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TRIBOLOGICAL AND FATIGUE BEHAVIOUR OF Ti-Nb-Zr-Sn ALLOY THROUGH POWDER COMPACTING:
NOVEL PERFORMANCE OF HIGH NIOBIUM ALLOYS FOR BONE TISSUE COMPATIBILITY

Biocompatible materials are natural or man-made substances kept in the body to turn a living cell into a working organ. Bone
tissue and biocompatibility are emerging as an alternative approach to regenerating bone due to some distinct advantages over
autografting and allografting. This research aimed to fabricate a novel porous scaffold Ti-Nb-Zr-Sn alloy that can be utilized as
a bone substitute. Ti-Nb-Sn-Zr were selected by different weight ratios and synthesized using the powder metallurgy method. Zir-
conium (Zr) is incorporated to get enhanced biological performance. The elements Ti, Nb with Zr, and Sn are utilized due to their
excellent biocompatibility with the human body. The Ti-35Nb-7Zr-4Sn alloy has high tensile strength between 1042 and 1603 MPa
by increasing Zr and Nb weight ratios. In addition, 35% Nb/7% Zr with 4% Sn composite show improved hardness, which is
beneficial for resembling bone tissue and die-casting fittings in automobile applications. Fatigue and wear analysis is conducted
to help us understand the behaviour of the Ti-Nb-Zr-Sn alloy.
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1. Introduction

Bioimplants are intended to assist individuals by replacing
or healing damaged tissue. As a result, it is critical to thoroughly
understand the materials used for bioimplants and their specific
properties and functions. The following criteria are taken into
consideration while selecting bio-implant materials [1]. In terms
of pharmacological permissibility (non-toxicity and non-carci-
nogenic), lack of chemical activity and permanence, Benefits
including low prices, and simple production. Biocompatible me-
tals like stainless steel, Co-Cr alloys, Ti-Nb alloys, Ni-Ti alloys,
and W are utilized for bioimplants. Powders are recommended
instead of polymer and ceramics because of their superior form-
ability and biocompatibility. The Ti-Nb-Sn composition has good
workability and high corrosive resistance to induce bone tissue.
Ronoh et al. [2] stated that, initially, pure titanium was used as
an alternative for stainless steel and Co-Cr alloys because of its
inherent properties, such as biocompatibility and excellent cor-
rosion resistance. However three major issues were found (a) the
modulus of elasticity of Ti (110 GPa) was high as compared to
the human bone and (b) high wear loss, and (c) poor mechanical
properties as compared to the hard tissues. To overcome these

problems, Zr was replaced by a+f Ti-based alloys, especially
with Ti-Nb alloy. The mechanical properties of the Ti-Nb-Zr-Sn
alloys were in good agreement with the hard tissues still, the
cytotoxicity of the alloying elements such as V, and Al caused
severe health issues when released into the human body. To
overcome the toxicity of V, in this study V free a+f Ti-based
alloys such as Ti-Nb-Sn and Ti-Nb-Zr-Sn were developed by
replacing V and Al with Zr and Sn. Both these alloys exhibit
good mechanical properties when compared to the Ti-6Al-4V.
Therefore, low modulus B titanium alloys with f stabilizing ele-
ments such as Ta, Nb, Zr, and Sn have been developed because
of their non-toxicity [3], enhanced mechanical properties and
improved tissue response. Ti-Nb-Sn-Zr alloys show a modulus
of elasticity in the range of 48-55 GPa, much lower than the
presently used Ti64 conventional alloy [4]. Now-a-days, Zr and
Ti form receives much attention for their biological applications;
it is used as a biocompatible material for bone implants and is
the second-most transplanted tissue in clinics. The zirconium
with titanium particulate manufactured by P/M processes, as
determined by Alshammari et al. [5], constitutes a kind of low-
cost, custom-tailored material with potential uses in the medical
field and automotive sectors. Because of the lubricating property,
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titanium in the form of particles is widely used in biocompatible

bone regeneration and repair applications.

