crystals

Article

Wear Characterization of Laser Cladded Ti-Nb-Ta Alloy for
Biomedical Applications

Raj Soni !
Abdel Moneam Hussein

check for
updates

Citation: Soni, R.; Pande, S.; Kumar,
S.; Salunkhe, S.; Natu, H.; Hussein,
H.M.A M. Wear Characterization of
Laser Cladded Ti-Nb-Ta Alloy for
Biomedical Applications. Crystals
2022, 12,1716. https:/ /doi.org/
10.3390/ cryst12121716

Academic Editors: Yang Zhang and
Yuqgiang Chen

Received: 20 September 2022
Accepted: 16 October 2022
Published: 25 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Sarang Pande *
5,6

, Santosh Kumar 2, Sachin Salunkhe 3, Harshad Natu * and Hussein Mohammed

Department of Mechanical Engineering, Marwadi University, Rajkot 360003, India

Department of Mechanical Engineering, Indian Institute of Technology, Varanasi 221005, India

Department of Mechanical Engineering, Vel Tech Rangarajan Dr. Sagunthala R & D Institute of Science and
Technology, Chennai 600062, India

4 Magod Fusion Technologies Pvt. Ltd., Pune 411026, India

Mechanical Engineering Department, Faculty of Engineering and Technology, Future University in Egypt,
New Cairo 11835, Egypt

Mechanical Engineering Department, Faculty of Engineering, Helwan University, Cairo 11732, Egypt

*  Correspondence: sarang.pande@marwadieducation.edu.in

Abstract: Additive manufacturing (AM) has started to unfold diverse fields of applications by
providing unique solutions to manufacturing. Laser cladding is one of the prominent AM technologies
that can be used to fulfill the needs of custom implants. In this study, the wear resistance of the laser
cladded titanium alloy, Ti-17Nb-6Ta, has been evaluated under varied loads in Ringer’s solution.
Microstructural evaluation of the alloy was performed by SEM and EDX, followed by phase analysis
through XRD. The wear testing and analysis have been carried out with a tribometer under varied
loads of 10, 15, and 20 N while keeping other parameters constant. Abrasion was observed to be
the predominant mechanism majorly responsible for the wearing of the alloy at the interface. The
average wear rate and coefficient of friction values were 0.016 mm?/Nm and 0.22, respectively. The
observed values indicated that the developed alloy exhibited excellent wear resistance, which is
deemed an essential property for developing biomedical materials for human body implants such as
artificial hip and knee joints.

Keywords: Ti alloys; 3-phase; laser cladding; wear characterization; biomedical applications

1. Introduction

Over the years, there has been a growing need for hard-tissue replacements in the
human body like hip/knee joints, teeth, etc., [1]. Some of the key reasons are attributable
to the increasing age of the population and increased life expectancy due to better health
care in the past decades [2]. A high number of accidents also increases the demand [3].
Due to this, interest has surged in exploring the possibilities for the materials that fulfil
the replacement needs. Metallic materials are outstanding hard-tissue replacement mate-
rials because of their versatile properties like high mechanical strength, toughness, and
promising biocompatibility [4]. Titanium (Ti) alloys possess the required properties like
high strength, outstanding biocompatibility, low density, enhanced resistance to corrosion,
etc., making them a perfect candidate for use in the human body [5,6]. One of the critical
reasons for Ti and its alloys” outstanding biological and physical properties is the presence
of an oxide film (TiO;), which is generated naturally on their surface [7]. However, the
low hardness and wear resistance affect their full flange use [8]. The ASTM standardized
Ti alloy Ti-6Al-4V has high resistance to corrosion, excellent machinability, and tensile
strength [9,10]. However, due to a mismatch in Young’s modulus (~110 GPa) compared to
the human bone (~30 GPa) and reported claims of creating severe health problems such as
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adverse tissue reactions and neurological disorders [11,12], there has been renewed interest
in the search for its alternatives for use in biomedical applications.

