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Abstract

The main focus of this work is to investigate the impact of varying milling times (2 to 18 h) on the structural and
mechanical properties of the developed Ti-Nb-Mo alloy. The morphology, phase composition, microstructure, and
mechanical behavior of milled and sintered Ti-25Nb-25Mo alloy samples were characterized systematically using
x-ray diffraction, scanning electron microscope, optical microscope, and Vicker microhardness. It was noted that
the quantity of the B-Ti phase increased as the milling time increased. After 12 h of milling, the synthesized alloys
exhibited a spherical morphology and texture with homogeneous distribution. The milled alloys' structural evolution
and morphological changes were found to be dependent on their milling duration. Morphological analysis revealed
that the crystallite size and mean pore size decreased when the milling duration increased, reaching minimum values
of 51 nm and < 1 pm, after 12 and 18 h respectively. As the milling time increased, the grain size decreased, resulting
in an increase in density, microhardness, and elastic modulus. Ti-25Nb-25Mo will presents good anti-wear ability
and higher resistance to plastic deformation due to enhanced mechanical characteristics (H/E, and H¥/E?). Hence, the
developed Ti-25Nb-25Mo alloys with reduced elastic modulus and desirable mechanical properties were found to be
a promising option for biomedical applications.

Keywords Ti-25Nb-25Mo alloy - High-energy ball milling - Milling time - Structural evolution - Nanoparticle - Biomedical
applications
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1 Introduction

Every year, approximately one million patients across the
globe undergo surgery for total hip arthroplasty, which is
considered to be one of the most significant advancements
in the field of orthopedics [1, 2]. Total hip replacement
refers to a surgical intervention to remove the damaged
or injured cartilage and femoral head of the hip joint and
replace it with an artificial hip prosthesis made of different
synthetic materials. The primary goal of this surgery is to
restore the normal functioning of the joint [3-5].

Although artificial hip joints are engineered to have a
lifespan of 20 years, their longevity is often restricted due
to issues such as biomechanical and biological incompat-
ibility, as well as corrosion and wear-related problems that
affect the stability of primary and secondary implants [1,
2, 4, 5]. Ongoing research and development efforts are
focused on enhancing the design of hip prostheses, includ-
ing the structures and materials employed, to lower the
likelihood of failures and decrease the need for revision
surgery [1, 6].

The biomedical materials domain is continually devel-
oping, with several unique alloy combinations emerging
in the previous 20 years. Extensive research is being con-
ducted, with a specific focus on titanium and its alloys
owing to their exceptional mechanical and biological prop-
erties [7], such as outstanding resistance to corrosion in
body fluid, remarkable strength, high biocompatibility, and
good tribological characteristics. Moreover there are sev-
eral straightforward methods that can possibly be used to
improve their mechanical characteristics. Hence, titanium
and its alloys have found widespread use as orthopedic
implant materials and in medical industries [8-11].

Commercially pure titanium (cp-Ti) with differ-
ent grades such as a-type, and its alloys (Ti—Al-Fe, and
Ti—Al-Nb) such as a+ f type, are presently the preferred
choice for orthopedic implant materials because of their
exceptional biocompatibility, resistance to corrosion, and
an impressive ratio of strength to weight [12].

Although, as discussed by Niinomi et al. and Pengfei
et al. [13, 14], Ti alloys have a higher Young modulus than
human bone, these alloys may be biomechanically incom-
patible [12]. A difference in stiffness or elasticity between
both the implant material and the hard tissues material,
can lead to excessive stress-shielding effects during bone
fixation and ultimately result in premature implant failure
[15]. Besides that, some widely used Ti alloys (Ti—Al-Fe,
Ti—Al-V) are susceptible to dangerous ion release, includ-
ing Al or V [10]. The long-term in vivo implantation of
such alloys has been associated with various problems,
including Alzheimer's disease and mental disorders, due to
the production of ions. As a result, there is a pressing need
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for the creation of new titanium-based alloys that have low
elasticity and containing metallic biocompatible elements
such as Mo, Nb, Zr, Ta, and Sn [10, 16].

Ti-Nb-Zr, Ti-Mo-Zr-Fe, and Ti-Mo are among the most
promising titanium alloys that have been authorized by the
FDA [11]. Xu et al. [17], utilized XRD analysis to study the
phase changes of the alloy and found that the Ti-35Zr-28Nb
alloy was comprised of B-phase only. A similar result was
reported in the works of Yan et al. [18], and Chui et al. [14].
B-type titanium-based alloys have caught the attention of
researchers and industrialists for biomedical implant appli-
cations, thanks to their mechanical characteristics which
closely resemble those of human bones. In their report, Fat-
ichi et al. [19], found that the inclusion of 2 and 4 wt.% of
zirconium in Ti-35Nb alloy is ideal for biomedical applica-
tions, as it hinders the generation of both a” and ® phases
which are responsible for an increase in elastic modulus.
In [20], the stiffness of the Ti-Nb-Zr sample, which was
milled and sintered, was reported to be 52 GPa, similar to
the Young modulus of hard tissues. According to Li et al.
[21], the content of the a-phase decreased, and the f-phase
content increased with an increase in the Mo equivalent.

As a result, the yield strength of the Ti-Nb-Mo-Ta alloys
decreased, while the strain at failure increased. In biomedi-
cal applications, Ti-10Mo-(3, 7, 10)Nb alloys are promising
due to their combination of high strength and low elastic
modulus. The equiaxed p-phase became the dominant phase
when Mo and Nb were added [22]. Xu et al.'s research found
that the Ti-Mo-Nb system exhibited higher values of Vick-
ers microhardness, compression strength, and yield strength,
along with high plastic strain and a reduced Young modulus
(ranging from 24.7-28.4 GPa), which is an additional desir-
able property [22].

