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MECHANICAL PROPERTIES AND MACHINING BEHAVIOR OF AZ31-CALCIUM DEFICIENT
HYDROXYAPATITE (CDHA) BIODEGRADABLE COMPOSITES

In order to create biodegradable magnesium-based implants, calcium-deficient hydroxyapatite (CDHA) nanoparticles were
incorporated into AZ31 magnesium (Mg) alloy using friction stir processing. When compared to the AZ31 base alloy (41.4+5.9 pm),
the composites showed grain refinement up to 1.8+1.9 pum. The composition of the produced composites is confirmed by charac-
terization using electron microscopy and X-ray diffraction analysis. Because of the reduced grain size and the added nano-CDHA,
the composite’s hardness (91+12.6 HVO0.1) was higher than the parent alloy’s (46+£3.3 HVO0.1). Both the base alloy and the com-
posite have undergone uni-axial tensile testing. In comparison to the basic alloy (225+4.9 MPa), the grain refined composite has
demonstrated a comparatively higher strength (283.6+5.1 MPa). Machining studies carried out by drilling experiments at 90 rpm
and 180 rpm with 15 mm/min and 30 mm/min feed revealed higher cutting forces for the composites. However, the edge damage
in the produced holes was observed as significantly lower for the composites compared with the base alloy.
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1. Introduction

By choosing the right fractions of the constituent phases,
composite materials can be manufactured to have hybrid quali-
ties [1]. The scientific literature has recently seen a huge increase
in research on creating magnesium (Mg)-based composites
for use in bone implants [2, 3]. The primary goals of creat-
ing a variety of biocompatible Mg composites are to improve
tissue-implant interactions and control deterioration [4,5]. In the
development of Mg composites for biomedical applications,
a number of dispersion phases, including hydroxyapatite, tri-
calcium phosphate, Al,03, TiO,, and carbon nanotubes (CNTs),
are frequently employed as reinforcing phases [4]. Important
Mg-based composites made for biomedical applications include
Mg-HA [6,7], Mg-B-TCP [8], Mg-HA/MgO [9], AZ31-CNT
[10], Mg-1Sn-Al,05 [11], ZK60A-calcium phosphate [12],
AZ91-HA[13],AZ91-FA[14], MggsZn;,Cay-BMG [15], Mg-Ca-
HA/TCP[16], Mg,Zn-Al,05 [17], ZK60-HA [18], and Mg-TiO,
[19]. Since calcium (Ca) — based mineral phases make up natural
bone, they were given precedence over other ceramic phases.
In order to create degradable Mg composites, hydroxyapatite
(HA), a calcium phosphate (Ca/P) phase that is a member of

the apatite family and has exceptional bioactivity, has emerged
as the preferred dispersion phase [19, 20]. By using micro-level
HA as the dispersion phase, Ikuho Nakahata et al. [6] were able
to increase the Mg-HA composite’s corrosion resistance and
mechanical performance. A number of documented techniques,
such as powder metallurgy, casting, hot extrusion, laser melt-
ing, and friction stir processing (FSP), can be used to add HA
to Mg matrix [4-6].

One of the most effective ways to enhance the performance
of Mg implants in the bioenvironment is to refine their micro-
structure. A number of recent investigations have documented
improved performance of Mg alloys intended for medical ap-
plications following grain refining [21-29]. Among the available
mechanical processes to induce grain refinement in Mg alloys,
FSP offers several benefits. Grain refined structures with compar-
atively lower defects are produced using FSP [32]. In addition to
the advantages of grain refinement, FSP can be used to reinforce
secondary phases into metallic sheets and plates to create com-
posites, which combine the advantages of dispersed phases and
refined microstructure [33]. The produced composites exhibits
the presence of incorporated secondary phases at the surface and
also at the cross section of the processed zone up to a thickness
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equals to that of tool pin length. When HA was included by
FSP using various Mg alloys as matrix materials, the resulting
composites showed good bioactivity and controlled degradation
[6,34-36]. HA is a Ca and P ceramic phase that exhibits a Ca/P
ratio of 1.67 [37,38]. In contrast to stable HA, a ceramic phase
known as calcium deficient HA (CDHA) has a degradable nature
in the bioenvironment if the Ca/P ratio is less than 1.67 [38,39].
Hence, CDHA is used in biodegradable applications in develop-
ing degradable bone filling materials and in local drug delivery
applications. Both Mg and CDHA are degradable in nature,
compared with stable HA. Furthermore, compared with Mg,
the degradation rate of CDHA is relatively slow and it stays for
longer time and favours the bone remodelling during the heal-
ing process. After the fractured bone is completely healed, the
presence of any implant material is not required. Since CDHA
is bioactive material which promotes osseointegration and also
a degradable material which does not stay for longer time, dis-
persing CDHA in Mg to develop degradable composite is an
optimum choice. There is not enough information in the literature
on producing Mg based composites with CDHA reinforcement.
Our first research revealed that the FSP-developed AZ31-CDHA
composite has outstanding corrosion resistance [40].

