ti-15Mo alloy (104 
GPa), while Ti-20Mo showed an elastic modulus of 83 GPa. The ultimate tensile strength 
and yield strength were the highest in Ti-20Mo (792 MPa and 734 MPa, respectively and 
were significantly lower in Ti-15Mo [11].

In another study, Takemoto et al. investigated the cold workability and deformation 
structure of a typical Ti-xMo (x = 8, 14, and 20 wt%) alloy. In this investigation, hot-
rolled and then quenched alloys were studied for phase and microstructural constitu-
ents using various techniques. XRD and TEM analyses showed the Ti-20Mo alloy was 
comprised of only β phase. The elastic modulus were recorded as 95, 104 and 91 GPa 
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respectivelly [12]. Zhou et al. investigated the microstructure and mechanical proper-
ties of Ti-10Mo and Ti-20Mo alloys cold rolled and solution treated, and quenched. In 
the water quenched state, the Ti-10Mo depicted β + ωath phases, and the cold rolled Ti-
10Mo showed β + α″ phases; however, the solution treated and cold rolled Ti-20Mo alloy 
showed only β phase. The elastic modulus of the cold-rolled alloys (Ti-10Mo and Ti-
20Mo) was recorded to be 79 GPa and 80 GPa, respectively. Their corresponding ulti-
mate tensile strength was 921 MPa and 992 MPa, while the yield strength was 412 MPa 
and 494 MPa, respectively. Under solution-treated conditions, the elastic modulus of Ti-
10Mo and Ti-20Mo alloys was 93 GPa and 75 GPa, respectively, while the corresponding 
ultimate tensile strength was 731 MPa and 823 MPa, and the yield strength was 465 MPa 
and 428 MPa, respectively [13].

From the above reported literature studies, it can be deduced that the developed 
Ti-Mo alloys were able to retain the β phase and improved their mechanical properties 
and corrosion resistances. However, the above alloys were designed using the trial and 
error methods without any background of their chosen compositions or design methods 
and the strength of the binary alloys especially Ti-20Mo alloy is still lower as compared 
to the strength of Ti-6Al-4 V alloy. This pose a challenge for biomeical applications such 
as load bearing implants and vascular stents that requires high strength. Thus, there is 
still a need for design and development of more metastable Ti-alloys which can compete 
with Ti6Al4V alloy from a compatibility, design, and cost point of view [14]. The addi-
tion of Fe as a low cost alloying element is gaining research momentum and the reason 
being; Fe in small amount could have an influence in the corrosion resistance and affect 
the biological performance of an alloy [15–16]. Fe is a strong β phase stabilizer and effec-
tive in solid solution strengthening [17].

Metastable β-Ti-Mo-Fe alloys have been and are continuously being explored, either 
designed using developed theoretical predictive methods or electronic parameters. The 
use of theoretical predictions such as molybdenum equivalence (Moeq), the d-electron 
method where two parameters such as the average Bo and Md values are proposed [18], 
and the electron to atom ratio (e/a) proposed by Ikehata et al. [19] are the mostly used to 
predict the formation of phases as well as an indication of weather the elastic modulus 
will be high or lower. The molybdenum equivalence (Moeq) is an expression that repre-
sents the contribution of each alloying element towards the β phase stability when they 
are compared to the most effective β stabilizer, which is Molybdenum (Mo). The molyb-
denum equivalence concept was first proposed by Molchanova et al. [20] and it was later 
modified by Bania. The modified coefficient of each β-stabilizers was calculated as the 
ratio of the critical minimum level of β-stabilizing content of Mo, which was reported 
by Bania to be 10 wt% [21]. 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 sup-
press martensitic transformation temperature (Ms) in the β-Ti alloy can be predicted by 
quantitative rule of Moeq.

The innovative d-electron concept of designing Ti alloys was experimentally proposed 
by Morinaga [18, 22], to provide guidelines on the selection of alloying elements and to 
forecast the phase stability of alloys. This method is based on the theoretical calculation 
of the electronic structures of titanium alloys by the discrete-variational (DV) Xα cluster 
method [22]. Two alloying parameters that describe alloying behaviors were obtained for 
a variety of elements in titanium alloys. The alloying parameters are the bond order (Bo) 
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and the metal d-orbital energy level (Md) [1] and [23]. Morinaga et al. and Kuroda et al. 
have established a theoretical two-dimensional phase stability map considering the gen-
eral electronic parameters, which are proven to be promising coordinates in designing 
and developing Ti alloys [23]. A phase stability map (called the Bo–Md map) as reported 
in another paper by Morinaga and Abdel-Hady et al., in which the areas of α, β + α, and 
β type alloys are separated clearly. The stability region of the β-type alloys extends to the 
higher Bo and to the lower Md region. The values of moduli of elasticity for these alloys 
decrease with increasing Bo and Md values in the β-type alloys region on the Bo- Md 
map [2].

