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Abstract: This study aims to evaluate the wear rate of Mg-Hydroxyapatite-based composites reinforced with rare
earth oxide (Neodymium oxide) under in-vitro physiological conditions along with mechanical and microstructural
evaluations. To analyze the wear rates of the composites, an innovative technique has been designed to perform
experiments on the fabricated samples. The counter disc used for interaction was stainless steel disc coated with
the same material as the samples. The analysis was performed under different loading conditions with different
sliding velocities considering the different compositions of rare-earth oxide (1%, 1.5%, and 2%). The samples
were fabricated via powder metallurgy route with compaction pressure of 250 MPa followed by sintering at 400 °C
for 2 Hrs. Moreover, the mechanical analysis was done by calculating the samples’ microhardness and ultimate
tensile strength. In contrast, the materials were characterized and synthesized employing FTIR, FESEM, XRD,
and EDS techniques. The lowest wear rate was observed when the samples were subjected to higher load and
lower velocities. Also, it was found that during progressive wear testing, the wear rate is maximum in the initial
stage, but with the increase in sliding distance, the wear rate tends to reduce and then become steady. In addition,
it was found that Mg-HA-1.5Nd,O; showed the highest wear resistance. Moreover, the microhardness of the
sample with a rare-earth concentration of 1.5% was higher as compared to other samples. Similar results were
obtained for ultimate tensile testing of the composites. FESEM images showed refined microstructure of the
samples, with EDS results showing the homogenous distribution of HA and REO particles. XRD analysis showed
the development of secondary -phases that interlocks grain boundaries. Hence, the designed experimental setup
provides extensive wear rate results with related conditions created when the implant is placed inside the
physiological environment.

Keywords: Mg-Hydroxyapatite composites; neodymium oxide; wear analysis; mechanical properties;
microstructure

1. Introduction

In recent decades, there has been a rapid advancement in biomaterial composites for orthopedic applications.
Metals and their alloys have traditionally been extensively used across industries for manufacturing components
of varying complexity, due to their superior strength, wear resistance, ease of extraction, and machinability
compared to ceramics and polymers. Despite these advantages, metals face significant challenges related to friction
and wear, particularly under physiological conditions, raising concerns about their long-term degradation [1,2].
To address these issues, global research efforts have focused on enhancing metals, ceramics, and polymers by
reinforcing them with more robust and stiffer elements, thereby improving their properties for both existing and
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future technologies. These enhanced materials, known as composites, consist of two or more distinct physical or
chemical phases, leading to characteristics that surpass those of the individual components [3—5]. The development
of composites has made it possible to significantly improve the properties of even low-strength alloys. Additionally,
numerous studies have shown that incorporating various reinforcements into the matrix of composites can notably
enhance their frictional properties [6-9].

Compared with traditional biomedical alloys/composites, Magnesium (Mg)-based bio-composites and bio-
alloys have been employed in various biomedical applications such as bone fixation, cardiovascular stents, hip
joints, screws/pins, and dental implants. The RDI (recommended daily intake) of magnesium is nearly 200—400
grams, which makes it a suitable material for the implant [10—12]. The main problem with the implant material is
their toxicity after degradation in the body and excretion of its eroded particles from the body. The use of
magnesium can resolve these issues. Although, the biggest challenge in using magnesium is its rapid degradation.
This can be reduced by adding various reinforcing elements in the magnesium. Although pure magnesium
demonstrates generally suitable corrosion properties as an implant material for resorbable applications, it
frequently possesses insufficient mechanical properties. By means of alloying with appropriate alloying elements,
it is possible to eliminate the mechanical deficiencies of pure magnesium. In addition to this, magnesium possesses
desirable mechanical properties (density: 1.74 g/cm?; elastic modulus 45 GPa, and compressive yield strength 65—
100 MPa) closer to those of natural bone, which minimizes the disturbance of bone growth as well as problem of
stress shielding [13,14]. The inferior surface properties such as low wear resistance and higher corrosion rates of
Mg based materials have restricted its applications in the orthopedic industry. The physiological conditions consist
of a harsh acidic environment that can degrade the materials followed by interfacial wear due to bone-implant or
implant-implant interactions. Moreover, the wear debris produced due to such interactions can cause early implant
failure before resorption of the bone. Various research has been performed to eradicate these issues upto some
extent. Mankari et al. [15] conducted a study on the wear resistance of Mg/glass micro-balloon (GMB) syntactic
foams by a disintegrated melt deposition method. The wear analysis was performed at a velocity of 3 m/s at a
constant load of 30 N for a sliding distance of 600 m with abrasion and oxidation as the primary wear mechanisms.
The study concluded the successful incorporation of hollow GMB particles with the improved wear resistance of
approx. 2.5 times that of pure Mg. Another research performed by Mu et al. [16] utilized sputter coating of TiZrNb
films over the TisAl4+V substrates for enhancing the wear and corrosion resistance of the matrix. The study revealed
that with the increase in coating thickness, the development of B-phases increased, forming a strong intermetallic
structure to resist corrosion and wear rate. Moreover, the improvement in wear and corrosion rates were approx.
34.3% and 65.7%, respectively, at 120 W power deposition. Chirico et al. [17] developed a low-cost powder
metallurgy B-titanium alloy for biomedical applications with improved wear resistance. The study introduced two
strategies, i.e., nitriding the surface and reinforcing with TiN particles, to revamp the corrosion resistance of the
alloy. Dry sliding wear testing (at different loading conditions) analyzed that wear resistance was improved by the
modification techniques and the alloys’ hardness.