Titanium is an allotropic element present in various phases like o, o« + 3, and f3. «-
stabilizers and (3-stabilizers are added to enhance the «- and 3-phases, respectively [13].
Over the past years, numerous studies have been conducted in search of (3-Ti alloys, which
potentially possess desired mechanical properties and resistance to corrosion. Due to
the drawback of Al- and V- ions in Ti-6Al-4V, past studies have tried replacing those
elements with other (3-stabilizers such as Ta, Sn, Mo, Nb, and Zr to make -Ti alloys [14,15].
Wei et al. [16] examined Ti-Ta-Nb alloys with 15, 23, and 30 Ta mass% for evaluating
the microstructural, biocompatibility, and mechanical properties. Ti-30Ta-10Nb was the
optimum alloy, with a Young’s modulus of around 60 GPa, a strength of around 1250 MPa,
and a hardness of around 3.1 GPa. A Ti-23Ta-10Nb alloy, was also suitable with a Young’s
modulus of around 75 GPa, hardness of around 3.0 GPa, overall strength of around 1300
MPa, and favorable biocompatibility. The porous foams of this alloy exhibited strength
and Young’s modulus values of around 180 MPa and 10 GPa, respectively, which were
observed to be close to human bone properties.

2. Wear in Ti Alloys

Ti alloys possess low thermal conductivity and low resistance to plastic shearing.
Hence, the frictional heat keeps the mating materials attached [17]. Wear resistance is an
essential property for implants, and Ti alloys are often used in mechanical joints. When
these alloys are used for implant applications such as hip or knee joint replacements, their
efficiency may be lower because of the sliding or slight amplitude movement generated
from frictional wear [18]. This can create wear debris that is abrasive and is responsible
for producing metallosis and metallic allergies [18]. Past studies have tried to upgrade the
wear characteristics of Ti alloys by using surface improvement techniques such as PVD,
CVD, ion implantation, thermal spraying, etc., [19-22]. However, it was observed that most
processes were not suitable due to insufficient adhesion and layer thickness requirements,
though some experimentation was done to generate an irregular surface. Irregular surfaces
generate oxide layers, which increase the surface area by about 25-35%, due to which there
is a noticeable improvement in osseointegration and bonding between the implant and
the bone [23]. Barfeie et al. [24] reported that rough surfaces are supposed to give better
osseointegration. However, the amount of roughness required for better results is still
unknown.

In their study, Khan and Nisar [25] discussed the abrasive wear of a zinc-aluminum
alloy. They used pin-on-disc equipment with a 1 m/s sliding speed to obtain the necessary
wear characteristics. Loads of 5, 10, 15, and 20 N and 125, 250, 375, and 500 m sliding
distances were chosen for the tests. Each sample was finished with up to #1200 grade SiC
paper and cleaned with acetone. Increased wear with deeper grooves was noted when the
applied loads were increased from 5 to 20 N.

Another study by Jing et al. [26] prepared a bio-functional gradient coating (BFGC) of
hydroxyapatite (HA) on Ti6Al4V alloy samples using laser cladding. The four samples in
the study were subjected to SEM, EDX, and XRD analyses, and the wear properties were
evaluated in simulated body fluid (SBF). It was observed that the wear scars on the BFEGC
surface were very light because of the specimens’ high hardness and wear resistance. The
rate of wear of the grinding ball against the four specimens indirectly indicated the wear
resistance of the four specimens. Overall, the abrasive wear mechanism was predominant
in all four specimens.

Lee et al. [17] evaluated the wear mechanisms of untreated alloy Ti-Nb-Ta-Zr (TNTZ)
and Ti-6Al-4V using a ball-on-disc type configuration in Ringer’s solution and compared
the results with those gained from air exposure. It was found that the volume losses (Vipss)
of the TNTZ discs and balls were higher in the Ringer’s solution than that of air exposure
alone. Due to lower resistance to plastic shearing in the TNTZ combination, delamination
wear was predominant, resulting in an excessive wear rate. On the other hand, the Vg of
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the Ti-6Al-4V disc and ball combination decreased in Ringer’s solution more than in air
exposure. It may be due to the abrasive wear generated in the Ti-6Al-4V combination being
effectively suppressed by Ringer’s solution.

Dittrick et al. [27] evaluated the tribological behavior of laser processed Ta coatings on
pure Ti and found the wear to be one order of magnitude less than pure Ti. The wear rates
of pure Ti and Ta coating on Ti under 5 N load against hardened chrome steel balls were
1.39 x 1073 mm3/Nm and 1.89 x 10~* mm3/Nm, respectively. The authors claimed that
the Ta coatings on Ti could be used in place of HA coatings for excellent wear resistance
and bioactivity of human body implants.