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 
[19]. The elastic modulus of metastable β-Ti alloys is related to phase constituents as 
widely reported in literature [24]. According to Tiwari et al., the phase stability of met-
als and alloys is determined by free energy that can be attributed to the change in elec-
tronic energy or the misfit or strain energy [25]. The Hume-Rothery showed that the 
e/a ratio of metals and alloys is vital in controlling the phase stability and phase transi-
tion boundaries, where e is the number of free valence electrons and a is the number of 
atoms [26]. Previous work by Wang et al. and Buzatu et al. has indicated that the phase 
stability of Ti alloys is related to the e/a ratio [27–28]. The function of e/a ratio and the 
expected phase constituents diagram after water quenching as reported by Laheurte et 
al., illustrated that 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 [29]. Several researchers 
have designed new Ti alloys with low elastic modulus using the e/a method, and they 
reported on the relationship between e/a ratio and the phase boundary and the effect 
of phase constitution on the elastic modulus [27, 30]. The works of Tane et al.., Guo 
et al. and Zhao et al., showed theoretically that the Young’s modulus of Ti (Zr) alloys 
increases with the e/a ratio when the e/a ratio is higher than 4.2, [31–32]. The relation-
ship between the elastic modulus, phase constituents, and the e/a ratio as illustrated by 
Zhao et al. in another paper, shows that when the e/a ratio is between 4.07 and 4.09; 
beyond these values (4.10–4.19), the elastic modulus increases significantly, and below 
these values, the modulus starts to decrease slightly [33].

Number of literature studies are published on metastable Ti based alloys designed for 
biomedical applications, some designed using the afore mentioned theoretical mentods. 
For example, Abd-elrhman et al. investigated the compatibility and performance of new 
low-cost β-type Ti alloys (Ti-4.7Mo-4.5Fe at% →Ti-9Mo-5Fe 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 
83 GPa and ultimate tensile strength of 974 MPa [34]. 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 1.70 wt%). The formation or presences of phases included the β + α″ 
in alloy with low Fe content, and the formation of β + ω was more pronounced with 
higher Mo and Fe content. The elastic modulus in both alloys increased significantly 
with an increase in Fe content [35]. Lin et al. investigated a novel Ti-Ta-Hf-Zr alloys with 
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promising mechanical properties for prospective stent applications by using the design 
methods. The as-cast alloys illustrated β and ω phases, with high tensile strength of 
1172 MPa, elastic modulus of 79 GPa, elongation of 1.58% and high compression yield 
strength of 1158 MPa [36].

The above published literature work have illustrated that the design and development 
of metastable β Ti alloys for biomedical applications are widely explored. However there 
is still limited work on the development of alloys with low cost elements such as Fe ele-
ments, and alloys with high content of Mo that are subjected and characterized only 
after solution treatment process only without rolling or forging with a goal to increase 
the strength of a material for biomedical applications such as those in vascular stents. 
Based on the reasons mentioned above, the current study uniquely investigates the com-
bined influence of Fe addtion and theoretical methods on β stability and mechanical per-
formance of Ti-Mo alloys with high Mo content vascular stents. Microstructural analysis 
and mechanical properties of solution treated and water quenched binary Ti-20Mo and 
ternary Ti-16.5Mo-1.1Fe wt% were evaluated in this study.