However, in its biocompatible material form, titanium ma-
terial is a major organic component of biological hard tissues.
Scaffolds for bone have a similar property such as they can
sustain typical cellular function, including molecular signalling
systems, without causing harm to the host, either locally or sys-
temically [6]. Among other techniques, powder metallurgy plays
a vital role because it allows for more precise microstructure con-
trol and more feasible reinforcement distribution than casting, as
suggested by Balikai et al. [7]. The powder metallurgy combines
two powders in the proper ratio before compacting the resulting
homogenous mixture, which is a key advantage over casting. The
number of people suffering from various degenerative diseases
like osteoporosis (bone weakening), osteoarthritis (bone joints
inflammation) and trauma has increased tremendously. Preparing
implant materials for biomedical applications is a potential solu-
tion to these problems [8]. Hence there is a need to restore these
functionally compromised structures by substituting them with
the artificial implantation of biomaterials of definite shapes. But
repeated surgeries are very expensive with a very low success
rate. Besides, researchers are still developing material for bone
replacement that can help regain the lost structure and function
precisely in load-bearing applications. Thus Ti-Nb-Sn-Zr alloy
develops implants with a longer lifetime and excellent biocom-
patibility. The objective of this study is illustrated below:

*  Synthesise and develop three biocompatible composites
like Ti-35Nb-4Sn alloy, Ti-15Nb-5Zr-4Sn alloy, and
Ti-35Nb-7Zr-4Sn alloy potential candidates for biological
applications.

*  Examine the mechanical alloying using the Powder metal-
lurgy technique.

»  Toinvestigate the fatigue and wear behaviour of three Ti-Nb
alloys to alleviate the stress shielding effect.

*  The mechanical properties and surface morphology of
three materials are being studied to find better orthopaedic
applications.

2. Experimental details
2.1. Materials

Composites are primarily used in automobile and orthopae-
dic applications because of their excellent mechanical proper-
ties and corrosion resistance. There is an increasing demand
for materials with lightweight and load-bearing capabilities for
improved performance in hardness and stiffness. A new genera-
tion of materials significantly improves temperature capability
beyond the operating limits of the conventional superalloys
required to meet this demand. Zirconium (Zr) and Titanium (Ti)
are abundant elements, ranked as the twentieth most abundant
element in the earth’s crust. Chen et al. [9] reported that zirco-
nium is a possible replacement or combination with vanadium
and aluminium as an alloying element for its strong corrosion

resistance in steel. Zr has an inherent affinity with oxygen
and nitrogen to form strong nitride and oxides as precipitates,
a potential site for more grain nucleation resulting in fine grain
structures and improving mechanical properties. Niobium (Nb)
and Tin (Sn) are lightweight and have excellent wear resistance
compared to other materials such as copper, brass, and steel.
In this work, zirconium and titanium are obtained from Viru
Chemical Industries in Chennai, whereas the niobium and tin
are procured from Avience Chemicals and Pharmaceuticals Pvt.
Ltd., Gujarat, India. The zirconium, titanium, niobium, and tin
powders are obtained from the company, as shown in Fig. 1. The
physical and mechanical properties of powder mixtures obtained
from the company are listed in TABLE 1.

(b)

Fig. 1. Raw materials of (a) Titanium, (b) Niobium, (c) zirconium and
(d) Tin Powders

TABLE 1
Physical and Mechanical Properties of Ti-Nb-Zr-Sn particles
Properties Titanium | Zirconium | Niobium Tin
Density (2/Cm?) 4.42 4.42 4.42 4.42
Size (um) 32t036 | 28to31 | 12to17 [11to 15
Shape Spherical | Spherical | Spherical | Round
Color Grey White Black Grey
Strength (MPa) 321 211 287 187
Microhardness (HRC) | 315.8 106.7 142.6 89.3
Elastic modulus (GPa) 113 94 102 33
Poisson’s ratio 0.32 0.21 0.24 0.11
Thermal conductivity
(W-m.K) 23.9 37.2 41.3 62.7
2.2. Methods

2.2.1. Mixing and blending

Using a high-energy ball mill, powders can be mechani-
cally alloyed (MA) to achieve atomic-level alloying, which is



only possible in the solid state. Mechanical alloying is used
to obtain a homogeneous distribution of particles. Titanium,
zirconium, tin, and niobium powder were thoroughly mixed in
a high-energy ball mill. Ball milling was carried out at room
temperature (RT ~ 30°C) for 90 min using Fritch-pulverise-6,
as shown in Fig. 2(a). A high-energy ball mill for Zr/Nb/Sn
biocomposites is used to mill the powder using the wet milling
technique. The powder was sealed in a cylindrical WC (tungsten
carbide balls) vial with 50 WC balls of three different diameters.
The ball-to-powder weight ratio was maintained at 20:1 (ball
weight is 400 g, and powder weight is 20 g), and its level was
frequently checked. The solvent powders were then deagglom-
erated in a mortar and sieved after being dried in a furnace for
2 hours at a temperature of 120°C [10].