Additive manufacturing (AM) helps in boosting the research towards making suc-
cessful implants. At the same time, it fulfils the need for customization. This study tries
to explore the possibilities beyond the currently used metallic biomaterials, which in turn
leads to an increase in the durability of the implant and human comfort. The present study
reports on the manufacturing of the Ti alloy Ti-17Nb-6Ta by laser cladding, which to the
best of authors” knowledge is the first of its kind. Like titanium, metals like tantalum (Ta)
and niobium (Nb) are also highly corrosion-resistant and inert in body fluids, which are
responsible for enhancing the 3 phase as discussed earlier. XRD analysis was done to
analyze the phase of the developed alloy, and microstructures were evaluated using SEM
and EDX techniques. Wear characterization was carried out in Ringer’s solution by varying
the loads, and the friction coefficient was also obtained for the test samples. Detailed
descriptions have been given in the upcoming sections.

3. Materials and Methods
3.1. Laser Cladding

AM refers to an integral part of the industrial revolution 4.0. It is a new-age manufac-
turing technology that boosts research in healthcare industries in a revolutionary way. It is
a digital manufacturing process that uses a computer model to fabricate the final product.
Laser cladding, a leading AM process, produces net-shaped parts in a layer-by-layer pattern
by using laser radiation. The three significant benefits of using laser cladding over other
AM techniques are:

(1) It uses significantly less material to fabricate a product;

(2) There is no requirement to use only spherical metallic powder for manufacturing,
which leads to lower final product costs [28];

(8) Gradient fabrication is possible only with this technology [29].

For large-scale acceptability of any technology, it is required that it doesn’t come with
any limitations. Laser cladding can be used to deposit the material on the large parts no
matter what the size is, which is not seen in other AM techniques.

The setup of the laser cladding unit used in the study is illustrated in Figure 1.

For proper melting of the alloy, the minimum energy supply needed is designated as
the laser energy density (E4). This energy is calculated from the laser power (P), scan speed
(V), and laser spot diameter (d) [30]. The relationship between the variables is represented

below in Equation 1:
P

Ei= 73 )
For this study, titanium powder was procured from M/s. Parshvamani Metals Pvt.
Ltd., Mumbai, India. Tantalum and niobium powder were procured from M/s. Aritech
Chemazone Pvt. Ltd., Kurukshetra, India. The average particle size of all the metal powders
was 30-70 um. The laser cladding for this research was performed at M/s. Magod Fusion
Technologies Pvt. Ltd., Pune, India, with a 4 KW diode laser. The metal powders were
mixed in a mini vertical blender in pre-set proportions (77, 17, and 6% of Ti, Nb, and
Ta, respectively), followed by sieving, and then poured into a laser cladding unit. Laser
cladding was performed using a 1200 W laser with a scan speed of 30 mm/s, a laser
spot size of 3 mm, a powder flow rate of 12 g/min, a carrier and shielding gas velocity
of 15 L/min, and a pass layer distance of 1.5 mm. Argon gas was used to maintain the
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oxygen level at a low ppm to avoid contamination of the fabricated product. A pure Ti
plate preheated to 200 °C was used as the substrate to ensure homogeneous cladding. The
cladding was performed in a closed chamber with an inert argon atmosphere to eliminate
oxidation. Post manufacturing, the samples were wire-cut into 20 mm x 20 mm x 5 mm
dimensions for further characterization.

Figure 1. Setup of the laser cladding unit.
3.2. SEM, EDX, XRD, and Micro-Hardness Analyses

SEM and EDX analyses were performed to analyze the microstructure and alloy
constituents of the manufactured alloy. SEM and EDX were performed on the EVO-
MA15/185EM and 51N1000-EDS System. Following SEM and EDX, XRD analysis was
conducted to analyze the phase of the manufactured alloy. The XRD analysis was done
using the Rigaku Miniflex 600 Desktop XRD. For metallographic analysis, the samples were
wet and finished with up to #2000 grade SiC paper. Vickers micro-hardness testing was
performed on the Micro-Mach micro-hardness tester MMV-M machine.