2  Materials and methods
2.1  Alloy design

2.1.1  The d electron method

Equation 1 below was use to calculate the average values of bond order (Bo) and d-orbital 
energy level (Md) of the studied alloys. Where Xi is the atomic fraction of element i in 
an alloying element, (Bo)i and (Md)i are the values of bond order and metal d-orbital 
energy level for element i, respectively [37–38]. The values of (Md) and (Bo) are calcu-
lated using both bcc Ti and hcp Ti clusters, and they are listed in a paper by Morinaga 
[18]. Bond order (Bo) and metal d orbital energy level (Md) values of pure metals were 
calculated and reported by Morinaga were used to calculate the composition average 
values of bond order (Bo) and metal d-orbital energy level (Md) values of developed ter-
nary titanium alloys [18]. The calculated Bo and Md values presented in Table 1 dem-
onstrated that when the composition of Mo is reduced to 16.5 wt% and 1.1 wt% of Fe is 
added as 3rd 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 electronegativ-
ity as compared to Mo. The decrease in Bo and Md values might increase elastic modu-
lus, thus contradicting the statement made by Kuroda et al. [2]. The phase stability map 
in Fig. 1, was used to map out the average value of Bo and Md of Alloy 1 and Alloy 2. 
According to Fig. 1, both Alloy 1 and Alloy 2 are situated in the β region, indicating that 
the alloys will retain β phase upon quenching from high temperature.

↼

Bo=
∑

Xi(Bo)iand
↼

Md=
∑

Xi(Md)i� (1)

2.1.2  The electron-to-atom ratio (e/a) method

To determine the values of e/a ratios for each alloy, Eq. 2 was used where: where the Ni 
is the number of valence electrons, and the Ci is the atomic percentage of elements i. 

Table 1  Designated name, composition, the calculated Moeq, e/a ratio, Bo, and Md
Designated alloy name Alloy composition (wt%) Moeq (wt%) e/a ratio Bo Md
Alloy 1 Ti-20Mo 20.0 4.22 2.82 2.39

Alloy 2 Ti-16.5Mo-1.1Fe 19.7 4.22 2.81 2.39
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The calculated values are presented in Table 1 where both alloys have an equal e/a ratio 
of 4.22 and this predicts that they will retain the β phase upon quenching. The current 
work will also aid in unravelling the above discrepancy in terms of the phases present. 
Figure 2 illustrate the relationship between the elastic modulus, phase constituents and 
the e/a ratio. It was noticeable that both alloys are situated in the β phase reagion in 
Fig. 2(a) and in Fig. 2(b) they are situated in the β + ω region. According to Fig. 2 (a), both 
alloys are predicted to retain the β phase when characterized using XRD for example 
and according to Fig. 2 (b), both alloys are forecasted to form both β + ω phases upon 
quenching from high temperatures.

e/a =
∑n

i=1
N iCi� (2)

Fig. 2  Expected phase constituents in the microstructure of Ti alloys after quenching from high temperature 
versus e/a ratio, reproduced from Refs [29–40]. (a) and the relationship between elastic modulus with e/a ratio in 
Ti alloy systems [33] (b)

 

Fig. 1  Phase stability diagram based on the average Bo and Md parameters [1–2,18, 39]
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2.1.3  Molybdenum equivalence (Moeq) method

The Moeq values of both alloys were evaluated using Eq. 3 and their values illustrated 
in Table 1. According to Table 1, the Moeq of both alloys (20.0 wt% and 19.7 wt%) are 
higher than 10 wt% reported by Bania, this suggest that both alloys will retain the β 
phase when quenched from high temperatures.

[Moeq](B) = 1.0 [Mo] + 2.9 [Fe] (wt.%)� (3)

2.2  Experimental procedure

2.2.1  Fabrication process

The compositions of the studied alloys were varied in the following way: binary alloy 
with a composition of Ti-20 wt% Mo, which is designated Alloy 1, and the second alloy, 
designated Alloy 2, consisted of a Ti-16.5Mo-1.1Fe wt%, wherein the Mo composition 
was slightly lowered while a low content of Fe as a second alloying element was added. 
This was done to analyze the effect of simultaneous reduction and addition of Mo and 
Fe, respectively, on the phase constituents and mechanical properties. Titanium, Molyb-
denum, and Iron powders with 99.95% purity were attained from Alfa Aesar. To compact 
the powders into green bodies (Fig. 3a), their presented composition in Table 1 where 
weighed and cold compacted using a Zwick-Roell testing machine where the compaction 
load was 80 kN, with a cross-head speed of 20 mm/min. To further process the 50 g of 
compacted green bodies, the ultrasonic atomization system called the AMAZEMENT 
rePowder arc-melting system (Fig. 3b) which was operating under a high inert environ-
ment was used to melt the green bodies [41]. The system was purged with 100 ppm to 
minimise the oxygen in the chamber, a 3 × 10− 1mbar vacuum pressure was acquired 
for vacuuming the system, which was followed by filling the chamber with 100 mbar of 
pressure of argon gas. Process uses an arc with a current starting from 70 A to 270 A and 
temperature ranging between 100 and 2500 °C, used for melting the compacted powder 
on a copper hearth cooled by water that flows at 17–20 °C from the chiller. The ingot is 
turned more than 4 times for better homogeneity, and this is achieved by making use of 
a vacuum manipulator or sample gripper without opening the chamber. Melted ingots 
(Fig. 3c) were solution treated in a muffle furnace that was in controlled environment 
(Ar gas was purged in to the system before the process can begin) at 1100 °C, held for 
an hour, and quenched in ice-brine water. The resulting samples were thus referred to as 
water quenched (WQ).

