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Abstract: The study of magnesium (Mg) based biomaterials has emerged as a potential research area
in recent times. Controlling the rapid corrosion and improving the implant-tissue interface Kinetics for
better tissue regeneration are the prime interests behind developing novel Mg-based composites. In the
current work, the metal matrix composites of Mg-Zn, dispersed with nano-hydroxyapatite derived from
fish bones (fHA), were produced by powder metallurgy route. The powders were mixed with the help
of ball milling in the presence of ethanol and then sintered at 440 °C. From the microstructural studies,
micro-lamellar morphology was noticed for the sintered compacts due to the flake-like morphology of
the milled powders. The sintered compacts were then subjected to in vitro biodegradation studies in
simulated conditions for one week. From the results, the presence of fHA was found to be highly
influential in increasing the rate of mineral deposition on the surface of the composites. These higher
mineral depositions protected the surface of the composites from further degradation. The results
demonstrate that adding fHA to Mg accelerates biomineralization and controls degradation, leading to
better implant-tissue interactions.
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1. Introduction

Developing composite materials by combining different phases helps material scientists
to produce modern materials with hybrid properties [1]. Metals exhibit superior mechanical
properties required to manufacture load-bearing medical implants compared with polymers and
ceramic materials. On the other hand, ceramic materials possess excellent biocompatibility.
Calcium-based ceramics exhibit bioactive nature and can develop strong bonding with the
tissue [2]. Hence, developing composites by incorporating bioactive ceramic phases helps to
produce novel biomaterials with desired properties [3,4]. For the past two decades, significant
interest has been shown in developing magnesium (Mg) based implants for orthopedic
applications due to excellent bio-properties [5-8]. The main objective of the research groups
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across the globe on developing Mg implants is to control the rapid degradation and to enhance
the tissue bonding at the implant interface [9-12]. In this context, incorporating bioactive
ceramic phases into Mg-based materials to develop composites is a promising strategy [13-16].

Hydroxyapatite (HA) is a ceramic phase of calcium (Ca) and phosphorous (P) that can
be seen in higher fractions in the bones of mammals. Human bones also contain HA crystals at
the nano-level and collagen and other growth factors [17]. HA is used as bone filling material,
medium for targeted drug delivery, and to manufacture dental implants in biomedical
applications [18,19]. HA can be obtained by natural resources or can be synthesized in the
laboratory. For naturally derived HA, fish bones, scalps, sea corals, eggshells, etc., can be used
as precursors [20-24]. Synthetically produced HA is obtained by using specific chemicals such
as calcium hydroxide, calcium nitrates, ammonium phosphates, etc., in appropriate proportions
by following various protocols as reported in the literature [25-28]. HA derived from natural
resources contains additional ions. In our earlier work, nano-HA was successfully synthesized
from fish bones (rohio), and the presence of zinc was noticed in addition to calcium and
phosphorous [29].

Ball milling is a powder processing technique in which powders are uniformly mixed
and repeatedly subjected to the collision between the balls. Prolonged milling times also help
to reduce the particle size [30]. Developing composites by powder metallurgy needs
appropriate blending of the powders of the constituting phases. The powder blends are then
compacted by applying pressure and heat in a protected environment or vacuum with a proper
heating rate. This process in powder metallurgy is known as sintering. Since the process is
carried out in solid-state, the issues associated with the liquid state, such as oxidation, formation
of new phases, and decomposition of existing phases, can be eliminated. Other processes such
as powder mixing and hot extrusion, melting and extrusion, friction stir processing, spark
plasma sintering can be seen in the literature in developing composites of Mg for medical
implant applications [31-35]. Being an essential micronutrient, zinc (Zn) is required for several
metabolic activities in the human body. Mg-Zn alloys were demonstrated as one of the
promising Mg alloy systems for biomedical applications [12]. Information on using ion-
containing HA, such as naturally derived HA, as a reinforcing material to develop Mg-based
implants is insufficient in the reported scientific literature. Hence in the present work, fish
bone-derived nano-HA (fHA) was dispersed into pure Mg using ball milling, and the milled
powders were consolidated by sintering at 440 °C. The effect of adding fHA on
biomineralization was assessed by conducting in vitro bioactivity studies in simulated
conditions.