These alloys have the added benefit of improved corrosion
resistance as they contain f-stabilizers, which are completely
biocompatible elements. It was demonstrated by Dinu et al.
[23], that the corrosion resistance of the ternary Ti-Nb-Zr
system was superior when compared to the Ti-6Al-4 V
alloy in all types of artificial human body environments. As
mentioned by Lopes da Silva et al. [24], Ti alloys contain-
ing Nb and Zr demonstrated improved corrosion properties
compared to pure titanium (cp-Ti). Neacsu et al."s in vitro
research work has shown that the five newly developed low
modulus alloy compositions, including Ti-12Mo, and Ti-(4,
6, 8, 10)Mo-(32, 24, 16, 8)Nb, exhibit favorable biocompat-
ibility and do not adversely affect adhesion, morphology,
and proliferation rate, in comparison to cp titanium [25].

Moreover, it is crucial for biomaterials to possess lower
wear volume and coefficient of friction with high wear
resistance to prevent the generation of wear debris and the
liberation of metallic ions, which can potentially trigger
undesirable bodily reactions [26]. According to Xu et al.
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[10], Ti-35Zr-28Nb exhibits superior wear resistance com-
pared to pure Ti and approaches that of Ti-6Al-4 V. The
dominant wear mechanism of Ti-35Zr-28Nb is primarily
abrasive wear, with adhesion wear also playing a role.

Furthermore, porous titanium-based alloys synthesized
through mechanical alloying have become increasingly popu-
lar in the recent past. Mechanical alloying can be employed to
generate a finer grain structure that exhibits enhanced mechan-
ical properties. This technique can also obtain Ti- alloys with
a lower Young modulus comparable to the hard tissues [27].

The milling time is a critical factor in the mechanical alloy-
ing process. As the milling duration is increased, the mechani-
cal characteristics of the samples, including microhardness,
density, compressive strength, and Young's modulus, were
enhanced. In particular, elastic modulus of the Ti-Nb-Zr alloy
sintered and milled for 4 h exhibited Young's modulus of 52
GPa, the same as the elastic modulus of hard tissue [20].

The milling duration was selected to attain a fine p-phase
titanium structure [16]. Additionally, during the milling
process, other elements such as Nb, Zr, Mo, and Mg were
incorporated into the Ti structure, leading to a phase trans-
formation to the titanium J phase [16]. These findings are
comparable to the results of Gouvea et al. [28], who studied
Ti-35Nb-5Mo samples that were ball-milled for 12, 24, 40,
and 60 h, respectively. A study has been conducted to ana-
lyze the impact of alloying elements and milling duration on
the microstructural changes in Ti-Nb alloy [29]. The XRD
spectra indicated that the creation of a $-Ti solid solution
happened after milling for more than 20 h [29].

As presented by Salvo et al. [29], the quantity of the B-Ti
phase grew as the milling time increased, and the a-Ti phase
was not detected at longer milling times. This structural
change caused by milling time and chemical composition
affected mechanical and tribological properties. Mendes
et al. [30], mentioned that Ti-27Nb-13Zr alloy is catego-
rized as o+ B, and the formation of these phases is affected
by the duration of milling. Prolonged milling time led to a
rise in the a” phase, which caused the alloys produced by
powder milling for 2 and 6 h to have more $-Ti phase than
o-Ti phase. When the milling time was extended to 10 h,
an equiaxed structure with a-plates and a-colonies in the
matrix was observed, and all the Nb was in solution [30].

In the last few years, there has been a growing interest
in new generation beta-type titanium alloys such as Ti-Nb,
Ti-Mo, Ti-Nb-Mo, and Ti-Nb-Zr, their potential use as bioma-
terials, and the novel production procedure. The impact of Nb
concentration on the structural and mechanical characteristics
of Ti-Nb alloys was the aim of a work executed by Camposs-
Quiros et al. [11]. Fellah et al. [31], also preformed a study
on the improved physical and tribological properties of binary
Ti—15Nb system for bone implant applications. Recently,
several authors [12, 27, 32], have examined the effect of Mo
content on different properties of Ti-xMo. The structural and

mechanical characteristics of biomedical Ti74xMoxNb26
B-alloys (X0, 2, 4, 6, and 8 at.%) with low modulus of elastic-
ity were investigated by Li et al. [33]. Xu et al. and Gouvea
et al. [22, 28], also reported research on ternary Ti-Nb-Mo
alloy. Some significant researchers have successfully applied
the same production principle in their studies, employing the
powder metallurgy process especially high-energy ball milling
to produce several beta-type titanium alloys with exceptional
performance characteristics optimized for biomedical appli-
cations. Among the notable papers on this topic are those by
researchers [16, 17, 21, 28, 34-37].

There are only a few studies dealing with alloys prepared
by high energy ball milling process from pure elemental
powders of Ti and other elements stabilizing the p-phase
such as Nb, Mo and Zr for orthopedic application. As
reported by Oshida et al. [38], Nb and Mo are elements that
serve to stabilize the B-phase and lower the beta transition
temperature. Nevertheless, Zr has long been recognized as
a neutral element, and several studies have reported that its
[B-stabilizing impact on B-Ti alloy is primarily influenced by
the existence of other alloying elements [39, 40].

Furthermore, most of the previous studies do not take
into account the milling time effect on the microstructural,
mechanical, and tribological behavior of mechanically alloyed
and hot isostatically pressed Ti-25Nb-25Mo alloys. Ti, Nb,
and Mo are biocompatible metals that are non-toxic and
non-allergenic. Incorporating Nb and Mo into Ti favored the
mechanical biocompatibility of the alloys with human bone
[25, 41-43]. Hence, the aim of this paper is to create beta type
titanium-based alloys with new chemical composition and to
investigate milling process effect on the structural evolution,
and mechanical behavior of the Ti-25Nb-25Mo system.