Fig. 3  Compacted green body (a) re-powder plasma melting furnace (b) [42] and melted ingot (c)
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2.2.2  Microstructural characterization

To analyse the phase constituents in each alloy, an X-ray Diffractometer equipment 
called the Malvern Panalytical Empyrean was ultilized, where the Cu Kα radiation with 
incorporation of a secondary monochromatic (λ = 0, 1545 nm) with a voltage of 45 kV 
and current of 40 mA parameters were used to run the patterns. The 2θ scan range was 
recorded to be from 5° to 100 ° with a step size of 0.01°. For verification purposes, a refer-
ence silicon disk was conducted in the same conditions and parameters. To analyse the 
presence of phases, a software called the X-pert High score software was used utilized. 
To study the microstructural evolution, the quenched samples were prepared following 
the metallographic preparation standard. To reveal the microstructures and grains, the 
samples were etched with Kroll reagent which was composed of the following concen-
tration: (90ml H2O, 2 ml HF, 3 ml HNO3, and 5 ml HCl) for 30–59 s. The DSX-HRSU 
Olympus (Japan) optical microscope was used to capture images at different magnifica-
tions, from low magnification of 400 μm to the highest of 100 μm. To determine elemen-
tal composition after processing and to investigate the existence of segregation, energy 
dispersive spectroscopy was performed in JOEL JSM-6010 Plus/LAM scanning electron 
microscope (SEM) at an accelerating voltage of 8 kV, where point and shoot were con-
ducted, and the average elemental composition was recorded. Oxygen analysis of both 
samples were not determined in this study, however it is considered for future work. 
To obtain clear images with large grains, the images were taken at higher magnifica-
tions. The grain size measurements on the micrographs were conducted using ImageJ 
software.

2.2.3  Mechanical properties

To evaluate the mechanical properties, a tensile test method was used which it was con-
ducted using Instron™ 1342 machine at room temperature following the ASTM E8 stan-
dard. The tensile tester machine was fitted with a 50 kN load cells and the crosshead 
speed was kept constant at 0.5 mm/min. Three tensile specimens per alloy with the fol-
lowing dimensions 40 × 5 × 3 mm were prepared using the electrical discharge machin-
ing, where a displacement was applied at a rate of 0.01  mm s − 1. During the test, an 
extensometer with 25 mm gauge length was connected to the gauge section of the test 
specimen with the purpose of measuring the tensile strain. The moduli were determined 
from the regions up to around 0.5% strain of the experimental stress-strain curves; at 
approximately this level of strain, then the extensometer was removed to ensure that it 
would not be damaged upon the sample failure. Simultaneously, and continuing above 
0.5%, the strain values were recorded directly from the displacement of the universal 
testing machine cross heads.

Fracture surface of each alloy after tensile test was evaluated using JOEL JSM-6010 
Plus/LAM scanning electron microscope (SEM) at an accelerating voltage of 8 kV, and 
all the images were captured at a magnification of 350 × (50 μm). To further investigate 
the mechanical properties, Vickers hardness of all the water-quenched samples were 
measured using a Zwick Roell Vickers hardness indenter machine. A small diamond was 
used to make indents on the samples where the load was recorded to be 500 gf and the 
dwell time was recorded to be 10 s. A minimum of 10 indents were made on each sample 
and they were evaluated microscopically and their averages were calculated.
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3  Results and discussions
3.1  Phase and microstructural evolution