2. Materials and Methods

Pure Mg powder (99.5 % purity, Merk, India) and pure Zn powder (99.9 % purity,
Quality Traders, Guntur, India) were procured and used in the present work. Fish bone-derived
hydroxyapatite (fHA) was produced in the laboratory from fish (Rohio) bones. The procedure
to synthesize nano-HA from fish bones can be referred to in our earlier report [29]. In the
present composition, the Zn fraction was limited to 1%, as the solubility limit of Zn element
(solute) into Mg lattice (solvent) is less than 1% at the room temperature [28, 36]. Excess
amount of Zn leads to develop MgZn intermetallics, which increase the degradation rate due
to bio-corrosion [37,38]. Different percentages of fHA (1 and 2 wt.%) were added to Mg-
1%Zn, and composites were developed. A higher fraction of reinforcements in the Mg matrix
accelerates the degradation rate in the corroding environment. Hence, the addition of fHA was
https://biointerfaceresearch.com/ 7013
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limited to lower amounts (1 and 2%). The powders with appropriate weights were milled by
using a planetary ball mill for 20 h. Tungsten carbide (WC) vials and balls were used for the
milling process. Total balls weight to milling powder weight ratio was maintained as 20:1.
Ethyl alcohol was filled in the vial before milling about covering the powders completely. After
ball milling, the collected powders were dried and compacted in a cylindrical die of 10 mm
diameter using a hydraulic press. X-ray diffraction (XRD) studies (using CuKa) have been
carried out between 20 to 80 ° for all the powder samples with a scanning step size of 0.1. The
compacted pellets were then placed in a furnace, and sintering was done at 440 °C in the
presence of Argon gas. Heating of 5 °C/min was adopted, and 1 h of soaking time was given
to stabilize the temperature throughout the samples. Then the samples were furnace cooled and
named as Mg-Zn, Mg-Zn-1fHA, and Mg-Zn-2fHA for 0, 1, and 2 percent of added fHA,
respectively. Figure 1 shows the sintering cycle and typical photograph of Mg-Zn-2fHA
composite.
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Figure 1. The heating, soaking, and cooling cycle adopted in the current work (inset: typical photograph of
sintered Mg-Zn-2fHA composite).

A standard metallurgical procedure was adopted to prepare the samples for polishing
[35]. After etching with a picric acid agent, microstructures were recorded using an optical
microscope (Leica, Germany). Simulated physiological test conditions were provided by
preparing a solution with a similar ion concentration of human blood plasma in the laboratory.
The protocol for preparing the simulated body fluid (SBF) and the lab grade chemicals and
their relative weights can be referred elsewhere [39]. The samples of size 10 mm diameter and
5 mm height were prepared, polished, and cleaned for immersion studies. While preparing the
SBF, the appropriate amount of ammonia was added to maintain a pH of ~ 7.4. Each container
was filled with 50 ml of SBF, and then the samples were placed in the containers. The weights
of the samples were recorded before and after the immersion test to calculate the weight loss
after one day and one week. Usually, for Mg alloys, rapid degradation is observed during the
initial hours of degradation. Understanding the degradation behavior of Mg-based material
during initial hours is crucial in developing Mg-based implants. Hence, immersion studies have
been conducted for one week. The pH of the solution was recorded every 12 h for all the
samples. After one day and one week, all the samples were collected and placed in a container
of distilled water (for 30 min) and then dried in an open atmosphere. The morphologies of the
powders and the immersed samples were analyzed by scanning electron microscope (SEM,
TESCON, Czech Republic), and energy-dispersive X-ray spectroscopy (EDS) was also carried
out. The samples after the immersion test were placed in chromate aqua solution (180 g of CrOs
has been added to 100 ml of boiling water) to dissolve the corrosion products produced during
the degradation process. After 30 min, the corrosion products from the surface of the immersion
samples were observed as completely dissolved in the chromate aqua solution. Then the weight

https://biointerfaceresearch.com/ 7014


https://doi.org/10.33263/BRIAC125.70127022
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.70127022

of the degraded samples was measured to assess the weight loss (mg/cm?). The difference
between the weight of the samples before immersion and after dissolving the corrosion
products was obtained and divided by the surface area of the samples.