2.2.2. Compaction and sintering

Preparing Ti-Nb-based composites is a highly challenging
task, and limited information exists in the open literature on
processing these alloys. The conventional sintering process is
a highly energy-intensive way of preparing these composites.
Powders were squeezed in a hydraulic pressing machine with
a punch and die of 10 mm diameter and 80 mm height at a pres-
sure of 950 MPa. A hydraulic pressing machine and sintering
apparatus were used for compaction, as shown in Fig. 2(b-c).
No lubricant was included in the powder due to the Zr and Sn
particulate’s high activity and reactivity to contamination. Zn
stearate in acetone was used to lubricate the punch and die walls
before powder filling to allow for sample ejection. The high-
density green particles were sintered at a choking time of 60 min
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at a temperature of 1100°C [11], and the sintered specimens are
shown in Fig. 2(d).

2.2.3. Hot Extrusion Process

The hot extrusion process is chosen as secondary process-
ing because it can minimize porosity and enhance mechani-
cal performance. After the sintering process, the Ti/Zr/Nb/Sn
biocomposites were inserted through a subsequent process (hot
extrusion) using a 150-tonne hydraulic press. The die was heated
to 850°C in a furnace and filled with alloy and composite billets
for this test. After being saturated for 30 min, the billets were
extruded at a ratio of 20:1 at a size of 10 mm x 55 mm. In ad-
dition to producing structural forms; the extrusion technique
achieves a more uniform particle distribution.

2.4. Mechanical characteristics

(a) Tensile test

The samples were machined from a central portion of the
test bar for the tensile tests. ASTM E8M-04 standards [12]
were used to prepare the tensile test samples at room tempera-
ture. Tensile strength, yield strength, and % elongation of the
niobium alloys was measured in a universal tension machine of
50-tonne capacity with a constant speed of 1 mm/min (Model:
1038-VS-T). The tension samples used in the testing were 50 mm
long and 10 mm in diameter. The purpose of this gauge mark
is to calculate the elongation after a fracture. The samples were

Fig. 2. (a) Ball milling apparatus (Fritch-pulverise-6), (b) Hydraulic pressing machine, (c) High temperature tubular furnace, and (d) Sintered samples
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held in place by gripping holding devices with fixed rigidity. The
strain absorbed in the specimen was calculated using a strain
gauge during loading. The axial tension load is gradually applied
to the test speed for standard test specimens at 2 mm/min until
it fractures using a hydraulic machine.

(b) Microhardness test

A microhardness test was performed on the hybrid compos-
ites’ NZ cross section in the surface normal to the FSP direction.
Samples were tested using a 100 g load for 15 seconds. The
device used for this test is a Vickers digital micro-hardness tester
performed according to ASTM E9 standards [13].

(c) Impact test

The samples are machined from a central portion of the
test bar. The samples for the impact test are prepared as per
the ASTM A370 standard [14]. The dimensions of the sam-
ples are 10x10%55 mm (at 45°) and 2 mm depth. Impact tests
were conducted using a Charpy impact test machine with a range
of 0-300 joules at room temperature. The three samples were
conducted for each composition, and the average values are
reported in the results.