2 Experimental methods
2.1 Sample preparation

The sample preparation was initiated by acquiring pure
elemental powders of commercially available Ti, Nb, and
Mo, whose properties and chemical constituents are shown
in Table 1. Precision balance was used to weigh the starting
powders. The weight composition of Ti-25Nb-25Mo sam-
ples was achieved via mechanical alloying (MA) process
by milling elemental powders for various periods of 2, 6,
12, and 18 h respectively, in a Fritsch Pulverisette P7 high-
energy ball mill at ambient temperature in an argon environ-
ment to prevent oxidation. An agate vial, 80 ml in volume
and agate balls of 10 mm diameter with the weight of balls
being 10 times greater than that of powder were used at a
rotational speed of 400 rpm. Milling cycles of 15 min were
employed in the synthesis process, combined with rest peri-
ods of 5 min to prevent excessive heating inside the vials.
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Table 1 Chemical constituents and properties of as-received powders
[14, 28, 44]

Characteristic Ti Nb Mo
Purity >99.9%

Particle size <100 pm

Atomic radius (nm) 0.147 0.143 0.140
Phase at STP Solid

Crystal system (hep) (bce) (bee)
Melting temperature (°C) 1941 2469 2623
Particle form The particles are irregular in shape
Density (g/cm®) 45 8.35 10.22

Fabrication process Chemical process

Subsequently, the pre-alloyed powders were subjected
to a powder metallurgy procedure using both cold and hot
pressing. During cold pressing, the mechanically alloyed
powders were loaded into the rigid steel die and uniaxi-
ally compressed at a pressure of 230 MPa using a manual
hydraulic press (Specac 25 Ton), forming a cylindrical shape
with a diameter of 13 mm diameter and a thickness of 4 mm.

After the cold pressing step, the specimens were pro-
cessed by hot isostatic pressing (HIPed) at a temperature of
1050 °C and a pressure of 100 MPa, with 30 min of holding
time [21, 45].

The HIPed specimens were subsequently sintered using a
vacuum furnace (Nabertherm GmbH, Germany) at a sinter-
ing temperature of 1250 °C for a dwell time of 3 h under a
pressure of 1078 MPa. In order to avoid oxidation during the
sintering process, the specimens were enclosed within the
vacuum-sealed quartz tubes. The conditions of heat treat-
ment were selected to attain high density and closed porosity
[34]. The furnace was used to gradually cool the sintered
samples to room temperature. Figure 1 demonstrates the hot
pressing and the sintering cycles of the pellets.

The scanning electron microscopic images of pure Ti, Nb,
and Mo powders used in the mechanical alloying process are
displayed in Fig. 2. The powder of Ti shows irregularly shaped
particles with the largest size of about 60 pm. The Nb powder

Fig. 1 Heat treatment cycles
of the milled and compacted
Ti25Nb25Mo samples for: a)
hot pressing, and b) sintering
process

Temperature (°C)
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Heating rate

particles demonstrated a triangular form with an average size
of around 80 pm, along with smaller dimension particles of
less than 8 pm. The Mo powder particles had a porous spongy-
textured irregular shape with a mixture of two major dimen-
sions, one smaller than 20 pm and the other smaller than 1 pm.

The creation of a nanostructured compound can be bro-
ken down into three stages: synthesis of the crystalline phase
in the powder form, the forming stage, and heat treatment at
high temperature, called sintering [46]. Figure 3 shows the
steps of sample production.

2.2 Materials characterizations
2.2.1 Structural characterizations

X-ray diffraction (XRD), scanning electron microscopy
(SEM), and optical microscopic (OM) analysis were used to
examine the samples' microstructural features, phase trans-
formation, changes in crystallite size, micro-strain, lattice
parameter, particle size, pore size distribution, shape and
morphology of powders during ball milling.

The morphology, porosity, and mean pore size of starting,
milled, and consolidated specimens were observed and meas-
ured using a SEM (FEI-Quanta 250, USA). The EDS analysis
was employed to estimate the quantitative analysis of elemen-
tal chemical composition (EDAX TEAM, Czech Republic).

The consolidated Ti-25Nb-25Mo specimens’ micro-
structure was determined and verified through optical
microscopy (OM) (Nikon, ECLIPSE LV 150N, JAPAN).
Fourier transform infrared spectroscopy (FTIR) was used
to examine the absorption bands. The analysis was con-
ducted using a SHIMADZU IR Spirit-T instrument from
Japan, covering a range of 145 to 4000 cm™.

The phase of the mixed, milled and sintered Ti-25Nb-
25Mo was investigated using diffractometer (XRD; Eco D8
ADVANCE, BRUKER, 20 mA, 40 kV), with copper anode
(A ¢u=1.5418 A°). The measurement was carried out in 20
range from 20 to 90° in increments of 0.02°, with each meas-
urement taken at intervals of 1 s. The XRD profiles were

Sintering T= 1250 (°C)

Holding time = 3h

Hot isostatic pressing T=1050 (°C),
P=100(MPa)
BIVRE

Holding time = 30 min

100 °C/mi S i
min Slow cooling

(b)

> Time (h)
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Fig.2 SEM microphotographs of starting pure powders (Ti, Nb, and Mo)

thoroughly examined, and crystallographic parameters such
as lattice parameter, crystallite size, and lattice distortion were
calculated. The microstrain, and crystallite size of the milled
powders were deduced and verified through the use of Scher-
rer [31, 47], and Williamson—Hall [48] equations, respectively.

_ 091
" PBcosO @)
BcosG:OQTA+4esin6 2

where f represents the full width at half maximum (FWHM),
0 is the incident glancing angle,e is the lattice strain, K is
the form factor (~0.94), A is the wavelength of the incident
wave, and D is the crystallite size.

2.2.2 Physical and Mechanical ccharacterizations
The Archimedes approach was employed to calculate the
density of heat treated samples [26, 49]. The Young's

modulus and the microhardness of HIPed and sintered
Ti-25Nb-25Mo alloys were determined by the instrumented
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Synthesis of beta Type Ti-alloys based on Nb and Mo addition
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Fig.3 Samples production process and characterization methods of Ti25Nb25Mo alloys
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micro-indentation (Zwick/Roell, ZHU 2.5, Germany) with a
Vickers diamond indenter by applying an indent load of 500
gf (HV,5) for a duration of 10 s at room temperature. During
the measurement, a distance of at least three times the size
of the indent was maintained between any two indents, while
five measurements were recorded for each sample.

A Cyber TECHNOLOGIES CT 100 (GmbH, Germany)
laser source profilometer was utilized for measuring the sur-
face roughness parameters of the compacted and sintered
specimens to determine the average roughness (Ra). The
ISO 4287 standard was used to calculate the mean average
surface roughness (Ra) [50].