In this regard, the current study focuses on developing a novel technique to analyze the wear mechanism of
Mg-Hydroxyapatite-based biomedical composites. Also, very few studies have been performed to investigate the
wear performance of biomedical composites under the physiological environment with the conventional wear
analysis pin-on-disc tribometer technique. To improve the composite wear resistance, rare-earth oxide, i.e.,
Neodymium oxide, has been reinforced with the matrix. Rare earth oxides (REO) have been used extensively to
improve the metal alloys and composites’ surface integrity and microstructural characteristics. Moreover, the hard
intermetallic phases developed by the addition of rare earth oxide particulates control grain growth’s anisotropy
and resistance to dislocation movement [18-20]. Therefore, the proposed methodology introduces the utilization
of REO for biomedical implant applications to improve the wear resistance of Mg-based bio-composites.

2. Materials and Methods

2.1. Setup

The experimental setup for the wear rate analysis is shown in Figure 1a, whereas for better picturization, a
schematic diagram has been made and depicted in Figure 2. It consists of interaction between the fabricated sample
and stainless-steel disc with a diameter of 160 mm (Hardness: 220 HV) and spray coated with the same material
as the sample as shown in Figure 1b. The specimen is placed above the disc with the help of a pin-holder with
adjustable clamps, followed by rotation of the disc via an electric AC motor. Under physiological conditions, the
sample and the rotary plate were immersed inside the Phosphate buffer saline (PBS) solution (pH = 7.4 + 2).
During the operating conditions, the sample is kept in a stationary state, clamped with the pin holders, whereas the
counter disc is left in a rotating condition for a specific time to calculate the progressive wear rates of the samples.

2 of 21



Prog. Compos. Mater. 2024, 1, 1

The PBS was covered with a glass lid to resist any contamination in the solution, with a small spacing provided
for the sample to enter the container containing the disc and PBS solution. The whole casing was placed in a
specified growth room with a temperature 37 °C to provide optimum conditions for the experiment. The sliding
speed and load variations were controlled via a controller connected to the test setup. The clamping unit adjusts
the sliding distance from the center of the friction disc.

(a) (b)

RPM Indi

Sliding time indicator
Power ON/OFE

Figure 1. (a) Experimental setup for wear analysis (b) Mg-HA-Nd,Oj3 coated Friction disc.
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Figure 2. Schematic representation of wear analysis setup.

This technique provides in-vitro wear analysis of the samples under physiological conditions, which was not
possible to date. The paramount wearing of the implants is due to interaction with the wear debris and the similar
surface [21,22]. Therefore, the counter surface was developed by coating the steel disc with the same material as
that of the test sample to provide similar conditions for the implant when placed inside the body. Although this
technique does not offer a precise performance analysis of the biomedical implant, further modifications can
increase the technology’s viability.

2.2. Material Preparation

Magnesium powder (<0.1 mm) was purchased from Fine laboratory chemicals, Mumbai, India and were
mixed with 10 wt% Hydroxyapatite (HA) (Ca;y(P0,4)(OH),) particles (10 um, Sigma Aldrich, USA). Along with
HA, three different concentrations of Nd»Os (1, 1.5, and 2 wt%) were added as reinforcement and the mixture was
allowed to mix via ball mill at 120 RPM for 2 h. The rare-earth oxide was purchased from Subra Scientific
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Company, Chennai, India, with a particle size of 10 pm. The milled samples were put into a Stainless-steel die
(Diameter 10 mm) and uniaxially compressed at 250 MPa using a Hydraulic pellet pressing machine (PCI analytics
Mumbai). For sintering purposes, the samples were placed in a Tubular furnace under inert gas atmosphere (Argon)
and were allowed to sinter at a temperature of 450 °C for two hours. The samples obtained after heat treatment
were of the size 10 mm x 7 mm with different concentrations, as shown in Table 1. The prepared samples were
then allowed to cool down under vacuum for 12 h and were taken out afterward for further experimentations

Table 1. Composition of different elements present in the samples.