2.6. Tribology test

The pin-on-disc dry sliding technique is a simple and ac-
curate method for wear analysis for niobium composite samples.
The wear resistance of the particulate filler blended with the
composite is improved. The equipment can evaluate materials’
wear and contact qualities in sliding conditions. The pin can act
as a sample, with the disc acting as a counter face, as shown in
Fig. 3(a). The thickness of the test specimens was 5 mm, and
the height was chosen as 15 mm with a 10 mm width as per the
ASTM G 99 standard [15]. The specified parameters included
a disc speed of 2.3 m/s and a disc diameter of 100 mm. For
varying loads from 10 to 50 N, a constant sliding distance (L)

LVDT for wear

measurement

of 1200 m was used, and the calculated rotating speed of 3 m/s
was maintained. Wear estimation is conveyed to help decide the
measurement of the materials worn away after a wear test. The
specific wear loss and COF are estimated and detailed during
the tribology test.

2.7. Fatigue behaviour

Fatigue behaviour plays a major role in material science
through empirical fatigue life assessment methods developed
over the years. The test is carried out on notched and un-notched
specimens using an MTS 100 KN Servo-hydraulic machine,
as shown in Fig. 3(b). Notched specimens may contain stress
raisers in the form of holes or notches supposed to be real-life
structures with well-defined geometry. On the other hand, un-
notched specimens are measured to identify fatigue properties
and provide information on notch sensitivity. However, surface
conditions strongly influence the fatigue behaviour of both
notched and unnotched specimens. High-cycle fatigue (HCF)
is investigated as a function of the notch and un-notch factors in
the total number of cycles. The specimens’ ends were polished
sequentially using grade 800 abrasive paper to prepare for the
fatigue tests. The samples were cleaned in acetone before the
fatigue test. The samples are cut by ASTM E466 standards [16].
The fatigue test uses a specimen that is 10 mm in diameter and
80 mm in length. The test parameters are chosen as a loading
frequency of 3 Hz with a minimum load of 0.5 KN and a stress
ratio of 0.5, respectively. The stress amplitude (S) is plotted
versus the number of cycles (N) to create the S-N curve (N).
Using Basquin’s equation, it was possible to characterize the
shape of the S-N curve for high-cycle fatigue. Ti-Nb alloys
are compared along the S-N curve to determine the effect on
fatigue life.

S'N=A (1)

where, S —stress, N —number of cycles to failure, A—amplitude

Fig. 3. (a) Pin-on-disc apparatus, and (b) Fatigue test apparatus (MTS 100 KN Servo-hydraulic machine)



2.8. Microstructural examination

Microstructure studies were carried out using scanning
electron microscopy and an optical microscope to identify the
defects, such as a pin, void, and tunnel in the processed zone.
Composite sample failure surface fractography was examined
using SEM. The fractured tensile, flexural, and impact biohybrid
composite samples are cut and micrographed by the CX-200TM
at standard specifications. An ethanol solution is used for each
specimen before the SEM analysis. The nature of the material
is determined, and fractography is identified at high magni-
fication.

3. Results and discussion
3.1. Optical microscope analysis

The optical microscope images of the Ti-Nb alloys are shown
in Fig. 4(a-c). It is observed that the grain size decreased in the
order of Ti-35Nb-4Sn > Ti-15Nb-5Zr-4Sn > Ti-35Nb-7Zr-4Sn
alloy, and the average grain size is found to be 32.1+23.4,
19.746.3, 11.54£3.8, 8.3+£2.7 um respectively. The grains of
all samples were further refined after extrusion. This can be
attributed to dynamic recrystallization during plastic deforma-
tion at high loads. Cracks appear on the surface due to their
brittle nature, as shown in Fig. 4a. In general. According to Li
et al. [17], hard reinforcement particles increase the durability
and influence the grain size of Nb material. Fig. 4(b) optical
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micrographs of zirconium particles demonstrating dendritic
structure. The particle size and weight fraction influence the
composite’s structure to a greater extent. Increasing the weight
percent of Zr and Nb particles tends to minimize the grain
size. The reinforcement particles are strongly bonded with the
matrix, leading to a homogenous distribution of reinforcement
particles on each other at certain places (Fig. 4(c)), and are
bonded properly. Adding aligned tin, zirconium, and niobium
particles with Ti can minimize the cracks and fracture surface.
However, Ti-35Nb-4Sn alloy leads to pores and pits appearing on
the material surface, leading to larger grains. The incorporation
of 7% Zr particles has a significant effect on material strength.
The Ti-35Nb-7Zr-4Sn exhibits small grains and a finer structure
than the other alloys.