3 Results and discussion
3.1 Microstructural evolution

3.1.1 Morphology and microstructure of pre-alloyed
powders

Figure 4 represents the morphology of Ti-25Nb-25Mo pow-
der after mechanical alloying with varying milling times: a)
2h,b) 6 h,c) 12 h, and d) 18 h, respectively. The size of the
powder particles produced by ball milling increased initially
and then decreased, which corresponds to the common fea-
tures of the mechanical alloying method [35].

The microphotographs show particle size distribution and
agglomerate structure, indicating that the original substrate
powders underwent continuous cold welding and fracturing.
The majority of the agglomerated rounded particles range in
size from 1 to 10 pm [27]. The milled powder was observed
to be comprised of many nanoparticles, that might be attrib-
uted to the repeated collisions of the balls and extrusion,
resulting in the metal powder being continuously plasticized,
hardened, cold-welded, and broken [35].

After 2 h of milling (Fig. 4a), the powder charge con-
tained a minimum of 15 percent by volume of the alloy duc-
tile phase that functioned as a binding agent. In this stage,
the average particle size s between 5 and 10 pm. The plastic
deformation of the powder particles caused by the impact
force results in hardening and fracturing [51]. The newly cre-
ated surfaces allow the particles to join together, resulting in
an increase in particle size (10 pm in our work) [51]. For the
samples milled at 6 and 12 h (Fig. 4b, and c) respectively,
the deformation persists and the particles undergo harden-
ing and eventually fracture due to the fatigue mechanism.
The fragments produced through this mechanism have the
ability to further decrease in size to achieve the nanometric
dimensions, as all the particles presented less than 1 pm,
which can be clearly seen in Fig. 4b, c, and d, when there
are no significant agglomeration dynamics [32, 46]. During
this step, the tendency to fracture prevails instead of cold

welding. The particle structure is constantly being refined
due to the incessant impact of the grinding bodies, but the
particle size remains unchanged [32]. As a result, there is
a reduction in interlamellar distances and the percentage of
lamellar structures within each particle increases [46].

Following a specific period of milling, an equilibrium
state is attained in which the welding rate, aimed at aug-
menting the mean particle size, balances with the fracture
rate, intended to diminish the mean powder particle size of
the compound [29, 32]. Particles of a smaller size can resist
deformation without breaking and have a tendency to weld
together to form larger parts, forming intermediate-sized
particles [29, 32, 46, 51].

At this point (18 h of milling Fig. 4 d), the range of par-
ticle sizes is limited due to the fact that larger particles tend
to break down into smaller ones while smaller fragments
have a tendency to agglomerate together and increase in size
to revert to the micrometer scale (1 and 3 pm), as shown in
Fig. 4d. The interlamellar distance becomes small in a few
minutes, and the size of the crystallites (or grains) is refined
until they achieve nanometric dimensions [51].

The amount of time required to form a particular structure
within a system is determined by various factors including
the initial particle size and properties of the constituents,
the equipment utilized, and the operational settings of the
equipment. Although, when the initial particle size is rela-
tively large, the rate of internal structure refinement includ-
ing particle size, crystallite size, etc., has an approximately
logarithmic dependence on processing time [51].

As demonstrated by Salvo et al. [29], the longer mill-
ing time in Ti-Nb-based alloys produced both texturing
and spherical morphology of the synthesized samples.
During high-energy ball milling, texture formation is a
significant phenomenon characterized by the development
of preferred crystallographic orientations in the material.
As milling time increases, the material undergoes severe
plastic deformation due to the cumulative impact of high-
energy collisions. This deformation causes the material's
crystallographic orientations to align along specific direc-
tions or planes, marking the initial stages of texture forma-
tion. At longer milling times, the mechanical deformation
becomes even more pronounced, leading to further align-
ment of crystallographic planes. The material may exhibit
a well-defined texture with preferred orientations along
specific crystallographic axes. The transformation of parti-
cles into spherical shapes is a result of the minimization of
Gibbs's free energy values in powder particles that occurs
during the milling process [29]. Compared to the original
powders, the distribution of powder particle sizes becomes
relatively uniform after extended milling durations.

The energy-dispersive spectroscopy analysis (Fig. 5)
demonstrated that there was a rise in the concentration of
contaminants as the milling time increased.
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Fig.4 SEM micrographs of Ti-25Nb-25Mo pre-alloyed powders after milling process at different milling time: a) 2 h, b) 6 h, ¢) 12 h, and d)

18 h

Figure 5 shows the EDS analysis of Ti-25Nb-25Mo for 2, 6,
12, and 18 h of milling time. After a 2 and 6-h milling period,
we can only see the alloy composition (Ti, Nb, and Mo) with
little silicone and no contamination elements (Fig. 5a, b), but
for alloys milled for 6, 12, and 18 h, the EDS analysis showed
the presence of silicon, oxygen and nitrogen from the atmos-
phere, agate balls, and vials. (Fig. 5c, d).

Hence, the primary source of contamination appears to be
Si0, from the agate material. Moreover, the presence of a sig-
nificant amount of oxygen may be explained by uncertainty

@ Springer

of the EDS analysis results, or can be also described as the
inability to maintain a controlled atmosphere inside the vials
during the milling process due to the limited capabilities in
our laboratories. The qualitative analysis indicated that the
concentration of contaminants increased with longer milling
times. Furthermore, EDS/SEM mapping revealed that Ti, Nb,
and Mo, along with Si, O, and N contaminants, were uniformly
distributed, as shown in Fig. 6.

