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Abstract
Usage of surface metal composites in the field of orthopedics is increasing 

nowadays due to their biocompatibility. But fabrication of surface composites 
with all the desired properties is the major challenge. The primary objective of 
this research is to produce a surface composite of a magnesium AZ31B alloy re-
inforced with different volume fractions (0%, 5%, 10%, 15%, 20 and 25%) of hy-
droxyapatite (HA) microparticles using friction stir processing (FSP). This work 
demonstrates that variation of uniform distribution of HA particles (HAP) is ob-
served in all volume percentage of AZ31B-HA powder composites. As percent-
age of reinforcement decreases up to 10% of volume tensile strength is decreasing 
but above that tensile strength is increasing. Above 10% HAP volume percentage 
addition of more HAP has no effect on wear coefficient. The minimum value of 
wear coefficient is observed at 20% HAP volume percentage with the value of 
0.2728 µg/N-m which is 81.68% less than 0% HAP composition. As the vol-
ume percentage of HAP increasing from 0% to 15% around 27.61% increase in 
the hardness value is observed and decrease in hardness value from 15% to 25% 
around 17.11% is observed. Rockwell hardness values are more at advancing side 
than retreating side in all volume percentages of HAP.
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Introduction
The advantages of magnesium as a temporary, biodegradable implant have 

gained attention in recent years because to its unique biodegradation in combi-
nation with suitable mechanical qualities, high bioactivity, and biocompatibility. 
This makes magnesium a promising option to polymers. Additionally, because 
magnesium and its alloys have an elastic modulus close to that of natural bone, 
they can be used as implants to prevent the stress shield effect during implanta-
tion [1]. While the development of magnesium-based biomaterials is hampered 
and slowed by a variety of difficulties, biodegradable magnesium and its alloys are 
potentially appealing for the orthopedic profession [2]. The main problem with 
magnesium is that it corrodes quickly, especially in environments rich in life. In 
order to keep functioning for a long enough period of time while damaged tissue 
heals, it is necessary to make a significant effort to minimize the pace of mag-
nesium corrosion [3]. In the literature, numerous techniques have been used to 
address this problem. Investigating the creation of environmentally friendly coat-
ings and surface modification receives the most focus. Coatings for biodegradable 
materials must meet the same biocompatibility and biodegradability standards as 
the base substrate.

In-situ precipitates with the smallest particle size of the order of 0.8 m are 
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Different surface coatings using silver-based nanocompos-
ite, using nano-titanium dioxide, and titanium dioxide-based 
metal nanocomposites, zinc oxide-based nanocomposite, sil-
ver-CeSZ nanocomposite. Thus, coated nanomaterials have 
the potential alter the surface of different metallic materials so 
that they can be used in orthopedic applications. The prepara-
tion and deposition of nanomaterials on bioimplant surfaces, 
however, require caution due to factors such as control over 
the nanomaterial size distribution, bonding with the implant 
surface, and thickness of deposited nanomaterial.

Most of the research work has been reported on magne-
sium with reinforcement such as silicon, carbide, alumina, etc. 
Magnesium composite reinforced with HAP could be the best 
composite due to their individual biocompatibility and bio-
activity properties [13]. But the work related to magnesium 
AZ31B reinforced with HA is very limited. Magnesium and 
HAP are proved to be the best materials individually in the 
field of orthopedics.

This magnesium AZ31B and HAP composite can be the 
potential material in place of bone material. But the magne-
sium is heavily corrosive nature so the use of this composite 
limited [14]. An attempt can be made on this composite to 
enhance the properties of the material using FSP so that it 
is useful in an economic way. There is not much work related 
to tensile behavior, wear rate and hardness of AZ31B/HAP 
composite and so this work is intended to fabricate a surface 
composite of magnesium AZ31B and HAP and experimen-
tally investigate the effects of variation in volume percentage 
of reinforcement on microstructure and mechanical properties. 

Materials and Method
Two magnesium AZ31B alloy plates are chosen as matrix 

material as shown in the figure 1 with 150 mm x 150 mm x 
6 mm. HAP is used as reinforcement in this study of 20-mi-
cron size and of 99% purity (Purchased from Vedayuktha Pvt. 
Ltd.). Due to its already established biocompatibility and its 
resemblance to genuine bone in terms of chemical composi-
tion and structural organization, HAP was an obvious choice 
during the earliest stages of magnesium-based biomaterial de-
velopment. HAP can improve the composite’s biocompatibil-
ity while also improving the composite’s corrosion resistance 
and mechanical attributes.