3.3. Wear Testing

A sliding wear test on the fabricated alloy was conducted using a reciprocating ball-
on-disk tribometer (BioTribometer, DUCOM, Bengaluru, India) as illustrated in Figure 2.
A zirconia ball of 10 mm in diameter was used. Zirconia has been used in the past in
metallic parts for implant surgeries. Hence, it was chosen as a counter material for wear
testing [31]. Before the testing procedure, the zirconia ball and specimens were subjected
to ultrasonication for 20 min to remove any surface impurities. All the wear tests were
done in a temperature-controlled environment (37 °C) using Ringer’s solution as a medium.
Ringer’s solution was made by adding 9 g NaCl, 0.43 g KCI, 0.2 g NaHCO3,and 0.24 g
CaCl; to 1 L of distilled water followed by autoclaving at 121 °C for 15 min. The applied
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loads were set at 10, 15, and 20 N, respectively, based on past studies [18,26,32]. The
maximum Hertzian contact pressures corresponding to applied loads were 682.9, 781.7,
and 860.4 MPa, respectively. The track length was 10 mm, and the frequency was 2 Hz.
Each run was limited to the 1800 s. The specimens were weighed pre- and post-testing in a
microelectronic balance having 10~ g accuracy [33]. The density was calculated with the
help of Archimedes’ principle.

Figure 2. The setup of the Tribometer system.

4. Results and Discussion
4.1. SEM and EDX Analyses

Ti, Nb, and Ta metal powders having irregular shapes are illustrated in Figure 3. SEM
images delineate the pores in the fabricated alloy, which may either be due to the release of
entrapped residual gases during manufacturing or to the partial evaporation of Ti from the
alloy. Unmelted Ta can also be seen in the SEM images.

The EDX spectrum of the alloy in Figure 4 shows the peaks of Ti, Nb, and Ta in the
manufactured alloy along with some Fe and Cu peaks in trace amounts. Fe and Cu do not
affect the biomedical properties of the alloy. As a result, they can be ignored.

From EDX analysis, the proportion of each element obtained in the cladded layer is
shown in Table 1.

Table 1. Proportion of each element in the laser cladded sample.

Proportion (%)

Ti 75.58
Nb 15.97
Ta 525
Fe 2.68

Cu 0.53
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Signal A= SE1 Date :15 Sep 2020
Mag= 504 KX Time :17:35:49
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(b)

Figure 3. Cont.
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EHT = 15.00 kV Signal A= SE1 Date :16 Sep 2020
WD = 8.0 mm Mag= 2.00KX Time :10:20:55

/

e —
EHT = 15.00 kV Signal A = SE1 Date :13 Jan 2021
WD = 8.5 mm Mag= 10.00 KX Time :11:23:34

(d)

Figure 3. SEM images of (a) Ti, (b) Nb, (c) Ta, and (d) laser cladded alloy Ti-17Nb-6Ta.

The XRD spectrum of Ti-17Nb-6Ta is shown in Figure 5. The analysis was done using
the X’'pert Highscore and Origin Pro software. The majority of peaks belong to the BCC
structure, which means that the manufactured alloy has a pure 3-phase except for some
small peaks which could be unrecognized due to contained impurities. The 3-phase alloy
possesses good wear characteristics in comparison to o or « + (3 alloys.
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Figure 4. EDX spectrum of the alloy Ti-17Nb-6Ta.
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Figure 5. XRD spectrum of the alloy Ti-17Nb-6Ta.

4.2. Hardness Testing

The laser cladded Ti-17Nb-6Ta alloy showed a micro-hardness of 176 HV, which was
higher than the pure Ti substrate, which showed a hardness of 165 HV.
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4.3. Wear Testing

The specimens that were subjected to wear testing are demonstrated in Figure 6a—c
along with the SEM images in Figure 6d,e. The worn specimens demonstrated scattered
grooves in parallel lines, which were most likely caused by abrasion due to the zirconia ball
in the tribometer. The hardness of the zirconia ball was sufficient to dislodge the asperities
from the surface in the form of the wear debris at the time of reciprocating movement.
These asperities drag against the opposite surface and create scratches. So, abrasive wear
was the predominant wear phenomenon, concurrent with the findings reported earlier by
Sukhpreet et al. [8].