3.2. Mechanical properties
3.2.1. Hardness test

The results of microhardness test samples of all three al-
loys are shown in Fig. 5. The Ti-Nb surface layer appeared as
particles well dispersed in the layer of the composite mixing
zone and well bound to the alloy surface without any defect
formation. The Ti-35Nb-4Sn possesses a minimum microhard-
ness value of 438.71 HV, and Ti-15Nb-5Zr-4Sn is 456.53 HV.
Among other samples, the Ti-35Nb-7Zr-4Sn exhibits a higher
hardness of 479.83 HV. The increased amount of 4% Sn with
35% Nb particles to Ti strengthened the base material, and the 7%

Fig. 4. Optical Micrographs of (a) Ti-35Nb-4Sn alloy, (b) Ti-15Nb-5Zr-4Sn alloy and (c) and Ti-35Nb-7Zr-4Sn alloy
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zirconium content also strengthened the material. Li et al. [18]
found that adding 12.5Nb-8Zr-2Sn to a composite made of Ti
made it stronger and harder. The significant rise in the com-
posites was caused by the increase in the Zr and Sn particles in
the filling of pores, which is connected to the reactivity of the
Ti-Nb alloy and improving the grain size of the material inter-
face. The material strength and joint efficiency of the composite
improved.
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Fig. 5. Graphical representation of microhardness of Ti alloys after
sintering and HE

3.2.2. Tensile test

Ultimate tensile strength, percentage of elongation, and
yield strength were estimated using a tensile test, and the plots
were determined. TABLE 2 represents the tensile strength of
Ti-35Nb-4Sn, Ti-15Nb-5Zr-4Sn and Ti-35Nb-7Zr-4Sn alloys.
Comparing the Ti-35Nb-4Sn alloy, there is a difference in the
increase in ultimate tensile strength of 1042 MPa for Ti-15Nb-
5Zr-4Sn composite and 1317 MPa for Ti-35Nb-7Zr-4Sn at the
expense of a slight reduction in elongation. The increased tensile
strength of this Ti-Nb-Zr-Sn alloy could be attributed to the ad-
dition of 35% Nb and 7% Zr particles. However, the Zr and Nb
applied to the material surface have drawn more interest recently,
which enhanced mechanical properties due to grain refinement.
The Ti-Nb combination with Zr and Sn significantly increases the
ultimate tensile strength at the expense of a remarkable reduction
in elongation. This is due to the presence of Zr and Sn content in
the alloy, which leads to reduced agglomeration. Therefore, due

to small grains, the highest ultimate tensile strength of 1603 MPa
is obtained in the Ti-35Nb-7Zr-4Sn sample. Li et al. [19] studied
the mechanical properties of Ti-Nb alloy. The tensile results
showed that the ultimate tensile of the Ti-Zr-Nb-Sn bearing alloy
was significantly increased, i.e., the increase in tensile strength
is 38% higher than the other alloys.

3.2.3. Impact test

The samples for the impact test were prepared as per the
ASTM A370 standards using a Charpy impact test machine at
room temperature. The three samples were conducted for each al-
loy, and the average values are reported in the results. The room-
temperature impact energy of titanium with niobium samples in
the powder condition is reported in Fig. 6. The impact energy of
the Ti-35Nb-4Sn alloy is 11 J/m?, and the impact addition of Zr
particles ranges from 15 J/m? (Ti-15Nb-5Zr-4Sn) to a maximum
of 18 J/m? (Ti-35Nb-7Zr-4Sn alloy), respectively. The presence
of Zr particles with Ti-Nb leads to improving the impact strength.
Yang et al. [20] reviewed the effect of individual Nb elements
and a combination of Zr and Sn particles on the toughness of the
Ti alloy. It also reported that the impact energy before the coat-
ing was observed to be very low in the micro-alloyed samples
compared to the coated samples due to the presence of nitride
residues, which are severely prone to brittle behaviour under the
application of sudden loading.
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Fig. 6. Impact strength of Ti alloy with Nb content

TABLE 2

Tensile strength of niobium mixtures

Material Composition Tensn(l;[sl:;;ngth Ylle;l/HS);;ess Percentag(ﬁ/]?ilongatmn
()
Ti-35Nb-4Sn alloy 1042 983 13.26
Ti-15Nb-5Zr-4Sn alloy 1317 1067 9.73
Ti-35Nb-7Zr-4Sn alloy 1603 1291 8.29