Two number of tools used for the purpose of friction stir 
in this work. Tool material selected is H13 steel. One tool is 
made as pin less tool with 20 mm shoulder diameter. This tool 
is useful for closing the grooves after filling the powder in 
grooves. This is to avoid spillage of powder during the process 

produced after a single pass FSP of the AZ31 alloy, accord-
ing to Babu et al. [4]; these precipitates can be further refined 
during a double pass FSP and also in subsequent passes. The 
spindle speed and feed rate combination of 800 rpm and 40 
mm/min produces the lowest precipitate size. The compara-
ble Vickers hardness value is 63, which is roughly 50% more 
than that of the base metal. By using FSP, Wang et al. [5] 
successfully created AZ31/ZrO2 nanocomposites with good 
homogeneity and investigated their mechanical, biological, 
and electrochemical corrosion capabilities. The AZ31/ZrO2 
composite material achieves homogeneity, densification, and 
grain refinement after FSP when results are compared to the 
base metal.

To study the impact of second phase particle addition to 
composite, Mosayebi et al. [6] processed a magnesium com-
posite comprising rare earth with silicon carbide reinforce-
ment. This was attributed to the functioning of the mechanism 
for particle-stimulated nucleation and the pinning action of 
silicon carbide particles. The effects of HA (Ca10(PO4)6OH2), 
a ceramic that resembles bone mineral, on the bio-corrosion 
behavior of AZ31B-magnesium alloy were investigated [7]. 
The magnesium matrix was mixed with HA at various weight 
percentages (5, 10, and 20 wt.%). When compared to untreat-
ed AZ31B, the results showed that the composites had im-
proved corrosion resistance, which was due in large part to the 
FSP considerable grain refinement.

Kasaeian-Naeini and colleagues [8] created magnesi-
um/HA bio-composites and investigated the behavior of 
magnesium/1 wt.% and magnesium/2.5 wt.% HA during 
high-temperature deformation. The reinforced nano-HAP 
with magnesium composite were analyzed by Sunil et al. [9], 
who also looked at the composite’s grain structure, corrosion 
behavior, and cell adhesion. They reported that after FSP, the 
nano-HAP were discovered to be disseminated in pure mag-
nesium. Due to the produced fine grain structure, wettability 
for the composite was seen to be significantly elevated. Grain 
refinement and greater biomineralization both significantly 
improved corrosion resistance as determined by electrochemi-
cal tests on corrosion behavior [9, 10].

Patel et al. [11] studied on “Enhancing grain refinement 
and corrosion behavior in AZ31B-magnesium alloy via sta-
tionary shoulder FSP”, came to the conclusion that the shoul-
der’s fixed action creates a fine-grained microstructure that is 
evenly distributed across stir zone, which improves the cor-
rosion behavior. Many researchers thought of using HA as a 
coating material on the surface of magnesium to increase bio-
activity and corrosion resistance using different methods. As a 
result, the current work advances on prior work by additively 
creating the layer-structured coatings of HA on AZ31B-mag-
nesium alloy.

Ahirwar et al. [12] studied a wide range of orthopedic 
condition, such as fracture fixation, total bone replacement, 
joint arthrodesis, dental screws, and others, can now be treated 
thanks to significant research and development in the field of 
biomedical implants. Crucially, the interaction between a bio-
implant and its host tissue is determined by its surface charac-
teristics as well as its bulk characteristics. Figure 1: (a) Sample with grooves and (b) FSP set up.
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sample was acquired.

Characterization

Tensile specimens have been cut on the wire EDM ma-
chine as per ASTME0008M-04 standard as discussed. Speci-
mens of dimensions 8 mm diameter as per ASTM G009-04A 
standard were cut  from the middle part of FSP zone to carry 
out dry sliding wear test. Figure 2 shows samples which were 
cut from friction stir zone. The wear test was conducted at 
room temperature in an unlubricating environment tempera-
ture as per ASTM G99-O4A standards. The wear character-
istics of specimens pressed to a rotating steel disc counterpart 
constructed of EN 24 grade were examined using a pin-on-
disc device made by DUCOM. After each test, the steel disc 
was cleaned with acetone and polished with 240 grit emery 
sheets. Polished specimen pin was fixed to steel disc in a sta-
tionary position, and the disc rotated in accordance with the 
input speed and time as required. Applying normal force is 
the duty of the cantilever beam on which the pin is supported. 
In order to quantify weight loss from which wear rate is esti-
mated, pins are weighed before and after each test in a preci-
sion-electronic scale (accuracy 0.1 mg).