Previous research has documented that the container mate-
rial can contaminate the powder as a result of the effect of
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Fig.5 EDS analysis of Ti-25Nb-25Mo powders milled for: a) 2 h,b) 6 h, ¢) 12 h, and 18 h

grinding media against the container walls. This occurs
because the material from the container can detach and mix
with the powder, leading to alterations in its chemical com-
position [51-54]. The amounts of chemical elements in pre-
alloyed Ti-25Nb-25Mo samples are presented in Table 2.
The Ti-alloy with a high concentration of p-stabilizing ele-
ments (25 at.% Nb, and 25 at.% Mo) exhibit only B-phase with
different chemical constituent (3-Ti, f-Nb, and $-Mo) as pre-
sented in Fig. 7, due to the high Mo equivalent value which is
calculated using the following equation [35]:
Nb | Ta

= M —_— -
e YA I Ny

w  Cr \% Fe Ni
— 4+ = -+ — + — =31.
+ 65+1+0,35+0.8 31.9%
3

At a composition of 25 (at.%) for both Nb and Mo ele-
ments, the Ti-Nb-Mo system forms an alloy with a distinct
structure predominantly composed of the Ti-§ phase. How-
ever, this structure also includes insoluble elements such as
Mo and Nb. These findings are substantiated by the ternary
diagram of the Ti-Nb-Mo system, which was obtained at a
temperature of 1100 °C [55], as depicted in Fig. 8.

[Mo],

3.1.2 IR analysis of pre-alloyed powders

Figure 9 displays the FTIR spectra corresponding to the
milled powders at various milling durations (2—18 h).

The spectrum exhibits bands indicative of the stretching
vibrations of O—H groups (approximately 3200-3670 cm™),
along with bending vibrations in H,O molecules (around

2000 cm_l). Moreover, the IR profiles unveiled the exist-
ence of amine groups N-H (3100-3500 cm~!), Si-H
(2100-2360 cm™1), and Si—O (1000-1100 cm™?) [56, 57].
The peaks of these components present a lower percentage
of transmittance compared to the peaks of metallic oxide
bonds, which indicate the presence of trace amounts of these
elements in the Ti-25Nb-25Mo samples. These results are
well corroborated with the EDS analysis.

The existence of oxygen and nitrogen can be attributed to
the atmosphere's contamination and the silicon from the agate
balls and vials, while the primary source of hydrogen is the
raw Ti powder. Based on Fig. 9, it can be observed that the
bands related to Ti—O vibration bonds appear within the fre-
quency ranges of 150-450 cm™!. Craver. D.C [56], stated that
the bonds of TiO, occur at 200450 cm™" and 450-900 cm™".

In our research, the vibration bands between oxygen and
metal (O-M-0) exhibit a range of 145 to 500 cm™!. Pre-
vious studies have shown that the vibration bands of Nb
and Mo oxides are observed as M-O (Mo-O at 850 cm™!,
Nb-O at 880 cm™") and M-O-M (Mo-O-Mo at 500 cm™",
Nb-O-Nb at 650 and 780 cm_l). Additionally, NbO4 shows
a vibration band at 820 cm™!, while Nb,Os displays a range
of 400 to 1100 cm™" [58-60].

3.1.3 XRD analysis of Ti-25Nb-25Mo powders

Figure 10 presents the XRD patterns of pure elemental
powders of Ti, Nb, and Mo (Fig. 10a), and Ti-25Nb-25Mo
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Fig.6 EDS analysis map of based and contaminated chemical elements distribution in Ti-25Nb-25Mo powders milled at 18 h
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Table 2 Quantitative analysis

] Elements (at. %) (6] N Si Ti Nb Mo
(EDS) results of Ti-25Nb-25Mo
powders subjected to different 2h - - 231 55.52 18.13 24.04
milling durations (2-18 hy 6h . . 260 51.87 20.1 25.43
12h 13.93 - 1.99 46.41 16.89 19.78
18h 15.26 5.16 1.73 36.72 19.35 21.73

@17 % Mmol/Tik/NbL
(] 33 % Tik/NbL/MoL

CRCLUESS [ 50 % Tik/Mol/NbL

Mo>Ti>Nb

B-Ti phase
Ti>Nb>Mo

Fig.7 EDS mapping of phase distribution in pre-alloyed Ti-25Nb-25Mo powders milled at 18 h

powder after the milling process with varying milling times
(2-18 h) (Fig. 10b). It is evident from Fig. 10b that, as mill-
ing time increases from 2 to 18 h, there was a reduction in
peak intensity, and the peaks become wider. The XRD pat-
tern of the Ti-25Nb-25Mo powder in its initial state exhibits
diffraction peaks that correspond to Ti, Nb, and Mo, and the
characteristic (hkl) lines of these elements become visible
only after 15 min of milling process [14, 18].

The peaks with the highest intensity for Mo at orienta-
tions (110) and (211) are observed at 20 angles of 40.58° and
73.98° respectively. Similarly, for Nb, the most prominent
reflections for orientations (110) and (211) are detected at
20 angles of 38.48° and 69.59° respectively, as presented
in Fig. 10a.

After 2 h of milling, distinct peaks corresponding to the
elements Ti, and Nb were visible. However, the peak for Mo
disappeared, suggesting that mechanical alloying resulted
in the creation of a metastable solid solution, f-phase at
orientations (110), (200), (211), and (220) in place of Mo.

In the initial stage of mechanical alloying, the elements
blended to form a homogeneous mixture. The intensity of
the Ti peaks decreased with time, whereas the Nb peaks
increased. Following a milling time of 6 h, there was no vis-
ible peak observed in the XRD pattern that corresponded
to (101), (102), (103), and (004) a-Ti. However the inten-
sity of the peak corresponding to (100) o-Ti decreased with
increasing milling time. The Nb peaks were located in close

proximity to those of f-Ti on the diffractograms at orientations
(110), and their intensity appeared to decrease slowly [16].
Gouvea et al. [35], also noted a similar trend through
their XRD analysis. Based on our XRD patterns, it was
observed that the formation of f-Ti solid solution took
place after a milling duration of 2 h due to the high value