Sample Mg, Yowt Ca;1o(PO4)(OH),, %wt Ndz03, Yowt Sample Code
Mg-HA-1 Nd,Os Balance 10 1 A
Mg-HA-1 Nd,Os Balance 10 1.5 B
Mg-HA-1 Nd,Os Balance 10 2 C

Mg-HA Balance 10 n.a D

2.3. Characterization

The procured materials (in powder form) were characterized using Fourier Transform Infrared (FTIR)
spectroscopy technique (Shimadzu- QATR 10, Kyoto, Japan) with a spectrum range between 500-4000 cm™'.
Moreover, the prepared composite, after sintering, was grounded to powder to compare the effects of heat treatment
on the absorbance of the composite powders. The samples were cleaned using 400, 800, and 1200 grit emery paper
to develop a clean surface for microstructure characterization. Afterward, the samples were etched with 5% HNO;
solution followed by washing with DI water. The samples were then kept under a desiccator attached to a vacuum
pump to dry out the samples. Various techniques were used to analyze the microstructural data of the samples. For
phase identification, the X-ray diffraction (XRD) technique (Malvern Panalytical, Malvern, UK) was used with a
scanning range (20) from 20°-110° having K-alpha2/K-alphal ratio as 0.5 and step size 0.01313. The different
patterns of the samples were analyzed through ‘X-PERT High score’ software. To study the surface topography
of the samples, Field emission scanning electron microscopy (FESEM) assisted with energy dispersive
spectroscopy (EDS) techniques (ZEISS, Sigma 500, Taufkirchen, Germany) were utilized.

2.4. Sliding Friction Test

The cylindrical pin shapes (10 mm x 7 mm) developed for the wear analysis were allowed to slide over a
friction disc with the same surface as the sample under different parametrical conditions. The different loading
conditions, sliding distance, and velocity were adjusted with the help of the control panel, and the values of the set
parameters are shown in Table 2. Before starting the experiment, all the samples were grounded by emery paper
of different grades (400, 800, 1000). Afterward, the samples and the friction disc were taken out after every cycle,
cleaned with 5% Chromic acid, and washed with DI water to remove the debris from the surface. The wear rates
were assessed by calculating the weight loss of the samples as a function of sliding distance, as shown in Equation
(1). Microstructure analysis was performed to analyze the effect of different loading conditions on the wear rate
of the samples and the development of several cracks and surface defects.

Weight Loss (Aw)

Wear rate (mg/m) - Sliding distance (m) (1)

Table 2. Details of sliding wear parameters.

Parameters Description

1. Mg-HAP-1Nd,;0;

2.  Mg-HAP-1.5Nd,0;

3. Mg—HAP-ZNd203

4. Mg-HAP

Stainless steel coated with Mg-HAP- Nd,Os
Diameter = 160 mm

Test specimens

Counter disc

Sliding Distance (m) 500, 1000, 1500, 2000
Sliding Velocity (m/s) 0.5,1,1.5
Normal Loads (N) 10, 20, 30
Lubrication Conditions PBS solution (pH=74+2)
Temperature (°C) 37°C
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2.5. Mechanical and Wettability Testing

The microhardness of the samples was assessed via Vicker’s hardness tester (Metatech Industries, Pune, India)
with a 20 gm load and 15 s dwell time. Moreover, the ultimate tensile strength of the samples was calculated using
ZwickRoell tensile tester (Capacity: 10 kN). The specimens of size 45 mm X 10 mm X% 10 mm were prepared for
the experiment. Each experiment was performed in triplicates, and finally, the average value was taken. Contact
angles were measured via contact angle measurement technique to determine the surface hydrophobicity of the
fabricated samples (Easy Drop, Hamburg, Germany). A sessile drop analyzer was used to assess the contact angle
calculations. The drop images were captured in the direction perpendicular to the surface, and a total of twenty
repetitions were done to generate results.