3.1.1  X-ray diffraction

Constituents’ phases present in an alloy are quantified by various techniques, for which 
XRD is one of them. As a result, the current study deployed the XRD technique to detect 
phases present in the quenched alloys. XRD patterns of Alloy 1 and Alloy 2 are presented 
in Fig. 4(a and b), respectively. Both alloys were comprised of peaks belonging to only 
the β phase. The XRD peaks belonging to other phases, such as the orthorhombic (α″) 
and omega (ω) martensitic phases, were not detected. This absence could be ascribed to 
the composition, suggesting that the martensitic start transformation (Ms) temperature 
is below room temperature for both alloys. The Ms temperature of β-isomorphous alloys 

Fig. 5  OM micrographs of water quenched (a, b) Alloy 1 and (c, d) Alloy 2 [42]

 

Fig. 4  XRD patterns of water-quenched (a) Alloy 1 and (b) Alloy 2 [50]
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decreases as the solute content increases [43–44]. This observation is in agreement with 
the previous studies [13,45]. Although the presence of an athermal omega (ωath) phase 
was not distinguished in the XRD patterns, this could be a result of its size falling below 
the detection limit of the instrument. Earlier investigations by Zhao et al. and Sabeena et 
al. pointed out the presence of the precipitated ωath phase in Ti-10Mo to Ti-20Mo alloys 
[46–47]. However, according to Sun et al. and Nakai et al., the ωath phase is difficult to 
detect by XRD since β and ωath phase peaks overlap [48–49].

As shown in Fig. 4(a), Alloy 1 depicted the highest peak at 2θ position of 39° belonging 
to the (110) plane and the lowest peak at around 2θ = 84° belonging to the (220) plane. 
On the other hand, Alloy 2 displayed the highest peak at 2θ = 84° belonging to the (220) 
plane and the shortest peak belonging to the (200) plane at a 2θ position of 57°. Phase 
prediction using the Moeq and e/a ratio was comparable to the experimental data. It is 
evident that in both alloys, the calculated Moeq and e/a ratio concurred with experi-
mental findings, that only the β phase existed. Experimental results of Alloy 1 are similar 
to the ones reported by Wang et al. [11]. Due to a lack of published work with similar 
results as Alloy 2 after solution treatment and water quenching only, it was challenging 
to compare the results with the literature work.

3.1.2  Optical microscope

Micrographs of the quenched alloys were investigated using the optical microscope 
(OM). Figure 5depicts the OM of Alloy 1 (a) and Alloy 2 (b) in low magnification and 
high magnification. Both alloys exhibited β equiaxed grains without any additional struc-
tures. It was observered that the grains in the two alloys were significantly different; for 
instance, Alloy 1 displayed much larger grains in such a way that a single grain could not 
be seen when measured at higher magnification, and a clear grain with a grain bound-
ary was visible at lower magnification. On the other hand, Alloy 2 showed distinguish-
able grains comprised of large and small sizes. In comparison, grains in Alloy 2 (with a 
grain size of 313.26 μm) were visibly observed to be much smaller than grains in Alloy 1 
(with a grain size of 301.65 μm). The OM micrographs were in agreement with the XRD 
results in Fig. 1. The theoretical methods predicted the presence of β phase in Alloy 1 
and Alloy 2, and the results agreed with the optical micrographs because there were 
no other structures that could be observered in the micrographs except the β equiaxed 
grains only. The OM micrographs of Alloy 1 are similar to the work reported by Zhou et 
al. [13] and Wang et al. [11]. The Optical micrographs of Alloy 2 were difficult to com-
pare to the literature work.

3.1.3  Electron dispersive spectroscopy

Elemental distribution in both alloys after water quenching was measured using the 
EDS, which is incorporated in the SEM machine. The images were taken at higher mag-
nification in both alloys, and they are presented in Fig. 6 (a and b). The point and shoot 
analysis was taken along the grain boundary and inside the grains in both alloys. The 
elemental distribution in Alloy 1 showed that Ti decreased slightly as compared to the 
starting material in both areas, while Mo increased slightly. The results indicated that 
both the grain boundary and the inside the grain were Mo-rich. Elemental distribution 
in Alloy 2 indicated a similar trend as in Alloy 1; both areas were rich in Mo, as the 
content of Mo increased significantly as opposed to the starting composition. Fe and Ti 
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decreased notably, hence the areas were Fe and Ti-lean. The average elemental distribu-
tion in both alloys showed that segregation did occur after processing: melting and water 
quenching, because both alloys became rich in Mo. The studied results are consistence 
with the results that were reported by Ruzic et al.., in Ti-12Mo alloy [51]. To determine 
the content of Oxygen, further analysis will be conducted using relevant characteriza-
tion techniques.