Results and Discussion
Microstructural analysis

Observation from these microstructure graphs show  that 
microstructure is observed clearly in all samples and also there 
is a uniform distribution of HAP in all percentage of volume 
composites. But as compared to the samples from AZ31B-0% 
HAP to AZ31B-10% HAP volume percentage composites 
more than AZ31B-10% HAP volume composites shows the 
agglomeration of particles which may affect the mechanical 
properties irrespective of the effect of other parameters (Figure 
3). Porosity is not observed in all the samples which is good for 
analysing the effect of properties accurately. As percentage of 
volume concentration of HAP is increased there is a distortion 
is observed in the grain structure.

Figure 4 show scanning electron microscope images of the 
interlock friction stir sample with various HAP contents. Due 
to the varying weight percentages of the composition of the 
HAP content, the microstructure at the weld zone was asym-
metric. Figure 5 presents element composition analysis.

Tensile test

From the above values, it is observed that tensile strength 
values of all samples are higher than the base metal magen-
sium-AZ31B alloy tensile strength whose ultimate tensile 
strength is 260 MPa. Furthermore, it is observed that as the 
volume percentage of HAP is increasing till 15% in AZ31B 
metal matrix ultimate tensile strength values have decreased. 
The same trend is observed in yield strength also but till 10% 
HAP composite. The reason for decrease in tensile strength 
initially is due to grain refinement occurred during the pro-
cess. The temperature induced while processing the samples 
increases the grain size which reduces the tensile strength. 
Maximum tensile strength value 475.56 MPa is observed with 
AZ31B-0% HAP composite which is 82.91% higher than 

and to avoid clustering of powder at one place due to the force 
given by pin while traversing on the adjacent powder. Another 
tool is designed with 20 mm shoulder diameter and 4 mm pin 
diameter and a pin length of 5 mm is chosen.  This pin does 
the actual processing. 

First grooves are closed with pin less tool again processing 
is done on the same sample with this pinned tool. To perform 
the FSP, two plates of 150 x 150 mm were taken, and it is 
marked for 50 mm width that the plate is divided into three 
parts, with these three experiments can be done on each plate. 

In these plates square grooves of 4 mm depth with varying 
width as per volume percentage (0, 5, 10, 15, 20 and 25%) of 
the reinforcing material were made with mill cutters as shown 
in figure 1a. The relation between the tool pin dimension, 
groove dimension and volume percentage of the powder is 
given below.

Area of GrooveVolume Fraction  x 100
Projected Area of Pin

=

Area of Groove = Groove width x Groove depth

Projected Area of Pin = Pin length x Pin diameter

As of the powder to be filled = Density of powder x Volume

One tool is made as pin less tool with 20 mm shoulder 
diameter and is used for closing the grooves after filling the 
powder in grooves. Another tool is designed with 20 mm 
shoulder diameter and 4 mm pin diameter and a pin length of 
5 mm is chosen and By keeping tool rotational speed as 1200 
rpm, axial force 5 kN and tool traverse speed as 40 mm/min 
processing is done on the sample.

According to the above relation width of groove and 
amount of powder to be filled in each groove are determined. 
A total of six samples are prepared along with a base plate 
sample. Sample after making groove is shown in figure1a. Pre-
pared sample is fixed on FSP machine with the help fixtures 
as shown in figure 1b  and pinless tool is fixed in tool post. 
By keeping tool rotational speed as 1200 rpm, axial force 5 
kN and tool traverse speed as 40 mm/min processing is done 
on the sample. After completing the processing with pinless 
tool, tool is removed from the tool post and placed pinned 
tool in the tool post. With the pinned tool processing is done 
on all samples as shown in figure 2a. Samples for tensile, wear, 
corrosion, and microstructural analysis were acquired on wire 
EDM after the AZ31B-HA composite was produced. Figure 
2b presents a schematic illustration of the area where the test 

Figure 2: (a) Sample during FSP and (b) Schematic illustration of the area 
where test samples are acquired.
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base material. Further increase in the tensile yield strength val-
ue is due to precipitates formed during the processing. This can 
be explained by Orowan strengthening mechanism [15]. As 
per this mechanism as concentration of precipitates increases 
tensile strength values increases. The same trend is observed 
with yield strength values also. These values are taken from 
the digital reports of the test. The percentage of elongation, 
yield strength, and ultimate tensile strength are reported in the 
table 1. The graphs of stress vs strain for various AZ31B-HAP 
composites are drawn below in figure 6 which were taken from 

the reports.