Since, the developed Mg composite need to be subjected to
machining to manufacture desired components, understanding
the machining characteristics of these grain refined composites
is essential. Surya Kiran et al. [41] showed that the FSPed AZ91
Mg alloy resulted in higher cutting forces due to fine grains
and solid solution strengthening. Additionally, Hemendra et
al. [42] used three distinct pin profiles to do FSP of AZ91 Mg
alloy, and they found that the machinability was affected by the
reduction in grain size brought on by FSP. Venkataiah et al [43]
also produced grain refined ZE41 Mg alloy by FSP and from
the machining studies, improved machining characteristics were
observed due to the decreased intermetallic fraction and smaller
grain size after FSP. However, information on machining studies
on grain refined biodegradable AZ3 1 composites is lacking in the
literature. Hence, the present work aims to develop AZ3 1-nano-
CDHA composite by FSP with an objective to study the role of
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microstructure and presence of CDHA on mechanical properties
and machining behaviour by conducting drilling experiments.

2. Materials and methods

The commercially available AZ31 Mg alloy rolled sheets
(6 mm thick) having chemical composition of 2.9% Al, 1.05%
Zn, 0.2% Mn, with the rest being Mg by weight, were procured
from Exclusive Magnesium, India. 100 mm x 50 mm x 6 mm
samples were cut, and the workpiece surface to be filled with
nano-CDHA was machined with holes that were 1 mm in diam-
eter and 2 mm deep, as shown schematically in Fig. 1(a). Nano-
CDHA was synthesized using chemical precursors according
to the reported procedure [38,39]. The CDHA powders were
characterized by Transmission electron microscopy (HRTEM,
Philips, Holland) and X-ray diffraction (XRD, Bruker, USA).
Initially, a pin-less FSP tool was used to seal the surface holes
to stop the filled powders from escaping during the process. The
workpiece surface was then subjected to friction stir processing to
produce the composite. Based on previously published research,
the processing parameters (1400 rpm speed and 25 mm/min feed)
were selected [35,44]. The FSP tool with a threaded tapered
pin profile was utilized in this work since it produces a greater
amount of material flow in the stir zone [32]. The FSP tool pin
dimensions used in this work are shown in Fig. 1(b).

After metallographic polishing, picric acid etchant (100 g
of picric acid, 5 ml of distilled water, 5 ml of acetic acid and
5 ml of ethanol) was used to etch the basic material and the pro-
duced composites. The samples were analyzed using an optical
microscope (Olympus BX63, Germany) and a scanning electron
microscope (SEM, TESCAN, Czech Republic). Area EDS
analysis was carried out to assess the chemical composition of
the samples. The linear intercept method was used to determine
the average grain size from the recorded microstructures [45].
Optical micrographs (collected at 3 different locations) obtained
at 200x magnification were used to measure the average grain
size. During the measurements, intermetallic particles were
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Fig. 1. Schematic representation of (a) FSP, (b) tool dimensions and (c) drilling experiments



omitted in both the base alloy and the composite. XRD analysis
(D8, Bruker, USA) was performed on both the base alloy and
the composite.