3.2  Mechanical properties

3.2.1  Tensile properties

Force related attributes such as strength, stiffness, and elongation are some of the 
mechanical properties that a material can include. It is vital to note that the above men-
tioned properties can be considered for a certain material which is appropriate for a 
particular application. For example, artificial joints need to be strong enough to with-
stand the weight and pressure of the human body [52]. The tensile properties, such as 
ultimate tensile strength (UTS), are represented in Table 2 below. Whereas, the YS was 
recorded as 906 ± 11.49 MPa for Alloy 1. Alloy 2 was brittle to produce a yield strength 
however, the UTS of brittle material is also considered the YS, thus the YS of Alloy 2 can 
be considered to be 540 ± 149 MPa. The elongation of the alloys were much lower, and 
this might be due to the removal of the extensometer by the operator during testing as 
outlined in Sect.  2.2.3. It was observed that when the Mo content was decreased and Fe 
added as a secondary alloying element, the UTS decreased significantly. Alloys 1 and 2 
revealed UTS values of 920 ± 17.3 MPa and 540 ± 149 MPa, respectively.

It is commonly known from literature that intrinsic factors such as atomic bonding, 
phase evolutions, microstructural features have a bearing on the strength of a material 

Table 2  Tensile properties and Micro-Vickers hardness properties of Alloy 1 and Alloy 2
Alloy name UTS (MPa) YS (MPa) E (GPa) Hv0.5

Alloy 1 920 ± 17.3 906 ± 11.49 84 ± 8.86 353 ± 1.98

Alloy 2 540 ± 149 540 ± 149 74 ± 7.21 428 ± 8.41

Fig. 6  EDS analysis of Alloy 1 (a) and Alloy 2 (b) after water quenching [42, 50]
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[53], . Four strengthening mechanisms, namely, (i) solid solution strengthening (SSS), 
(ii) deformation strengthening, (iii) precipitation strengthening and (iv) dispersion 
strengthening, as well as other microstructural factors such as grain refinement and 
sub-grain strengthening, can affect the strength of a material [36] and [54], . In the first 
three strengthening mechanisms, the strength is improved at the expense of ductility. 
The high strength in Alloy 1 as compared to Alloy 2 is attributed to the high Mo content 
in Alloy 1 as opposed to Alloy 1, indicating that the solid solution strengthening effect in 
Alloy 1 was higher as opposed to Alloy 2. The high strength could be due to the ductile 
behaviour in Alloy 1, resulting in the observed plastic deformation (the alloy yielded as 
opposed to Alloy 2).

On the other hand, poor plasticity in Alloy 2 (poor yield strength), resulting in lower 
UTS, is attributed to iron’s embrittling character due to its smaller atomic size compared 
to the larger atomic sizes of Ti and Mo is observed in Alloy 2. A similar behaviour was 
recently observed in Ti-15Mo alloys containing high Fe contents of 4, 8, and 12 wt% [54]. 
The UTS of Alloy 1 is found to be higher compared to the Ti-20Mo alloy reported by 
Wang et al. [11] and Zhou et al. [13]. Furthermore, the UTS was found to be higher com-
pared to that of the commercially available Ti6Al4V alloy. The high strength (UTS and 
YS) of Alloy 1 not only shows potential to be considered for the manufacturing of ortho-
pedic implants but also for balloon expandable stents that are used in coronary vascu-
lar stents. Comparing the mechanical properties with theoretical methods, it can be 
deduced that the decrease in Bo and Moeq values illustrated a decrease in the strength of 
a material.

3.2.2  Elastic Modulus (E)

High strength is usually associated with high elastic modulus; thus, it was visible in Alloy 
1, where the elastic modulus was recorded to be 84 ± 8.86 GPa, while the elastic modulus 
of Alloy 2 was 74 ± 7.21 GPa, as it is illustrated in Table 2 below. It is well known that 
the elastic modulus change with the type of phase(s) present in the alloy [55–56]. The 
elastic modulus is also related to the interatomic distances in the crystal lattice, which 
can be controlled by either alloying, heat treatment, or plastic deformation [57]. Both 
alloys showed the presence of β phase without the addition of other phases. Thus, the 
high elastic modulus in Alloy 1 is attributed to high Mo content. However, Alloy 2 dem-
onstrated a lower elastic modulus ascribed to a substantial decrease in Mo content. A 
small addition of a strengthening element (Fe) could not compensate for the reduced Mo 
content [49, 52]. The elastic modulus of the studied alloys contradicts the predictions 
made by the calculated Bo and Md because Alloy 1, with the high Bo and Md values, did 
not show a low elastic modulus, but it was Alloy 2, with low Bo and Md values, that indi-
cated a low elastic modulus.