3. Results and Discussion

The Mg powders used to produce the composites, as shown in Figure 2(a), have an
average size of 172 = 4.1 um. The corresponding EDS analysis (Figure 2 (b)) confirms that the
particles are free from impurities. Bright-field TEM image (Figure 2 (c)) of nano-
hydroxyapatite produced from fish bones (fHA) shows equiaxed morphology with an average
size of ~ 75 nm. The selective area electron diffraction (SAED) pattern of produced fHA shows
spots arranged in ring pattern (Figure 2(d)) which confirms the nano-dimension of the produced
fHA. Ball milling for lower periods helps to mix the powders appropriately. If milling time is
increased to higher periods, cold welding and fracturing of particles, size reduction, and
uniform distribution of reinforcing phases into the matrix particles can be achieved [40].

o
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Figure 2. (a) SEM images of pure Mg powders and (b) EDS analysis, (c) bright-field transmission electron
microscope image of fHA, and (d) corresponding SAED pattern.

Figure 3 shows the morphologies of ball-milled powders after 20 h of milling. Usually,
particle size is greatly reduced after such long milling periods, as reported in the literature [40].
From the results, it can be learned that pure Mg, Mg-Zn-1fHA, and Mg-Zn-2fHA powders have
transformed into flake-like morphology. Since Mg is soft, the particles were subjected to plastic
deformation and deformed as thin flakes due to milling, and the thickness was significantly
decreased. The size distribution of Mg particles after milling was found to be in a wide range
between sub-micrometers to around 50 um. The corresponding EDS analysis of the composites
(Fig 3 (d) and (f)) shows the presence of calcium and phosphorous, in addition to magnesium,
oxygen, and zinc in the composites due to the added nano-fHA.

Figure 4 presents the XRD plots of pure Mg, fHA, and ball-milled powders. Peaks
corresponding to Pure Mg and fHA were indexed, and the findings support the chemical
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composition analysis (Figure 3) that no contamination present in the powders. Interestingly,
the relative intensities of peaks of the composite powders after ball milling were observed as
changed. The peak intensity of (002) of the composite powders was significantly increased,
and other peak intensities were observed as decreased due to ball milling. (002) peak
corresponds to the basal plane in hcp Mg, and therefore, it can be noted that a preferred
orientation has occurred within the particles during the plastic deformation. Obtaining a
preferred texture in Mg can alter biodegradation. It was also reported that the basal-dominated
texture influences the electrochemical events at the implant-tissue interface and affects the
degradation process [40,41]. Figure 5 shows the microstructure of the sintered samples. Since
the Mg particles transformed into thin flakes due to the ball milling process, the resulting solid
compacts also exhibited the same morphology for the grains in the sintered samples. These
gains are similar to the micro-lamellar structure reported in the literature [42]. A large
difference in the length to thickness is the main characteristic of microlamellar grains. Due to
the lamellar structure at the microscopic level, the developed composites behave differently
compared with the constituting phases. The black regions are the interfaces between the
lamellar grains, and the bright regions are the grain interiors (Figure 5). Usually, the reinforcing
phase is distributed at the interfaces of the grains in the composites developed through ball
milling followed by sintering [30, 42]. Therefore, in the present work, the added fHA crystals
are believed to be distributed at the interfaces of the grains.
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Figure 3. Scanning electron microscope (SEM) images and corresponding EDS analysis of milled powders: (a)
and (b) Mg powders, (c) and (d) Mg-Zn-1fHA, (e) and (f) Mg-Zn-2fHA.
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Figure 4. XRD patterns of powders: (a) pure Mg powder, (b) fHA powder, (c) composite powders after ball
milling.

Figure 5. Microstructure of the sintered samples: (a) pure Mg, (b) Mg-Zn-1fHA, and (c) Mg-Zn-2fHA.

Figure 6 presents the morphologies of surface mineral depositions and their
corresponding elemental composition obtained from the samples after 72 h of immersion in
SBF. It is evident from the deposited phases and the elemental composition that the presence
of fHA has a profound effect on increasing the deposition of phases that contain calcium (Ca)
and phosphorous (P) as the main constituting elements. A higher level of deposition of Ca/P
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on the composites compared with pure Mg suggests an increase in the biomineralization, a
process by which mineral depositions are influenced at the implant-tissue interface. Micro-
lamellar grain structures with the presence of fHA crystals throughout the composite influenced
the biomineralization process. Enhanced mineral deposition helps to lower the degradation
process by delaying the dissolution of Mg from the implant. Furthermore, surfaces with higher
mineral depositions are favorable for cell adhesion and growth.
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Figure 6. SEM images and chemical composition of the surfaces of the samples after 72 h in SBF: (a) pure Mg,
(b) surface EDS analysis, (¢) Mg-Zn-1fHA, (d) surface EDS analysis, (e) Mg-Zn-2fHA, and (f) surface EDS
analysis.