3. Results and Discussions

3.1. FTIR Spectroscopy

Figure 3 represents the FTIR spectra of the materials before fabrication and after fabrication. The spectra
were obtained to analyze the different bonding modes and chemical characteristics of the materials utilized in the
current study. Moreover, the sample produced after sintering was also analyzed to investigate the change in the
bonding structure of the compounds after heat treatment. The FTIR spectrum of both the REO and HAP powders
were recorded and compared with the Mg-HAP-1.5NdO composite powder. The composite spectra show similar
peaks at 3608.87 cm™! as that of NdO. This depicts the presence of NdO functional groups after sintering at 400 °C.
The presence of alkynes, i.e., -C=C-H and C-H bend, and weak N-H bonds were revealed at 649.05 cm™! and
1478.86 cm ™!, respectively, in NdO microparticles. In addition, the peak at 3608.87 cm™! shows a strong O-H
stretch and H-bonded alcohol and phenols. This strong band participated actively in the Mg-HAP-NdO composite
after heat treatment. These peaks were associated with the spectrums highlighted in understudies performed by
Lembang et al. [23] and Ahmadi et al. [24]. However, a broader weak spectrum was observed for the composite
at 1030.96 cm ™!, like HAP. The presence of PO4*~ and HPO,*>~ groups was depicted in the HAP powder at 1030.96
cm ! and 558.401 cm ! peaks, respectively. These results were in correlation to the data reported in the literature
[25,26]. Moreover, a broad -OH stretched spectrum region was observed for all Mg and HAP powder materials
between 3550 cm ! and 3700 cm ™. The results showed that after sintering, several bonds present in the individual
powder materials were still present, which shows the homogeneous bonding of the particles in the composites.
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Figure 3. FTIR spectra of the powder materials.

3.2. Microstructure

The XRD and EDS results are shown in Figure 4a,b. As shown in XRD images, the heat treatment of the
samples produced various secondary intermetallic phases such as Mgi,Nd, CasMgNd(PO,)7, and CaCOs. Being
highest in concentration, Mg showed the most extended peak at 37°, 34°, and 64°. The development of various
intermetallic phases was confirmed through X’PERT data collection software by identifying different ‘d’ values.
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The study revealed that when the rare earth oxide composition was above 1.5%, the peaks were broad as compared
to the peaks shown by the samples with a 1.5% composition addition. The broader peaks showed low refinement
of grains whereas, as the peak becomes narrow and sharp, the refinement of grains occurs [27]. Intermetallic phases
have the property of providing interlocking between the grain boundaries, which results in resistance to grain
growth as well as barricading dislocations. The divorced eutectic phase, i.e., Mg;2Nd was observed in all the
samples due to inhomogeneous solution developed at some proportions of the composites. However, when the rare
earth oxide with a %age composition of 1.5% was added to the matrix, its peaks tended to decrease, showing the
reinforcement’s homogenous distribution. In addition, CaCOj3; formation provided solid structural integrity to the
matrix, resulting in a hard brittle structure for the composites. Also, it can be observed from EDS images the
reinforcements were homogeneously distributed across the grain boundaries of the a-Mg matrix, providing a
pinning effect to the dislocation.

Moreover, the microcracks developed over the surface were adequately filled by the Ca and Nd particulates.
The samples’ elemental mapping provided clear insight into the reinforcement distribution in the composites.
Hence, it can be concluded that the addition of rare earth oxide imparts strong intermetallic structure to the
composite by developing several B-eutectic phases that provide a combination of pinning dislocation and cease the
grain growth.
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(b)

Figure 4. (a) XRD pattern of Mg-HA-xNd,O; (x- 1, 1.5, 2%) (b) EDS spectra and elemental mapping
of Mg-HA-2Nd,Os

3.3. Mechanical Properties

3.1.1. Hardness

The micro-indentation images of diamond indenter over the surface to measure the microhardness of the
samples are shown in Figure 5. Moreover, the graphical representation of the microhardness values with respect
to %Nd>O; composition is presented in Figure 6a. It can be observed that the maximum hardness was obtained
when the %age rare earth oxide composition was 1.5% and the lowest values were observed for 1% composition.
It can be attributed from the microstructural images that when the %age composition was above 1.5%, a higher
degree of agglomeration was observed, whereas, when it was below 1.5%, inhomogeneous distribution developed.
The significant enhancement in the microhardness of the samples can be due to refined grain structure and
resistance to plastic deformation during indentation due to hard intermetallic CaCO3, Mg;,Nd particles, and Mg-
HA-Nd solid solution.

Furthermore, the average microhardness of Mg-HA-1.5Nd,O3 composite samples was 42.413 HV which was
approx. 2.35% and 9.72% more than Mg-HA-2Nd,O3 and Mg-HA-1Nd,O3, respectively. The microhardness of
the cancellous bone is approx. 30-35HV, whereas that of cortical bone is 35—40 HV [28-30]; since the composites
developed under the study have the microhardness values that lie within the optimal range of natural bone. It can
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be formulated that the addition of rare-earth oxide can be a successful reinforcement agent for Mg-based

composites for bone implant applications.