The elastic modulus of Alloy 1 and Alloy 2 was much lower than that of the Ti6Al4V 
alloy. Although the elastic modulus of Alloy 1 was found to be higher than the modu-
lus reported by Zhou et al. [13] and it was also higher than the modulus reported by 
Wang et al. [11]. The elastic modulus of Alloy 2 was lower as opposed to the following 
alloys (Ti-4Mo-2Fe with 84 GPa, Ti-6Mo-1Fe with 81 GPa, and Ti-6Mo-2Fe with 119 
GPa), which were studied by Kobayashi et al. [35], and the elastic modulus in Alloy 2 
was seen to be lower as opposed to the modulus evaluated by Min et al. [58] in Ti-5Mo-
1Fe alloy with an elastic modulus of 82 GPa, and Abdel-Hardy Gepreel et al. [14,34] in 
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Ti-9Mo-5Fe with an elastic modulus of 83 GPa. In addition, comparing the elastic mod-
ulus in Alloy 2 and with that of commercially available TI6Al4V alloy which is 110 GPa, 
Alloy 2 was significantly lower. However it was noticeable that, Alloy 2 and Alloy 1 pos-
sess a high elastic modulus as compared to the cortical bone, which can be challenging 
for orthopedic implants because of the stress shielding effect; however, the high elas-
tic modulus is required for balloon expandable stents used in coronary vascular stents. 
Thus, Alloy 1 and Alloy 2 show potential to be considered for use in balloon-expandable 
stents.

3.2.3  Micro-Vickers hardness (Hv)

Micro-Vickers hardness results of Alloy 1 and Alloy 2 are presented in Table 2. Hardness 
increased very notably from 353 ± 1.98 Hv0.5 in Alloy 1 to 428 ± 8.41 Hv0.5 in Alloy 2, cor-
responding with the addition of Fe and reduction in Mo content. According to published 
work, different factors such as grain size, processing techniques, cooling medium, solid 
solution effect, phase constituents and grain size can have an influence on the overal 
hardness of a material [59]. XRD detected the presence of only β phase in both alloys, 
though equiaxed, smaller β grains and higher grain size were observed in Alloy 2, hence 
higher hardness. Moreover, Furukawa et al. reported that there is a connection that can 
be seen between structure of a material, grain size, the distance that exist between the 
particles of the intermediate phases [60, 61]. The grain boundary acts as a barrier for 
dislocation movement and this can be explained using the Hall-petch mechanism, where 
dislocations find it difficult to move when the grains are smaller, however they can move 
easily on bigger grains. The dislocation movement and grain sizes influnces the hardness 
of a material: bigger grains will lead to low hardness and smaller grains will reveal higher 
hardness values. When compared to literature, the hardness of both alloys was notably 
higher compared to the Ti6Al4V alloy reported by Guo et al. [62] and higher compared 
to Ti-4Mo-1Fe, Ti-6Mo-1Fe wt% presented by Kobayashi et al. [35]. Hardness of Alloy 2 
was found to be further higher compared to Ti-6Mo-2Fe wt% explored by Kobayashi et 
al. [35], and also higher than the Ti-4Mo-1Fe and Ti-6Mo-1Fe wt% alloys investigated by 
Abdel-hardy Gepreel et al. [14]. The relationship between strength and hardness here is 
that the alloy with low UTS illustrated the highest hardness due to embrittlement, and 
the alloy with high UTS possessed low hardness as a result of ductility. Hardness and 
UTS were found to be inversely proportional to each other.