3.3. Wear analysis
3.3.1. Effect of applied load on wear loss

The Ti-15Nb-5Zr-4Sn alloy decreases wear loss compared
to Ti-35Nb-4Sn alloy due to an interfacial bond between particles
which improves wettability. Fig. 7(a) shows that the lowest wear
loss is observed at all loads for Ti-35Nb-7Zr-4Sn alloy. This is
due to the increased weight fraction of Zr and Nb hard particles.
Similar observations were obtained by Hua et al. [21]. The wear
loss of Ti-35Nb-4Sn alloy is high (0.102 g) than that of A356/
RHA-Fly ash hybrid composites. The addition of 15Nb-5Zr-4Sn
with Ti alloy shows a decrease in wear loss of 0.076g (26.3%)]),
respectively. Increasing the 35% of Nb and 7% of Zr with Ti
alloy exhibited the lowest wear loss of 0.024g (43.2%]). The
Ti-35Nb-7Zr-4Sn alloy, which contains a high concentration
of zirconium and niobium content, increases wear resistance
by showing reduced wear loss compared to other composites.
The representation of Ti-Nb alloy is Ti-35Nb-7Zr-4Sn alloy <
Ti-15Nb-5Zr-4Sn alloy < Ti-35Nb-4Sn alloy.

3.3.2. Effect of applied load on the coefficient of friction

The Ti-35Nb-4Sn alloy exhibits abrasive wear at a constant
sliding speed of 3 m/s and a sliding distance of 1200 m due to
an increased applied load. Increasing the load results in a high
frictional force; this force is not equivalent to the increase in
load. When the addition of Zr particles increases, COF will
increase due to an increase in the area of contact. The friction
coefficient is lower by adding 35% Nb and 7% Zr with Ti alloy
due to less heat generated at the initial load and varies within
the narrow range of 0.21p (32.7%]) as shown in Fig. 7(b).
At a load of 30N, Ti-35Nb-7Zr-4Sn exhibits a lower friction
coefficient (0.26-0.31p) attributed to increasing hard particles
in the matrix compared to the other alloys. The coefficient of

1549

friction for Ti-35Nb-4Sn alloy is 0.58 p and Ti-15Nb-5Zr-4Sn is
0.46 p, respectively. Increasing the reinforcement of 35% Nb and
7% Zr with Ti alloy exhibited the lowest coefficient of friction.
Therefore, the Ti-35Nb-7Zr-4Sn alloy composite is subject to less
wear debris and shows better wear resistance and a lower COF.

3.3.3. Specific wear rate of titanium alloys

The specific wear rate of the Ti-35Nb-7Zr-4Sn alloy is three
times lower when compared with the Ti-35Nb-4Sn material
under all loadings. It happens because the presence of Zr and Sn
particles makes it more resistant to wear and tear. The specific
wear rate of Ti-35Nb-4Sn alloy is 0.23x1073 mm?/N-m. It is
improved by adding Zr in Ti-15Nb-5Zr-4Sn alloy and increasing
Nb particles in Ti-35Nb-7Zr-4Sn alloy from 0.17x10~* mm*/N-m
and 0.12x107° mm?/N-m, respectively. As shown in Fig. 8(a),
adding Zr, Sn, and Nb to Ti has better wear resistance than other
compositions. While Acharya et al. [22] examined the wear
rate and COF of niobium alloys, they found that as the volume
fraction of Nb and Mo increased, the wear rate and cumula-
tive friction coefficient improved. The variation of wear loss
and coefficient of friction of all three alloys is represented in
Fig. 8(b-c). It is observed that an increase in Zr and Nb content
results in reduced wear loss and COF of the Ti-35Nb-7Zr-4Sn
alloy compared to other alloys.