Avg.
Sample HV (Test 1) HV (Test 2) HV (Test 3) H\%
39.429
36.465 40.065
Mg-HA-
38.653
1Nd»O3
39.169 42.710 45.360
Mg-HA-
42.413
1.5Nd,0;
40.717
39.745 43.854
Mg-HA-
41.439
2Nd»03
35.058 38.004 38.024
Mg-HA 37.029

Figure 5. Micro-indentation images showing different measurements of microhardness of the

composite samples.
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Figure 6. (a): Microhardness plot of composite samples showing effect of rare earth oxide %age vs
pure Mg-HA sample. (b): Tensile stress-strain curves of Mg-HA-xNd»O; (x = 1%, 1.5%, and 2%)
composite samples.

3.1.2. Tensile Strength

The tensile curve for the fabricated composites is shown in Figure 6b, and the corresponding tensile strength
values are presented in Table 3. It can be observed that the addition of Nd,Os3 particles to Mg-HA matrix increased
the tensile strength of the matrix. The maximum tensile strength of 154.23 MPa was achieved by Mg-HA-1.5Nd,O;
sample, which was 14.24% and 9.3% more than Mg-HA-1Nd,O3; and Mg-HA-2Nd,Os samples, respectively. This
can be attributed to the matrix’s dispersion strengthening and grain refinement due to the addition of rare-earth
oxide particulates. The microstructure and the distribution of reinforcement particles are the critical components
to improving the strength of the composites. It was observed that improper distribution occurred when rare earth
oxide was below 1.5% whereas, at higher concentrations (2%), heavy agglomeration was developing. These factors
are apparent indications of reduced strength compared to the samples with a 1.5% addition of Nd,Os particulates.
In general, the effective load transfer from the matrix to the micron size reinforcement causes the improvement in
the mechanical strength of the composites [31], which can be seen in the Mg-HA-Nd,O3; composites with the hard
micron size Nd»Ojs particles. Moreover, grain refinement is one of the crucial elements in increasing the yield
strength of the composites, as described by the Hall-Petch relation [32,33].
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Table 3. Ultimate tensile strength (UTS) results of composite samples.

Neodymium Oxide

Hydroxyapatite (HA) R Ultimate Tensile Strength
Sample Concentration, (%owt) (Nd203) g;)rxt(;ntratlon, (UTS), MPa
()
Mg-HA-1Nd,03 10 1 134.5
Mg-HA-1.5Nd,03 10 1.5 154.23
Mg-HA-2Nd,0; 10 2 141.01
Mg-HA 10 - 121.125

Another improvement aspect in the composites’ strength is the Orowan loop mechanism [34,35]. According
to this, the hard, closely packed particles provide resistance to the dislocation movements, forming strong bonding
between the a-Mg and the reinforcements. This Orowan strengthening results in work hardening of the composites
and improves the tensile strength of Mg-HA-Nd,Os composites. In addition, the better interfacial bonding between
the a-Mg and eutectic phases developed due to load transfer from matrix to reinforcement fulfilled the remaining
gap for strength building. The tensile strength of the cortical bone lies between 50—-151 Mpa [36,37], and the
current study provides clear insight that the fabricated composites are adequate for implant applications due to
their bone-like strength. The higher strength causes stress shielding effect on the bone, forming delayed healing
and sometimes fragility in the bones [38,39]. Hence, the synergistic effects of several mechanisms such as solid
solution strengthening and refinement of grains due to the addition of Nd,Os particulates, which developed
obstacles in the dislocation movements, provided improved tensile strength to the composites.

3.4. Sliding Wear Test

For wear analysis, the samples were tested under different loading conditions keeping in mind the
physiological conditions during which the implant undergoes several load variations due to the patient’s movement.
The wear testing under PBS solution develops a clear insight into the composites’ wear. As seen from Equations
(2)—(5), when Mg reacts with an aqueous solution, it creates a hydroxide layer over the surface and liberation of
hydrogen gas. This results in increased corrosion of the samples as the evolution of H, gas generates gas pockets
around the tissue, increasing the local pH level and reducing the healing of bone [40,41]. Moreover, the
development of the hydroxide layer further reduces the corrosion by barricading the fluid from interacting with
the substrate surface. However, this can also give rise to enhanced corrosion rates; when this hydroxide layer
breaks, it will cause a sudden increase in corrosion due to thin oxide layer formation according to the Pilling-
Bedworth ratio (<1). Similar effects were observed during the wearing of the samples when subjected to the
implant-implant interaction mechanism under PBS solution, as discussed in the below sections