Ultimate tensile strength and percentage of elongation 
versus varying HAP composition graphs are drawn in fig-
ure 7.  As the volume percentage of HAP increases till 10% 
percentage of elongation values are decreasing till 10% HAP 
composite then beyond 10% HAP in AZ31B metal matrix 
as the volume percentage of HAP increasing percentage of 
elongation is increasing. The reason for this trend is due to first 
it is decreasing due to difficulty in the movement of disloca-
tion because of the HAP. Further increase in the elongation 
is due to formation of precipitates which comes out of the 
grains which reduces the resistance for deformation so that 
dislocation movement becomes easier so the material will have 
longer elongation.

Rockwell hardness test

Rockwell hardness values are taken at five different zones 
from the centreline of the processed zone and the values are 
tabulated designated as -2, -1, 0, +1, and +2 from advancing 
zone to retreating zone. The graph of Rockwell hardness vs 
distance from center line are drawn for different HAP volume 
concentration in the figure 8. Observations made from the 
above results are average hardness value is increased due to 
FSP compared to AZ31B base material. This is due to grain 
refinement happening during processing. As the volume 
percentage of HAP increasing from 0% to 15% around 
27.61% increase in the hardness value is observed. This is due 
to uniform distribution of HAP in the matrix. Dislocation 
motion is resisted by the homogeneous distribution, which 
also changes the direction in which they move. But there is a 
decrease in hardness value as the volume percentage of HAP 
increasing from 15% to 25% which is around 17.11%. This 
might be due to agglomeration of HAP formed as it is not 
having sufficient material flow.

Another interesting observation is Rockwell hardness 
values are more at advancing side than retreating side in all 
volume percentages of HAP. It is due to material flow is diffi-
cult in advancing side than retreating side. In advancing side 
material is trying to flow backward and tool tries to forge the 
material in forward direction. But this forging effect is not 
observed in retreating side because at retreating side material 
flow direction and tool direction are same. Due to this forg-
ing effect average hardness values are higher at advancing side 
than retreating side as there is no forging effect at retreating 
side.

Figure 3: Microstructure of the (a) Heat affected zone and (b) Thermo-
mechanical affected zone.

Figure 5: Energy dispersive X-ray spectroscopy analysis for (a) AZ31B-5% 
HAP composite and (b) AZ31B-15% HAP composite.

Figure 4: Scanning electron microscope images showing the microstructure 
of FSP specimens processed by different HAP content.

Table 1: Tensile test values.

S. No.
Volume 

percentage of 
sample (%)

Ultimate 
tensile 

strength 
(MPa)

Yield 
strength 

(MPa)

Percentage 
of elongation 

(%)

1 0 477.78 229.31 11.6
2 5 448.89 227.04 11.56
3 10 330.56 225.72 4.26
4 15 378.89 227.98 6.2
5 20 431.11 230.02 8.2
6 25 379.44 225.59 9.4
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Wear test

Weight of the samples before and after the experiments 
is noted down. Wear coefficient values are found out from the 
formulas. All the results are tabulated in the table 2.

From the values it is observed that wear coefficient values 
are decreasing as the volume percentage of HAP increasing. 
This is due to distorted AZ31B grains due to added HAP. 
Hardness values have increased in this composition which 
shows decrease in the wear coefficient values is an obvious ef-
fect. But after 10% HAP volume percentage there rise and fall 
of wear coefficient values which is more or less equal neglect-

ing other effects. From this it can be concluded that addition 
of more reinforcement will not have any effect on the wear co-
efficients. The minimum value of wear coefficient is observed 
at 20% HAP volume percentage with the value of 0.2728 
µg/N-m which is 81.68% less than 0% HAP composition.

Conclusions
Magnesium AZ31B-HAP surface composites of various 

compositions have been successfully produced utilizing FSP 
in the current investigation. Researchers have looked at the 
impact of the FSP on the microstructure, tensile strength, mi-
crohardness, and wear. From the results of the experiment, the 
following conclusions were drawn.

•	 Uniform distribution of HAP is observed in all 
compositions of AZ31B-HAP composites.

•	 As percentage of reinforcement decreases up to 10% 
of volume tensile strength is decreasing but above that 
tensile strength is increasing.

•	 Maximum tensile strength value 475.56 MPa is observed 
with AZ31B-0% HAP composite which is 82.91% 
higher than base material.

•	 Above 10% HAP volume percentage addition of more 
HAP has no effect on wear coefficient. 

•	 The minimum value of wear coefficient is observed at 
20% HAP volume percentage with the value of 0.2728 
µg/N-m which is 81.68% less than 0% HAP composition.

•	 As the volume percentage of HAP increasing from 0% 
to 15% around 27.61% increase in the hardness value is 
observed and decrease in hardness value from 15% to 
25% around 17.11% is observed.

•	 Rockwell hardness values are more at advancing side than 
retreating side in all volume percentages of HAP.
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