B-Ti

0

(B-Ti) + (Mo, Nb)
7 \

(Mo, Nb)
Mo

10 20 30 40 50 60 70 80 90
Nb (Wt.%)
—

Fig.8 Ternary phase diagram of Ti-25Nb-25Mo system (isothermal
section at 1100 °C) [55]
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Fig.9 IR profiles of pre-alloyed Ti-25Nb-25Mo powders milled at varying times (2, 6, 12, and 18 h)

of Mo equivalent ([Mo],;=31.9 Wt. % as calculated by ~ comparable finding was documented in other works, such
(Eq. 3)). The details of the impact of Moeq on the phase as, Yan et al. [18], for the Ti-Nb-Zr alloy, Chui et al. [14],
transformation were discussed in [21]. As the mill- for Ti-Zr—Nb-Mo system, Kalita et al. [37], on Ti-Nb alloy
ing time was increased, the proportion of the B-Ti phase  with Mo, and Ta addition, and Li et al. [45] on Ti-Nb-Mo
also increased, particularly at longer milling durations. A samples.
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Fig. 10 XRD patterns of: a) initial pure particles powder of Ti, Nb,
and Mo, b) pre-alloyed powders of Ti-25Nb-25Mo after mechanical
alloying process as function of milling times of 2, 6, 12, and 18 h

3.1.4 Lattice parameter evolution, mean crystallite size,
and micro-strain

Lattice parameter {ag} The f-phase lattice parameter (ag)
was estimated using the XRD patterns. Figure 11 depicts the
evolution of Ti-25Nb-25Mo lattice parameters <ag > (A) foor
different milling time. The a4 increases from 3.144 t0 3.150 A
as milling time increases from 2 to 18 h, respectively.

When Mo and Nb were introduced, the equiaxed f-phase
became the dominant phase [22]. The Ti-25Nb-25Mo alloy
with a milling time of 18 h has the highest lattice parameter
due to the plastique deformation of powder particles resulting
in several types of imperfections including stacking faults,
vacancies, and dislocations. In addition, the presence of 25
(at.%) Mo content into Ti-25Nb introduces higher lattice
distortions [61], which leads to the [ phase's lattice param-
eter increase, because the atomic radius of Mo is smaller
(0.139 nm) than that of Nb (0.143 nm) and Ti (0.147 nm)
[14]. Combining with the Bragg diffraction formula of:

— 3.152
°< —7= Lattice paramater, ag, (A°)
5_3.150 i

© -
5

= 3.148F

£

o

© 3.146f

o

[}

(2]

= 3.144} -

©

-

2h 6h 12h 18h
Milling time, (h)

Fig. 11 Lattice parameter <ag> (A) evolution of pre-alloyed
Ti-25Nb-25Mo specimens as function of milling times (2-18 h)

2d sin 0 = A 4

The lattice parameter (ag) may be expressed in the fol-
lowing form [18]:

AW+ R+ )

4= 2 sin 0

As depicted in Fig. 12, the Bragg angle demonstrates a
shift towards a lower value for the specimens (milled at 6, 12,
and 18 h), suggesting a slight increase in the lattice parameter.

Mean crystallite size {D}, and micro-strain {€} Figure 13 illus-
trates the mean crystallite size and lattice strain evolution of
Ti-25Nb-25Mo, respectively during various milling times
(2-18 h). The average crystallite size reduced from 62 to
41 nm as milling time increased from 2 to 18 h.

A
[
0 B(110)
= -—
c
S |1sn
o 1
S
< I
IS 12h
‘@
c |
8 |eh
£
2h I
. l
40.0 40.5 41.0

2 Theta [degree]

Fig. 12 XRD patterns amplification, indicating a shift of the peaks
towards lower angles (20) of Ti-25Nb-25Mo after mechanical alloy-
ing process for: 2, 6, 12, and 18 h
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Fig. 13 Mean crystallite size, (nm) and lattice strain, (%) variation
of pre-alloyed Ti-25Nb-25Mo specimens’ mixture at various milling
times (2, 6, 12, and 18 h)

The changes described above may be attributed to the
mechanical energy transferred during the milling process,
which is significant enough to cause plastic deformation of
the three constituent powders of Ti, Nb, and Mo [62].

During the milling period of 12 to 18 h, the dependence
of crystallite size on milling time decreased. In this stage,
the reduction in size was slower, reaching a value of approxi-
mately 41 nm, which is a lower rate compared to the initial
milling stage. The primary cause of the decrease in crystal-
lite size is the intense plastic deformation of the powder
during the milling process. With ongoing deformation, the
particles undergo hardening and fracture via fatigue-based
mechanisms. In cases where substantial agglomeration
forces are not present, the fragments created by this mecha-
nism can continue to decrease in dimensions [32, 46].

The continuous action of the grinding bodies leads to a
continuous refinement of the particle structure, but the par-
ticle size remains constant. This process results in a reduc-
tion of interlamellar spacing and the lamellar structure count
present in each nanoparticle increases [29, 32, 46, 51].

The interlamellar distance decreases over time, and the
size of the crystallites is refined to nanometric dimensions
[51]. Another explanation is that higher defect densities
increase the possibility of nucleation sites during crystal-
lization [62].

The changes in the obtained microstrain {e} are also
recorded as a function of milling time in Fig. 13. A signifi-
cant increase in microstrain can be observed in the initial
milling phase of 2 to 6 h, reaching 0.029%. Subsequently, for
the milling period from 12 to 18 h, the microstrain further
increases to 0.035%. The observed outcomes can be related
to the impact of mechanical energy during the grinding pro-
cess, which is capable of inducing plastic deformation of Ti,
Nb, and Mo elemental powders.

@ Springer

After 12, and 18 h of milling, we can see a significant
increase in microstrain up to 0.035%. This could be due to a
high density of dislocation and a high concentration of stack-
ing defects [62]. Mechanical alloying leads to the transfer
of high energy to the base powders, which in turn causes a
substantial density of defects, particularly dislocations [45].
The powders are almost amorphous after 48 h of mechanical
alloying. This has been reported also by Sochacka et al. [27].
Some researchers confirmed that an increase in microstrain
can be related to a decrease in crystallite size, which is con-
sistent with the current work (Fig. 13) [61, 63].

Figure 14 depicts the Williamson-Hall plots of the
Ti-25Nb-25Mo alloy after undergoing various milling dura-
tions. The experimental data points are represented by sym-
bols, while the solid lines represent the fitted data obtained
from the analysis. The slope of the linear regression line
corresponds to the microstrain €.