3.4. S-N graphs of notched and Unnotched samples

Fatigue tests are conducted for all alloys at three different
stress levels of 80, 100, and 120 MPa with a frequency of 15 Hz
and a stress ratio of 0.1. When the stress cycles are limited,
a failure S-N curve appears as the specimen is subjected to in-
creasingly large stresses. Fatigue behaviour is highly sensitive to
even slight changes in the stress level and fatigue environment
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that make up a cyclic pattern. Fig. 9(a-c) shows that when the
stress amplitude increases, the number of cycles (N) decreases,
and new fracture modes arise in various places. The fatigue
strength of the three alloys is determined by plotting the S-N

Local stress amplitude (MPa)

curve between the stress range and the number of cycles. When
comparing experimental data, the S-N curve is plotted. A rela-
tively small number of cycling attempts generated the initial high
stress of 120 MPa. Internal fractures appeared with a stress of
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Fig. 9. S-N graphs for notched and Un-notched samples of (a) Ti-35Nb-4Sn alloy, (b) Ti-15Nb-5Zr-4Sn alloy and (c) and Ti-35Nb-7Zr-4Sn alloy



80 MPa, suggesting an abrupt failure mode. At an applied load
of 100 MPa, further flaws were visible in the notched specimen
but not in the unnotched specimen. The term non-defect failure
defines this type of fatigue crack [23]. Thus, the unnotched
specimen has more cycles at all stress levels than the notched spe-
cimen. When comparing the notched and unnotched specimens,
the S-N graph in Fig. 9 reveals that the notched specimen has
low cycles (a-c). Ti-35Nb-4Sn alloy has a maximum cycle count
of 5.2x10° cycles. The maximum cycles for the alloys devel-
oped, Ti-15Nb-5Zr-4Sn and Ti-35Nb-7Zr-4Sn, are 7.2x10° and
8.5x10°, respectively. The fatigue life of the Ti-35Nb-7Zr-4Sn
composite is increased at all stress levels, which is attributed to
its large number of cycles. However, it has been observed that
the incorporation of a high percentage of Zr and Nb particles
into the Ti has no negative effect on the material and results in
an increase in the material’s strength compared to other alloys,
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making it suitable for applications such as turbine blade fabri-
cation and the creation of bio-implants. The Ti-35Nb-7Zr-4Sn
alloy outperforms by 30% improvement in strength and endures
many cycles than other alloys.

3.5. Surface morphology

SEM (Model: CX-200TM) was used to investigate the
topography of Ti-Nb composites, the nature of failure, and
the compatibility between the alloys. After fatigue analysis,
the cut samples are taken to prepare for SEM examinations, as
shown in Figs. 10-12. Further, the unnotched surfaces of the
fatigue samples were investigated using the same methodol-
ogy. At a working distance of 6 mm, the samples were scanned
in SEM by an electron beam with an accelerating voltage of

Fig. 11. SEM images of microscopic and macroscopic of the notched specimen of Ti-15Nb-5Zr-4Sn alloy
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Fig. 12. SEM images of microscopic and macroscopic of the notched specimen of Ti-35Nb-7Zr-4Sn alloy

20 keV and a probe current of 1.0 nA. The cross-sectional image
(Ti-35Nb-4Sn) shows the fracture surface is in linear shape due
to high agglomeration and poor hardness, as shown in Fig. 10.
The outer surface structure of the Zr and Nb particles plays a key
role in interfacial bonding between particles, which influences the
composites’ strength and is shown in Fig. 11(a-b). At the same
time, the increase in the weight percent of Nb and Zr particles
(Fig. 12) minimises the powder defects (low cracks). The better
and more homogenous distribution of Nb and Zr particles in
the Ti is attributed to the compact action created by the P/M.
Dan et al. [24] revealed that adding Nb-Zr-Sr with Ti as a wet-
ting agent has also proven beneficial for improving wettability,
reducing voids, and improving strength, which is necessary for
orthopaedic applications. Incorporating nanoparticles into the
composite mixture has increased the heat transfer rate and created
amore intimate bond between the composite and the mould inter-

face. Adding aligned Ti particles to Zr/Nb/Sn can minimize the
cracks and fracture surface. Since the entire proportion of rein-
forcement particles was added to the vortex formed in the molten
matrix, Ti-35Nb-7Zr-4Sn alloy is homogeneously distributed in
the matrix, as shown in Fig. 12(a-b). However, a uniform surface
with few impurities and non-cellulosic materials is preferred for
good interfacial bonding. This could be achieved by adding Zr
particles on the surface and the addition of other hard particles.