Specimens were cut from the center of the FSPed region
for hardness measurements and tensile tests. Tensile samples
were prepared such that the FSPed region comes in the gauge
length of the samples. Vicker’s indentation method was used to
measure the microhardness of the base material and the gener-
ated composite at the cross section by applying a 100 g force
for 15 s. Three measurements on average were taken across the
generated composite at intervals of one mm. Tensile experiments
were carried out by preparing sub-size tensile specimens as per
ASTM ES standards [46]. Tensile experiments were conducted by
applying 0.01/s strain rate by using a universal testing machine
(Carl-Zwick, Germany). Drilling experiments were conducted to
evaluate the machining behaviour of the produced composites.
The samples were placed on a dynamometer platform (Kistler,
Switzerland) that was attached to a vertical milling machine
work table. The drilling experiments were then carried out using
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a 6 mm diameter twist drill bit to produce holes at spindle speeds
of 90 and 180 rpm at feed rates of 15 mm/min and 30 mm/min
without using any coolant. From the recorded cutting forces,
mean cutting force values were obtained. The drilling experi-
ments were conducted on the FSPed surface of the composite
along the FSP direction in the center of the stir zone as shown in
Fig. 1(c). The thickness of modified surface is around 5 mm as
the tool pin length is 5 mm. The diameter of the drill bit is 6 mm
which produces holes of 6 mm diameter. Drilling was carried out
for few seconds till the cutting forces were stabilized. The result-
ing holes were observed with around 3-4 mm depth. Therefore,
it is confirmed that the drilling occurs within the processed zone.

3. Results and discussion
In order to produce the composite, reinforcements were

inserted into the surface holes and stirred by the FSP non-
consumable tool [32,33]. Fig. 2(a) displays the nano-CDHA

(b)

Fig. 2. (a) bright field TEM image of nano-CDHA and (b) corresponding electron diffraction pattern
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Fig. 3. XRD pattern of nano-CDHA

crystals as observed form TEM, from which the crystallite size
was determined as less than 50 nm. The bright spots in the elec-
tron diffraction pattern (Fig. 2(b)) showed up as a ring pattern,
indicating that the CDHA crystals were nanoscale. Fig. 3 shows
the XRD pattern of nano-CDHA used in the present work. All the
peaks were identified and indexed. No impurities were observed
in the prepared nano-CDHA.

The SEM image of AZ31 alloy is shown in Fig. 4(a) and
the corresponding EDS is shown in Fig. 4(b). At the room
temperature, formation of Mg;,Al;, intermetallic is typically
observed near the grain boundaries of the alloy because of the
reduced solubility (<1%) of Al in Mg. In addition to interme-
tallic areas, the AZ31 alloy microstructure displays a mixture
of solid solution grains made from Mg and Al. From the SEM
microstructure, it is clearly observed the solid solution grains
and the intermetallic network. Presence of Mg, O, Al and
Zn from the EDS analysis confirm the base alloy chemical
composition.
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Fig. 4. (a) SEM image of AZ31 Mg alloy and (b) corresponding EDS analysis

Presence of peaks corresponding to CDHA and a clear incre-
ment in the intensities of (002) and (103) peaks and decrement
of intensity of (101) and (200) peaks can be clearly observed in
the XRD of the composite (Fig. 5). All the peaks in the XRD
of AZ31 were identified as belonging to the a-Mg phase. How-
ever, due to the presence of lower amount of intermetallic, the
corresponding XRD peaks were not appeared. It is understood
from the literature that FSP significantly changes the texture of
metals [32]. In the current work, the composite has exhibited pre-
ferred orientation dominated by basal texture. This is similar to
the other FSPed alloys which also exhibited preferred orientation
due to the material flow during plastic deformation [31,35,36].
Since the (002) plane is a high-density plane, the formation of
a basal (002) dominated texture aids in altering the bulk proper-
ties of the composite in addition to microstructure modification
and integrated nano-CDHA.
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Fig. 5. XRD patterns of the base alloy and the composites

From the microstructural studies (Fig. 6), the produced
composite was characterized with fine grains. The agglomerated

nano-CDHA was observed in the composite (Fig. 6(a)), and the
corresponding EDS analysis (Fig. 6(b)) confirms the presence
of Ca and P in addition to Mg, O, Al and Zn. Compared with the
average grain size (41.4£5.9 um) of the base alloy (Fig. 4(a)),
significant grain size reduction up to 1.8+1.9 um was observed
in the composite (Fig. 6(c)). Grain refinement in FSP is typically
caused by dynamic recrystallisation, which can be attributed to
the microstructure refinement in the composite. Grain refining is
aided by the presence of nano-CDHA crystal, which inhibits grain
growth. Grain refinement is an advantage of using FSP to produce
composites compared with the melting and solidification methods.