These plots provide valuable insights into the crystallite
size and lattice strain of the Ti-25Nb-25Mo alloy with vary-
ing milling periods. By examining the plots, you can observe
the trends and patterns in the experimental data, as well as
the accuracy of the fitting performed using the Williamson-
Hall equation (Eq. 2). The slope of the fitted data showed a
decrease from 0.0019 to 0.0009 after 2 and 6 h, respectively.
Subsequently, it exhibited an increase to 0.00098 and 0.001
at 18 and 12 h, respectively.

3.2 Structural, physical, and mechanical
performance of consolidated samples

3.2.1 Relative porosity and density measurements

Figure 15 shows the relative porosity and relative density
(%) of the sintered samples with varying milling times. The
relative porosity of milled and sintered samples decreased
from 22 to 18% as milling time increased. Conversely, as can
be seen that the Ti—25Nb-25Mo alloy’s relative density (%)
increased as the milling time increased. The sample milled
at 12 h had the highest sintered density of 82% and a relative
porosity of 18%.

These results were obtained due to a decrease in pore
size due to the predominance of particle fracture in the cold
welding process [51], an increase in closed porosity, and a
decrease in open porosity [33]. In addition, the powder parti-
cles were smaller and more uniform in size than the starting
powders. Due to cold welding-induced particle agglomera-
tion, the density decreases to 79.55% after 18 h of milling,
resulting in an increase in grain size, porosity, and pore size.

As mentioned by Xu et al. [17], Ti alloy with high f stabi-
lizing elements concentration was reported to have achieved
near-complete density with no observable pores. They also
displayed uniform microstructures consisting of a single 8
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Fig. 14 Williamson—Hall Plots of pre-alloyed Ti-25Nb-25Mo alloy after various milling times from 2 to 18 h

phase, and high relative density was attained through sinter-
ing pre-alloyed powder at 1550 °C.

The porosity level in nanomaterials is highly dependent
on the mechanically alloyed specimens' processing tech-
nique. The pore size can be smaller than or equal to the grain
size even after agglomeration. The mechanical properties
of nanomaterials can be greatly influenced by porosity and
mean pore size [64].

3.2.2 Porosity and pore distribution

Figure 16 represents the variation of porosity and pore size
distribution of Ti-25Nb-25Mo with milling time. Pore size
was reduced to less than 100 pm due to the cold-welding
process's dominance of particle fracture. In addition, the
particles were smaller and more uniform in size than the
starting powders [20]. In contrast to the first stage, at 12 h
of milling the majority of powders' porosity decreased to
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Fig. 15 Evolution of the relative porosity; (%) and the relative den-

sity; (%) versus milling time (2, 6, 12, and 18 h) of sintered Ti-25Nb-
25Mo samples
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less than 10 pm, and the pores exhibited a greater degree of
uniformity in size. This is a result of the mechanical alloying
process's blending, homogenization, and grain size refining.

Figure 16 indicates that both porosity and mean pore
size of Ti-25Nb-25Mo are decreased with increasing mill-
ing time (2—12 h). This is due to the refinement of the grain
size resulting from the mechanical alloying procedure [65].

The pore size decreases with increasing milling time, this
conclusion has also been reported by Kim et al. [20], for 4, 8,
and 12 h of milling time. The larger pores observed for samples

Nano-pores

Agglomerated por'esl

The International Journal of Advanced Manufacturing Technology (2023) 129:4971-4991

with a high milling time (18 h) may be due to the agglomera-
tion of many pores during the sintering process [61].

3.2.3 Microhardness and modulus of elasticity properties

Figure 17 illustrates the results of microhardness testing
conducted on Ti-25Nb-25Mo alloys that were milled for
durations ranging from 2 to 18 h. The results indicate that
there was an increase in microhardness as the milling time
increased (2—12 h), which subsequently decreased after 18 h

Agglomerated
pores

Inter-Granular
Porosities

Fig. 16 Optical microscopy micrographs of porosity and pore size distribution of sintered and milled Ti-25Nb-25Mo for variable durations
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Fig.17 Vickers hardness values and elastic modulus evolution of
milled and sintered Ti-25Nb-25Mo system at different milling time
for: 2,6, 12, and 18 h

of milling. The highest microhardness value of 385 HV, 5
was achieved after 12 h of milling, while the lowest value
of 235 HV, 5 was obtained after 2 h of milling. It should be
noted that the reduction in crystallite size played a signifi-
cant role in the observed increase in the microhardness of
the titanium alloys. This is because grain size refinement
leads to a strengthening mechanism that contributes to the
overall hardness of the material. Furthermore, a correlation
was established between the porosity and the hardness, indi-
cating that an increase in the number of pores corresponded
to a decrease in the hardness value [26].

Figure 17 also displays the elastic modulus of the
Ti-25Nb-25Mo specimens, which were assessed and
recorded with milling time varying from 2 to 18 h. The
Young modulus of the ternary alloy increased from 50 to
68 GPa with increasing milling times to achieve the highest
value at 12 h similar to hardness tendency.

The physical characteristics of the samples were enhanced
as the milling time increased. Specifically, Ti-10Mo-(3, 7,
10)ND alloys are promising choices in biomedical applica-
tions due to their combination of high strength and low elas-
tic modulus [22].

According to Xu et al.’s study [22], the Ti-Mo-Nb sys-
tem demonstrated superior mechanical characteristics such
as higher Vickers microhardness values (ranging from 394 to
441 HV), increased compression strength and yield strength,
substantial plastic strain capacity, and a low elastic modulus
(ranging from 24.7 to 28.4 GPa), which is comparable to the
Young modulus of bone.

The mechanical characteristics are highly affected by
the amount of porosity, pore size, shape, and distribution.
Additionally, chemical composition and grain size are the
main factors that can affect the mechanical characteristics of
alloys such as microhardness and elastic modulus.

The hardness of Ti-Nb-Mo samples were higher than
that of pure titanium, which can be attributed to the solid
solution strengthening mechanism and the presence of a
fine microstructure. Porosity determines the mechanical
properties of Ti-25Nb-25Mo samples, especially the Young
modulus [16]. Because an optimal porosity level enables
the creation of titanium alloys that exhibit both low Young's
modulus and high strength [27].