3.6. XRD analysis

An X-ray diffractometer was used to capture the X-ray dif-
fractograms as per ASTM 3419-22 standards for all three com-
posites, as shown in Fig. 13(a-c). A higher crystalline index ob-
tained for Ti-35Nb-4Sn alloy could be attributed to the structure’s
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Fig. 13. XRD analysis of (a) Ti-35Nb-4Sn alloy, (b) Ti-15Nb-5Zr-4Sn alloy and (c) and Ti-35Nb-7Zr-4Sn alloy



regular atom arrangement. The sharp peaks at 20 =42.9°, 62°,
and 73.8° indicated the crystal structure as shown in Fig. 13(a).
When 5Zr particles are added to the Ti-Nb-Sn alloy, the lowering
peak confirms the addition of carbon, zirconium, and iron con-
tent. In all the substances, a significant peak in absorption from
the spectra was initially observed between ranges of 55.6° and
92.3°, indicating the crystalline form of the substances. Cordeiro
etal. [25] concluded that increasing Zr and Nb particles to the Ti
alloy could cause an essential phase to form at the alloy-particle
interface during annealing, making the material more resistant
to corrosion and wear. The XRD curve for Ti-35Nb-7Zr-4Sn al-
loy (Fig. 13(c)) was two prominent peaks at 43.07° and 80.16°,
indicating that the reinforcement particles are semi-crystalline.

4. Conclusion

The Ti-Nb-Zr-Sn alloys are used in orthopaedic, acrospace,
and structural applications, apart from their extensive applica-
tions in defence. In this study, Ti-Nb alloys were successfully
fabricated through the powder metallurgy process. From the
above tests and analyses, the following conclusions are drawn:
1. The OM images demonstrated the presence of refined grains,

fragmented phases, and homogencously dispersed Zr par-

ticles in the composite. The average grain size and smooth
surface fracture are obtained in the Ti-35Nb-7Zr-4Sn alloy,
which is better than the other alloys.

2. The hardness is improved from 438.71 HV to 479.83 HV
(Ti-35Nb-7Zr-4Sn) due to the presence of Zr and Nb par-
ticles that strongly attract Ti leads, improving the strength.

3. Tensile test results established with the Ti in combination
with 35% Nb/7% Zn increase the ultimate tensile strength
significantly at the expense of a remarkable reduction in
elongation up to 17%. The Ti-35Nb-4Sn has the lowest
ultimate tensile strength of 1042 MPa among the samples.
It is due to the Sn content in the soft ferrite matrix, which
leads to agglomeration. The highest ultimate tensile strength
of 1603 MPa is obtained in the Ti-35Nb-7Zr-4Sn sample
due to very fine bcc grains compared to other alloys. The
test results and characterization all point to the Ti-35Nb-
7Zr-4Sn composite being a good material for bioimplant
applications.

4. The impact energy of the Ti-35Nb-4Sn alloy is 11 joules,
and the impact after adding Zr particles ranges from
11 joules to a maximum of 15 joules. While applying the
7% of Zr and 35% of Nb exhibits highest impact energy of
18 joules.

5. Due to the addition of Ti-35Nb-7Zr-4Sn shows more
consistent flow stability regimes than the other alloy for
all test conditions. Comparing S-N graphs of notched and
unnotched specimens, the peaks and plateaus caused by
strain hardening and flow softening occur at different stress
levels.

6. Compared to Ti-35Nb-4Sn alloy, the wear loss of Ti-15Nb-
5Zr-4Sn with various applied load are less. The Ti-15Nb-
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5Zr-4Sn alloy shows a decrease in wear loss (26.3%)).
Increasing the Nb and Zr particles (Ti-35Nb-7Zr-4Sn alloy)
exhibited the lowest wear loss (78.2%]). Similar observa-
tions are found in COF is decreased to 25.3% compared to
other alloys.

The microscopic examination shows that the Zr, Sn and
Nb alloying elements are distributed homogenously within
Ti alloy. Therefore, it is concluded that Ti-35Nb-7Zr-4Sn
alloy is the best-suited material for biodegradable implant
applications.
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