Mg + 2H,0 — Mg(OH), + H, Q)
Mg — Mg?t +2e” (3)
2H,0 +2e~ — H, +20H" “4)
Mg?* +20H~ — Mg(OH), 5)

The graph shown in Figure 7 denotes the effect of variation in Normal load (N) on the coefficient of friction
(COF) of the developed specimens at different sliding velocities. It can be observed that the highest COF value
corresponds to the lowest value of the load and at lowest sliding distance. As the load increased, there was a sudden
decline in the value of COF with an increase in sliding distance. Furthermore, the composite consisting of 1.5%
REO showed the lowest value of COF whereas, with 1% REO addition, the values were higher. However, with
the addition of 2% REO, the value of COF was higher than 1.5% REO but lower than 1% REO composites. This
can be attributed to the formation of a hard oxide layer over the surface of composites which reduced the surface
wear out due to friction between the friction plate and the sample. Moreover, as discussed earlier, the presence of
a higher amount of REO particulates in the composites (>1.5%) generated heavy agglomeration over the surface
of the composites. In addition, the lower amount of REO (<1.5%) produces a non-homogeneous distribution of
particles in the matrix pool. Hence, these factors led to increased values of COF concerning normal load. As the
sliding velocity increases, the COF decreases. This can be due to the decline in friction between the disc and the
specimen due to an increase in the contact area of the surfaces with increasing velocity. Therefore, the order of
COF was found to be 1%>2%>1.5% under different loading conditions and sliding velocities.
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Figure 7. Plot showing Coefficient of Friction vs Normal load variations (b).

3.4.1. Wear Mechanism at 10 N Load

FESEM images of the wear samples under a physiological environment, subjected to PBS, are shown in
Figure 8a. Also, a graphical representation of wear rate vs. sliding distance is depicted in Figure 8b. It can be
assessed that during low loading conditions, several defects such as pits and plastic deformation of the surface are
developed due to the samples’ wear. When the %age composition of rare earth oxide was below 1.5%, oxide
formation was high at the initial stage, forming local sites for corrosion. This results in the premature wearing of
the sample. As the sliding distance increases, the wear rate becomes constant. This can be due to the gap created
between the interface of the friction disc and sample due to initial wear. Moreover, when the %age Nd,O3 was 2%,
surface pitting started forming due to brittle fracture caused due to excessive hard reinforcement addition. However,
when 1.5% of rare earth oxide was added, no such surface defects occurred under low loading conditions. Although
plastic deformation of the surface was observed in the specimen, the surface remains intact under harsh
physiological conditions.

Furthermore, it can be assessed from the results that at low sliding velocity, i.e., 0.5 m/s, the wear rate was
low, but as the velocity increased, the wear rate increased. Abrasion was observed to be the primary wear
mechanism for the wear of the samples. In addition, as the wear progresses, the intergranular cracks and
microgrooves start to expand by continuous friction with the surface along with Cl~ ions present in the PBS
solution.

.

Plastic - ,
(leformgtion OVers <
the surface

(al) (a2)

11 of 21



Prog. Compos. Mater. 2024, 1, 1

3

/  attached over
’* the surface

020 —m— A(0.5m/sec)
) —@— B(0.5m/sec)
0.18 + A C(0.5m/sec)
1 v D
~0.16 —&— A(1.0m/sec)
£ | < B(1.0m/sec)
20,14 > C(1.0m/sec)
S ] e D
- —*— A(1.5m/sec)
=z 0.12 —®— B(1.5m/sec)
= o C(1.5misec)
+ 0.10 —+—D
m 4
o
2 0.08
[h'd 4
55 0.06
o}
= 004
0.02 4 - i
0.00 = : — T . T .
0 500 1000 1500 2000 2500
Sliding Distance, (m)
(b)

Figure 8. (a) Wear surface at 10N load (al) Mg-HAP-1Nd,O; (a2) Mg-HAP-1.5Nd,0; (a3) Mg-HAP-
2Nd»0s (b) Progressive wear rate plot for composite samples at 10N load.