Figure 18 represents the H/E and H*/E? proportions of
Ti-25Nb-25Mo alloys at different milling time. It has been
observed that the H/E values increase from 0.046 at 2 h of
milling to 0.056 at 12 h of milling, and then decrease to 0.055
at 18 h of milling time. This variation demonstrates that as
milling time increases, the alloy's wear resistance increases
initially, but eventually decreases. Actually, the Ti-25Nb-
25Mo sample milled for 12 h exhibits the highest H/E value
of 0.056, indicating that the alloy is wear resistant [33, 66].

One other variable (H*/E?) implies plastic deformation
resistance; a larger value of the H*/E? represents the higher
resistance to plastic deformation [33, 66, 67]. Because wear
is the progressive loss of material resulting from plastic
deformation, this H/E? variable could reveal a material's
anti-wear ability [33, 67]. Indeed, the high value of H*/E?
indicates a long service life [33, 67, 68]. The H3/E? values
have the identical varying tendency as H/E values. The H/
E? values increase from 0.0048 GPa to 0.0118 GPa from 2 to
12 h of milling time respectively and then decrease to 0.01
GPa at 18 h of milling time. Therefore, the Ti-25Nb-25Mo
(milled at 12 h) with the larger H>/E? value in current Ti-Nb-
Mo alloys suggests excellent anti-wear properties.

In addition, the H/E and the H3/E? values of three
Ti-25Nb-25Mo samples milled at 2, 6, 12, and 18 h are
higher than those of the commercially pure titanium (0.024
and 0.0014 GPa, respectively) and are comparable to the
H/E and H?/E? values of Ti-Fe and Ti-Fe-Ta alloys [33,

o057k o HE
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0.054}
é {0.010
—_
o
"'EJ 0.051} O
40.008 =~
o~
w
0.048} )
{0.006 =
0.045}
0.004

2h 6h 12h 18h
Milling time, (h)
Fig. 18 The mechanical characteristics (H/E, and H*/E?) variation

of milled and sintered Ti-25Nb-25Mo specimens at different milling
time (2, 6, 12, and 18 h)
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Table 3 Determined hardness, elastic modulus, H/E, and H/E? val-
ues of Ti-25Nb-25Mo specimens at varying milling times (2—18 h)

Table 4 Surface roughness parameters of sintered Ti-25Nb-25Mo
alloy after milling process for: 2, 6, 12, and 18 h

Milling H(HV,s) H(GPa) E(GPa) H/E  HYE?(GPa)
time (h)

2 235 2.305 50.31 0.046  0.0048

6 307 3.011 55.39 0.054  0.0089

12 385 3.776 67.50 0.056 0.0118

18 334 3.276 59.23 0.055  0.0100

67], signifying that Ti-25Nb-25Mo alloys are resistant to
wear and possess the capability to function as biomedical
materials for an extended period [33] (Table 3).

3.2.4 Roughness analysis

Figure 19 displays the Ti-25Nb-25Mo alloy's roughness
(Ra) evolution in relation to milling time. The roughness of
the alloy samples was significantly impacted by the duration
of the milling process. According to the findings, the rough-
ness exhibited a decreasing trend when the milling time
increased, from a value of 1.83 pm to a value of 0.24 pm
at milling times of 2 and 12 h, respectively. This can be
attributed to the particles increased hardness and fineness
during the milling process (Fig. 19).

The morphology and propagation of cells are signifi-
cantly affected by surface roughness. Tissue growth and
biocompatibility benefit from rougher topography. Fur-
thermore, the presence of micro-pores in a bone structure
mitigates stress-shielding effects, promoting beneficial tissue
growth that facilitates fibroblast penetration into the implant
and supports the generation of fresh tissue within it. Flat
implant surfaces, conversely, hinder opportune cells from
adhering, limiting overall biocompatibility [61]. According
to the literature, increased surface roughness can enhance
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Fig. 19 Roughness <Ra>, (pm) evolution of sintered Ti-25Nb-25Mo
alloy after milling process (2, 6, 12, and 18 h)
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Milling time R, (pm) R, (pm) R, (pm) R, (pm)
2h 1.83 25.47 2.71 11.22
6h 0.59 8.34 0.98 5.06
12h 0.24 2.73 0.33 1.28
18h 0.63 3.71 0.79 2.86

where: R, Average Roughness, R; Root Mean Squared (RMS)
Roughness, R, Peak to Valley Height, and R, Roughness Depth

the amount of cells attaching to the substrate leading to an
increased cellular activity [69-73] (Table 4).

4 Conclusions

The findings of our research on the milling time effect
on microstructural evolution, and mechanical behavior of
the Ti-25Nb-25Mo alloy system are quite convincing, and
from the outcomes, it is possible to conclude that:

— The sintered Ti25Nb-25Mo alloys produced from pow-
ders milled at 12 h exhibited fine grain size and uni-
form distribution of additional elements (Nb and Mo).

— The average pore size decreased as milling time
increased. The Ti-25Nb-25Mo samples, which were
sintered from powders milled at 12, and 18 h, presented
the smallest mean pore size.

— Milling time has an impact on biomaterials' function-
ality and compatibility with cells and tissues by their
effect on surface roughness, a critical parameter.

— The relative density, microhardness, and elastic modu-
lus were increased with milling time. Owing to the low
porosity and ultrafine grain structure, an increase in
milling time significantly improved the microhardness,
density, and roughness of the Ti-25Nb-25Mo alloy.

— Reduced porosity, increased density, and hardness were
the main factors in reducing wear rate. This is due to
the improved microstructural and mechanical charac-
teristics of the samples after 12, and 18 h of milling.

— The mechanical properties and wear behavior of the
Ti-25Nb-25Mo samples were influenced by grain size,
surface roughness, and surface texture. The Ti-25Nb-
25Mo alloy can be used in bone implants due to its
excellent structural and mechanical characteristics.

— Increasing the milling duration resulted in enhanced
mechanical characteristics values (H/E and H*/E?), thereby
leading to improved anti-wear ability and greater resist-
ance to plastic deformation in the Ti-25Nb-25Mo alloy.

— Ti-Nb-Mo alloys, milled for 12, and 18 h, are largely
satisfied the imposed requirements for the selection of
biomedical implant applications.
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