The corrosion products are completely removed from the surface of the samples by
dissolving them in the chromate solution, and the measured weight loss values of the samples
are compared in Figure 7. It is observed that with the increased immersion time from 24 h to
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72 h, the degradation rate of the samples was increased. Composites exhibited relatively lower
weight loss than pure Mg. Within the composites, the sample with 1% HA has shown lower
degradation compared with the sample having 2% HA. Both the composites exhibited excellent
deposition of mineral phase due to the presence of nano-HA, which accelerated the crystal
formation and growth of the Ca/P mineral phase from the SBF. However, the presence of more
HA increased the degradation rate. This can be explained by considering the galvanic corrosion
due to the contact of different phases with varying electrochemical potentials. The presence of
more HA (ceramic phase) in Mg (metallic phase) accelerates galvanic corrosion in the
composite. The mineral deposition helped to decrease the degradation due to bio-corrosion.
When fHA content was increased to 2% due to the increased galvanic corrosion, the
degradation rate was increased compared with 1% fHA composite. However, enhanced mineral
deposition has reduced the overall corrosion of both the composites compared with pure Mg.
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Figure 7. Weight loss measurements of the samples calculated from the immersion studies.
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Figure 8. pH variations in the SBF during the immersion period.

Figure 8 shows the pH measurements of the SBF solution for the samples recorded for
7 days. The pH values of the SBF in all the containers were measured and observed as increased
due to the nature of aggressive corrosion of Mg during the initial hours of contact with an
aqueous solution. During the degradation of Mg in the presence of a physiological
environment, the initial rate of formation of Mg(OH): layer as a corrosion by-product on the
fresh surface of Mg is higher. Therefore the change in pH is rapid in the initial hours of
immersion. Once the Mg(OH): layer is formed on the surface of Mg, then the corrosion rate is
decreased as the Mg(OH). layer acts as a barrier. However, due to the presence of Cl ions, the
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Mg(OH): layer is slowly degraded, and Mg corrosion is further increased. Hence, pH change
is bigger during the initial hours of the immersion. The pH was found to be stabilized in all the
samples with the increased immersion time. Compared with the composites, SBF solution
containing pure Mg was observed with marginally higher pH values due to more degradation.
Higher mineral depositions help to delay the degradation process by stabilizing the
Mg(OH). phase produced due to bio-corrosion of Mg and also delay the transformation of
(Mg(OH)2 into magnesium chloride [43]. The mineral phases of Ca/P also promote better
bonding at the implant-tissue interface [30]. Therefore, a higher rate of biomineralization is
always preferred in developing Mg-based implants to achieve lower degradation and a higher
rate of healing [44,45]. In the present work, lamellar microstructure and incorporated nano-
fHA crystals are the two important factors that played an important role in increasing the
biomineralization by which the degradation was decreased. Hence, from the results, it can be
summarized that ball milling results in the micro-lamellar structure which is also seen in the
sintered Mg-Zn-fHA composites. The added fHA crystals enhanced biomineralization which
is favorable for degradable implant applications. The present results encourage future studies
with other potential Mg alloys (with biocompatible alloying elements) as matrix material.

4. Conclusions

Composites of Mg-Zn-fish bone-derived hydroxyapatite (fHA) with micro-lamellar
morphology were produced with 1% and 2% fHA content by ball milling and sintering. The
XRD studies showed no indication of the formation of any new phases after milling. The altered
peak intensities indicate basal texture in the milled powders. The ball-milled powders were
observed with a flake-like structure, and the same has been retained after sintering and appeared
as a micro-lamellar structure. Immersion studies in simulated body fluids indicated better
mineral deposition of Ca/P phase on the composites than pure Mg. pH measurements also
indicated lower degradation for the composites. Composite with 1% HA was observed with
lower weight loss than composite with 2% HA. Hence for the results, it can be concluded that
Mg-Zn-1%HA can be a viable composition with a micro-lamellar structure to manufacture Mg-
based implants for degradable biomedical implants.
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