The average microhardness of the samples is compared in
Fig. 7(a). Significant improvement in the measured hardness was
oberved in the composites due to the smaller grain size and the in-
corporated nano-CDHA. Fig. 7(b) presents the yield strength and
ultimate tensile stregth (UTS) of the samples. The improvement
in the strength of the composite compared with the base alloy
is significant which is claimed to grain boundary strengthening
and the dispesion strengthening mechanisms. However from the
observed tensile test data, the persentage of elongaiton values of
the samples were observed as similar; i.e. 9.73+1.7 and 8.2+1.5
for AZ31 and the composite respectively. From the results, it is
understood that the strength of the composite was increased and
the change in % of elongation is insignificant.

Fig. 8 shows typical cutting force profiles of the AZ31
alloy and the composites machined at 15 mm/min feed at two
different speeds 90 rpm and 180 rpm. The mean cutting forces
of the samples observed at the stabilized cutting force profile at
all the cutting parameters are compared in Fig. 9. It is evident
that with the increased cutting speed from 90 rpm to 180 rpm,
cutting force was decreased in both the samples at both the feed
rates. This is due to the generation of heat with the increased
cutting speed which decreases the resistance force of the sample
during drilling. Compared with the base alloy, composite exhib-
ited higher cutting forces at all the cutting parameters due to the
increased hardness and mechanical strength in addition to the
presece of nano-CDHA in the composite. However, the edges of
the produced holes were observed with lower level of material
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Fig. 7. Mechanical properties of the samples: (a) microhardness measured from Vickers indentation method and (b) tensile properties obtained
from the uniaxial tensile tests

delamination in the composites compared with the base alloy. The findings show that FSP can be used to produce AZ31-
This is due to the grain refinement and the reduced intermetallic =~ CDHA composites with reduced grain size and basal-dominated
as also observed in AZ91 and ZE41 Mg alloys as reported in the  texture. Furthermore, better mechanical performance as reflected
earlier works [41-43]. from the increased hardness and strength also can be achieved
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Fig. 9. comparison of the mean cutting forces of the samples: (a) 15 mm/min feed and (b) 30 mm/min feed

in AZ31-nano-CDHA composite. From the machining studies
by conducting drilling experiments, in spite of increased cutting
forces, lower damage was observed for the produced holes. In or-
der to produce Mg based composites, HA (with a Ca/P stochastic
ratio of 1.67) has been widely used as the dispersion phase in
a few reports [5]. However, compared to HA, nano-CDHA
can dissolve more quickly, and the implant composed of nano-
CDHA does not leave any residues at the interface between the
implant and bone. Therefore, selecting degradable nano-CDHA
as dispersing phase to produce Mg based degradable implants is
more viable for temporary orthopedic applications. The current
study also demonstrates the feasibility of machining operations
to manufacture medical implants by using AZ31-nan-CDHA
composites. It is summarized from the current study that the
grain refinement by FSP and incorporating nano-CDHA in the

composite enhances the mechanical performance of the compos-
ite and marginally increases the difficulty in machining during
drilling with superior finishing.

4. Conclusions

In the present work, friction stir processing (FSP) was
used to produce composites of AZ31 Mg alloy — nano-calcium
deficient hydroxyapatite (CDHA) composite for degradable bone
implants application. From the results, the following conclusions
are drawn.

i.  FSP led to produce grain refined composite that exhib-
ited significant grain refinement, from 41.4+5.9 pm to
1.8+1.9 pum.



ii.

iii.

iv.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

9]

[10]

[11]

The development of basal-dominated texture was evident
in the AZ31-nano-CDHA composite as observed from the
XRD analysis.

The hardness of the composite was increased due to the
smaller grain size and the presence of nano-CDHA.

From the tensile tests data, higher strength (296.3+6.7 MPa)
was observed for the composites compared with the base
alloy (235+5.5 MPa) without losing the ductility due to the
fine grain structure and the incorporated nano-CDHA.
Higher cutting forces were recorded for the composite at all
the cutting parameters in the drilling operations compared
with the base alloy. However, the produced edges of the
holes were observed with lower level of material delamina-
tion.
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