Figure 6. Wear tracks on (a—c) cladded specimens and (d,e) SEM images.

4.4. Coefficient of Friction (CoF)

The graphs illustrated in Figure 7 a,b depict the relationship of CoF vs. time and wear
vs. time.

From the graphs, it can be seen that the value of CoF increased suddenly and reached
a maximum of ~0.7. This may be due to the initial stages during which the zirconia ball
starts rubbing against the cladded surface, followed by dislodging the surface asperities,
thereby creating more friction at the interface. After 100 s, the CoF noticeably decreased
for 15 and 20 N loads and settled around 0.15. For the 10 N loading, it was observed to
fluctuate around 0.3. After 200 s, the steady-state phase is achieved, and very slight changes
were observed except for the 10 N load, which still showed some resistance to achieving
the steady-state. This can be attributed to lower loads on the ball generating frictional force,
which was not enough to break off the material from the alloy specimens. Conversely, at
higher loads, the friction was high enough to break off the upper layer of the specimen, and
metallic debris was generated. Upon immersion in the Ringer’s solution, the debris acted
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as a solid lubricant, thereby reducing the actual area of contact, ultimately responsible for
the decrease in the CoF and hence the wear [17].

—— COF(10) —— Wear (10)
08+ - COF(15) —— Wear (15)
- COF(20) 0 —— Wear (20)
0.7 4
06} 20
0.5
W 04 g 401
o ]
© 034 2 s0-
0.2
-80 4
0.1
0.0 1004 = — T
R 7S T S e P TR 7 5, A A U 200 0 200 400 600 800 1000 1200 1400 1500 1800 2000
Time (S) Time (S)
(@) (b)
Figure 7. Graphs of (a) CoF vs. time and (b) wear vs. time.
4.5. Wear Rate
The wear rate was calculated from the following equation as described by the authors
of [31]:
A%
w = 2
N x L @
where w is the wear rate (mm>/Nm), N is the load (N), V is the wear volume (mm?),
and L is the sliding distance (m). The value of Vj,¢, was negligible in the evaluated
alloy specimens. As per Archard’s law, the volumetric loss of the material is inversely
proportional to the hardness of the material. Materials with high hardness essentially have
good wear resistance [25,33].
The calculated volume loss, wear rate, and CoF of the specimens are highlighted in
Table 2.
Table 2. Volume loss (Vy,s), wear rate, and CoF of Ti-17Nb-6Ta.
Initial Final Weight Density 3 Wear Rate
Load (N) Weight (g) @) Wiloss (g) (g/cm®) Vloss (mm°) (mm?/Nm) CoF
10 8.791 8.657 0.134 5.179 25.854 0.035 0.312
15 8.793 8.740 0.053 5.179 10.214 0.009 0.155
20 8.785 8.760 0.025 5179 4.808 0.003 0.189

5. Conclusions

This study describes the wear characteristics of the Ti alloy Ti-17Nb-6Ta. To the best of
the authors’ knowledge, using laser cladding to manufacture this alloy is the first time this
has been performed. The following conclusions from this study are drawn:

(1) Ti-17Nb-6Ta alloy possesses the (3 phase attributable to the elements Nb and Ta, which
was confirmed by the XRD analysis. The (3 phase is deemed essential for the alloy to
be compatible with biomedical applications.

(2) Abrasive wear plays a significant role in the wear mechanism. The wear rate of
the specimens with 15 N (0.0045 mm?3/Nm) and 20 N load (0.007 mm?/Nm) was
relatively lower in comparison to the specimens with 10 N load (0.035 mm3/Nm).
The average wear rate is close to 0.016 mm3/Nm.

(8) CoF was higher during the initial stages due to the surface unevenness of the alloy
surface, but after 100 s, a decreasing trend was observed. After 200 s of the run, the
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CoF fluctuated in a narrow range. CoF for 10 N load (0.312) was higher in comparison
to 15 N (0.155) and 20 N load (0.189). The average CoF is close to 0.22.

The wear results look advantageous from this characterization. The wear rate was
close to what was reported in the earlier studies [25,27]. However, this was an effort only
to check out the possibility of making the alloy by laser cladding and evaluate the wear
behavior. Further characterizations are necessary to evaluate its full potential to be used as
an artificial joint material in artificial hip and knee joint replacements.
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