It can be observed from XRD micrographs that when the REO addition was below 1.5%, hard intermetallic
phase formation was low; this results in easy worn out of the particles from the composite pool; hence, increasing
the wear volume as depicted in FESEM images. But, when the REO concentration was 1.5%, it became difficult
to detach the HA and Nd,O; from the a-Mg matrix phase due to secondary B-phase Mg;,Nd. Further increase in
REO concentration generates heavy agglomeration and coarsening of the composite grains, resulting in weak
structure and more prone to wear and tear. The EDS elemental mapping of the sample is shown in Figure 9. It
provided promising data, giving a clear insight into the distribution of elements in the composites. The green color
showed the oxide layer formed over the surface that was also observed under FESEM images of the samples.
Moreover, all the samples showed better wear resistance as compared to Mg-HAP samples under lower loading
conditions at low sliding velocities.
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Figure 9. EDS spectra and elemental mapping of Mg-HA-1Nd,Os composite samples at 10 N load.

3.4.2. Wear Mechanism at 15 N Load

The FESEM images of the wear samples under 15 N load are shown in Figure 10a. It can be observed that
ploughing, delamination, and heavy pitting are the significant features that were noticed under higher loading
conditions. Moreover, a higher amount of wear debris was deposited over the surface, which shows more broken
surfaces when reinforcement was below 1.5%. At 2% addition, heavy pitting occurred due to surface cracking and
reaction with physiological fluid. However, surface cracks were the major defects observed, with the sample
having 1.5% Nd,Os addition. The defects were more intense as compared to the samples subjected to 10 N load.
A similar wear rate trend was observed under 15 N load as with 10 N loading, as shown in Figure 10b. The samples
underwent a rapid wear rate till the sliding distance of 1000 m was reached, and after that, it became constant. As
can be seen from micrograph images, the surface cracks may have increased the volume of wear rate, causing
abrasion wear of the samples.

Moreover, the generation of surface grooves and cracking can be due to the ploughing action of the wear
surface caused due to hard intermetallic interaction as well as corrosion due to reagents present in PBS solution.
The presence of secondary B-phases has a significant effect on the wear rate of the samples. As analyzed from the
XRD diffraction technique, the presence of these phases is higher in the case of Mg-HA-1.5Nd»O3; composites,
which results in a reduction of wear rate compared to other composites.
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Figure 10. (a) Wear surface at sliding velocity 15N load (al) Mg-HAP-1Nd,Os (a2) Mg-HAP-1.5Nd,O3(a3)
Mg-HAP-2Nd,O; (b) Progressive wear rate plot for composite samples at 15 N load.

3.4.3. Wear Mechanism at 20 N Load

Figure 11a demonstrates the FESEM images of composites subjected to 30 N load under PBS solution. The
images give a clear insight into the composites’ precarious surface destruction under heavy loading conditions.
The increase in load develops massive frictional contact between the interacting surfaces followed by the rapid
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wearing of the samples providing a pathway for PBS solvents to enter the composites, resulting in tearing the
samples from inside at a rapid rate. Moreover, various pores were formed in the composites, reflecting the leaching
of the particles due to reaction with PBS solution. Several other types of wear mechanisms can be observed from
micrograph images. It can be marked that the needle-shaped elongated trench was formed due to the disintegration
of divorced eutectic phases and secondary B-phases during the experiment. Also, it can be observed from Figure
11b that the initial wear rates showed escalated curves in all the samples like other loading conditions. As the
distance between friction disc and composites increased, their interaction reduced, causing a constant wear rate of
the samples. In addition, the PBS particulates were garnered on the surface of the composites, which gives a clear
insight of surface degradation due to reaction with CI~ ions present in the solution. The addition of 1.5% rare
earth oxide to the composites showed a lower wear rate than other samples due to hard intermetallic bonding with
the a-Mg matrix and Ca particulates.

3.5. Contact Angle Measurements

Figure 12a showed the wettability analysis of the composites via contact angle measurement technique using
the sessile drop method. The sample incorporated with 1.5% rare earth oxides showed better results as compared
to other samples. The average contact angle for Mg-HA-1.5Nd,0O3 samples was seen to be 84° as demonstrated in
Figure 12b, whereas the average contact angle for Mg-HA-2Nd,O3 and Mg-HA-1Nd,O3 was 77.7° and 65.1°,
respectively. These values were more significant than that of the matrix (Mg-HA). It can be assessed from FESEM
micrographs that the samples having a higher level of hydrophilicity tend to adhere more wear debris and PBS
particulates, as shown in Figure 8a, 10a and 11a. The wear debris is responsible for the generation of several micro
grooves and surface cracks which further enhanced the wear rate of the composites [42]. Moreover, the high
wettability of the composites allowed the PBS particles to adhere to the surface, causing more degradation of the
samples. In contrast, composites with 1.5% rare earth oxide content showed better surface wettability with lower
hydrophilicity than other samples as it does not allow the wear debris and buffer solution to settle over the surface
in high concentration. This results in lower wear rates and surface degradation.
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Figure 11. (a): Wear surface at sliding velocity 20 N load (al) Mg-HAP-1Nd,Os (a2) Mg-HAP-
1.5Nd,03 (a3) Mg-HAP-2Nd»Os (b) Progressive wear rate plot for composite samples at 20 N load.
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(b3) (b4)
(b)

Figure 12. (a): Contact angle measurements of composite samples using sessile drop analyzer. (b)
Schematic configuration of sessile drop contact angle measurements for (b1) Mg-HA-1Nd,O; (b2) Mg-
HA-1.5Nd»03 (b3) Mg-HA-2Nd,Os (b4) Mg-HA composite.