3.3  Fractographic studies

The SEM micrographs of the fracture surface after the tensile test at room temperature 
along different orientations are depicted in Fig.  7(a to d). Generally, the degradation 
of metal material properties during ductile fracture is tightly related to micro damage 
mechanism [63]. Previous studies by Hancock et al. have illustrated two types of micro-
failure mechanisms: void growth and shear mechanism [64]. In void growth mechanism, 
the initial and new nucleated void dilate under high stress triaxiality and this lead to 
reduction, necking rupture on the inter-void ligaments and thus the formation of void 
coalescence and equiaxed dimples. In void shear mechanism, the voids elongate, rotate 
and interact with each other in a low and negative triaxiality region and this leads to 
shear localization and rupture in the inter-voids ligaments. As illustrated in [65] (a and 
b), irrespective of the direction of testing, the micrographs were characterized by the 
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presence of deep equiaxed fine shallow dimples indicating that the the voids have fully 
grown and distributed under large plastic deformation and microvoid coalescence frac-
ture signifying ductile fracture characteristics and tearing ridges with small features of 
cleavage facets, which indicated that the fracture mode is a mixture of ductile fracture 
and cleavage fracture. Many equiaxed dimples distribute equably and present more 
widely and deeply due to their good plasticity of fracture [65]. Figure  7(c and d) dis-
played a fracture surface with large cleavage facets, coarse dimples with fewer tearing 
ridges, and microvoid coalescence. The appearance of coarse particle boundary facets 
indicated an enhanced embrittlement trend of the alloy, which ultimately leads to poor 
ductility due to the cleavage fracture [66]. This implies that Alloy 2 was composed of 
brittle fracture more as compared to ductile fracture. The results in Alloy 2 are similar to 
the ones reported by Nocivin et al. [67] in Ti-Nb-Zr-Fe-O alloy. The results are also simi-
lar to the fracture surface reported by [63] in Ti6Al4V alloy. The fracture surface of Alloy 
1 was similar to that presented by Wang et al. [11]. and results demonstrated by [68].

3.4  Study limitation statement

The current study provides the following limitations that are considered for future work: 
for alloys designed for biomedical applications, biocompatibility is very vital, either 
mechanical, chemical compatibility ect and also further processing such as rolling, aging 
and annealing needs to considered. Biocompatibility can be tested in corrosion, wear 
properties, In vitro or in vivo test [69]. In this study mechanical test such as tensile test 
were conductected, however fatique test still need to be conducted and other mechani-
cal test such as bending and compression test. Currently, corrosion and wear behaviors 
of Ti-Mo alloys are usually studied separately as isolated systems [20]. However, implants 
are generally encompassed by body fluids in the human body that induces corrosion. In 
vitro tests evaluate attachment, proliferation, and differentiation of osteoblasts or stem 
cells. Viability of fibroblasts often serves as a measure of cytotoxicity of alloys. To ascer-
tain Ti’s safety and effectiveness, it is often subjected to in-vitro cytotoxicity evaluations 

Fig. 7  Fracture surfaces of water quenched (a and b) Alloy 1 and (d and c) Alloy 2
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using specific cell types like L929 and MC3T3 E1 cells. Through these tests, Ti’s viability 
and reliability as an implant material are consistently demonstrated. Various studies have 
demonstrated the investigation of cell culture and response in metastable β-Ti alloys, for 
instance a 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 [70]. 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 on the studied alloys 
to be conducted in future work.

4  Conclusions
The current study uniquely investigates the combined influence of Fe addtion and the-
ortical methods on β stability and mechanical performance of Ti-Mo alloys with high 
Mo content vascular stents. The predictive methods such as Bo and Md, Moeq were 
consistent with XRD, OM results, the predicted ω phase in both alloys by e/a ratio 
method were not detectable using XRD technique, thus TEM technique is considered 
for future work. The tensile properties showed that the UTS and E decreased signifi-
cantly when Mo decreased, while a small amount of Fe was added. The high stability of 
β led to improved mechanical strength elastic modulus in Alloy 1, that render it suitable 
for balloon-expandabel stent applications. In addition to smaller grains, the embrittling 
character occurring when a transition metal with a much smaller atomic radius, such as 
Fe, is introduced to a larger-sized Ti lattice, led to increased Vickers hardness from Alloy 
1 to Alloy 2, however the strength and elastic modulus were lower. The fracture sur-
face of Alloy 2 was composed of high fraction of dimple fracture as opposed to cleavage 
fracture, thus a ductile fracture. It is evident from this work that the electronic param-
eters are accurate in predicting the phase and microstructure of β Ti alloys. However, 
the atomic size difference between the solute and solvent elements plays a major role in 
influencing the mechanical properties thereof.
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