Moreover, the shielding effect of the outermost electrons over the unfilled electrons in 4f orbitals of rare earth
oxide materials reduces the bonding capacity with the water molecules [43,44]. This develops hydrophobicity over
the surface and hence reduces wettability. In addition, surface energy plays a vital role in enhancing hydrophobicity.
Although a reduction in surface polarity leads to a decrease in surface energy with an increase in %age addition
of rare earth oxide [45,46], which improves the hydrophobicity, higher concentration (above 1.5%) reversed the
conditions. Hence, this results in better surface wettability of the rare-earth oxide composite samples and provides
a good surface for successive wear inhibition.

4. Conclusions

The current study showcased the design of a novel technique to determine the wear rate of Mg-HA-xNd,O3
(x: 1%, 1.5%, and 2%) fabricated through the powder metallurgy technique. The developed technique provided
analysis of the wear mechanism of the fabricated samples by sliding against a frictional disc under a physiological
environment. Moreover, for subsequent analysis of wear rate, the specimens were subjected to different loads (10
N, 15 N, and 20 N) at different sliding velocities (1, 1.5, and 2 m/s). Henceforth, various conclusions can be drawn
from the experimental studies.

1. The maximum hardness was achieved for the sample incorporated with 1.5% Nd,Os with an average hardness
value of 42.413 HV, which was 2.35% and 9.72% more than Mg-HA-2Nd,O; and Mg-HA-1Nd,03,
respectively. The primary cause for increased hardness was refined grain structure, and hard intermetallic
compounds formed that provided resistance to indentation.

2. Similarly, the tensile strength was highest with the sample consisting of 1.5% rare earth oxide with ultimate
tensile strength (UTS) value of 154.23 MPa, followed by Mg-HA-2Nd,O3; and Mg-HA-1Nd,O3 with UTS
values of 134.5 MPa and 141.01 MPa, respectively. Solid solution hardening, dislocation movement
barricading, and solid solution hardening were fundamental reasons for increased strength.

3. It was found that the samples having 1.5% rare earth oxide showed the highest wear resistance and lowest
coefficient of friction compared to other samples. The wear rate followed the log phase in the initial stage,
followed by a constant wear rate with an increase in sliding distance.

4. A significant improvement in wear rate was found by incorporating 1.5% rare earth oxide by a factor of 85.17%,
whereas, with 1% and 2% addition, the improvement was 35% and 29.14%, respectively, at 10 N load.

5. Atload 15 N, the composite sample containing 1.5% rare earth oxide showed 75% improvement in wear rate
compared to composite samples containing 2% and 1% Nd,Os which showed 31.25% and 28.15%
improvement, respectively.

6. As the load reached 15N, the wear rate enhanced, and the %age improvement was lowered, with Mg-HA-
1.5Nd,O3 composite sample showing a 65.46% improvement in wear rate. Also, Mg-HA-1Nd,O3 and Mg-HA-
2Nd»0s depicted gain of 23% and 19.85%, respectively.

7. It was observed that the significant reason for the increased wear resistance was the formation of secondary f3-
phases in the composite samples, which increased the surface integrity by reducing the surface cracks and other
secondary defects. Moreover, the inclusion of PBS through the surface grooves and cracks shattered the
composite sample from inside, producing maximum leaching of the particles. Hence, causing more wear to the
samples.
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8. The surface hydrophobicity was seen to be improved by the addition of rare earth oxide to the Mg-HA sample
with Mg-HA-1.5Nd,O; showing lowest wettability with average contact angle value of 84°. In contrast,
composite samples containing 1% and 2% Nd>O;3 produced highly hydrophilic surfaces with contact angle
values of 77.7° and 65.1°, respectively.

5. Future Work

The current work focuses on the wear behavior of the Mg-HA-xNd,O3 composites for Biomedical implant
applications. However, for developing a balance between mechanical and biological properties, some
biocompatibility analyses are required. Therefore, the current successful mechanical response of the developed
composites will aid in moving towards the biocompatibility studies in future work.
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