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Abstract: Although hydroxyapatite (HA) has exceptional biological qualities that inspire researchers
to employ it as an appealing biomaterial for various purposes, its usage in hard tissue replacement
applications is severely restricted because of its fragility. In order to create nanocomposites with the
necessary mechanical properties for biomedical applications, HA was produced, and various amounts
of alumina (Al,Os) were added to it. Additionally, the phase composition of the powdered
nanocomposites was examined using the X-ray diffraction (XRD) technique. Crystal sizes, lattice strain,
and dislocation density were all estimated as well. In order to measure the produced nanocomposite
powders’ physical and elastic characteristics using the Archimedes method and ultrasonic non-
destructive technique, they were then pressed and sintered at 1000 °C. The resulting information made
it clear that further increases in the weight percentages of Al,Os resulted in a 10.25, 25.64, and 33.33%
reduction in crystal size. As a result of adding more Al,Os-up to 20 weight, percent-the results also
showed that this properties-microhardness, compressive strength, Young’s modulus, elastic modulus,
bulk modulus, shear modulus, and Poisson’s ratio-were improved by 109, 36.29, 95.5, 100.59, 104.97,
92.84 and 9.5%, respectively. Unfortunately, it increased its porosity by considerable amounts. It might
be argued that the generated nanocomposites are favorable for biomedical applications.

Keywords: Hydroxyapatite; Nanobiocomposites; Alumina; Microstructure; Physical properties;
Mechanical performance.
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1. Introduction

Due to the extensive range of biomaterials’ uses in biomedicine, ongoing biomaterials research
and development is in great demand today. Importantly, a number of parameters, including
adequate mechanical qualities, optimal porosity, outstanding bioactivity, and biocompatibility,
influence the selection of the ideal biomaterials [1,2]. They must also have a variety of
morphologies and forms in order to be used in various biological applications. Monolithic
materials, however, cannot satisfy these criteria. Therefore, creating a multiphase material,
often known as "composite™, that may closely mimic genuine bone is an appealing method to
address these pressing needs. Notably, several industrial industrial and biomedical applications
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need composite materials [3-8]. Importantly, these composites' better physical and mechanical
characteristics result from their synthesis in the nanoscale range [9,10]. Notably, the
mechanical alloying (MA) technique makes it simple to produce such desirable composites
[11-14]. In order to create appealing biomaterials for various purposes, several biocomposites
have been produced in our recent work with a thorough examination of their varied features
[15-21].

Due to its exceptional qualities compared to other biomaterials, hydroxyapatite (HA) is
frequently employed in orthopedic and dental applications [22]. Since carbonate (CO3)?
groups can partially replace hydroxyl and phosphate sites that produce A-type or B-type
carbonated hydroxyapatite (CHA), it is also hypothesized that adding these groups to the
crystal structure of HA will improve its solubility and biological performance. Additionally, it
should be mentioned that CHA production in the nanoscale range results in improved
characteristics [23,24]. Due to its low mechanical qualities, its clinical uses are sadly limited
to non-load—-bearing areas [25,26]. To solve this major issue, it is thus imperative to enhance
its mechanical characteristics by reinforcing it with a different phase with the necessary
mechanical strength [27-30].

Nearly inert bioceramic, i.e., alumina (Al.Oz), has several desirable properties,
including superior corrosion resistance, biocompatibility, and affordability. As a result, it has
long been extensively utilized in several biomedical applications [31-33]. When transplanted
into the human body, it is unable to connect to live tissues because it lacks bioactivity behavior
[14,34]. In order to address this issue, scientists created composites that included Al2Osand a
different physiologically active phase.

This study looked at how carbonated hydroxyapatite's physical and mechanical
characteristics were affected by adding various weight percentages of alumina.

2. Materials and Methods

2.1. Preparation of CHA nanopowders

In accordance with our most recent research [35,36], calcium carbonate (CaCO3) and
calcium hydrogen phosphate dihydrate (CaHPO4.2H20) have been used as raw materials to
create CHA nanopowders utilizing high-energy ball mill. It is essential to remember that CHA
is created using the following eqn.:

4CaCO3+6CaHP0O4.2H,O0  Caio(PO4)s(OH)2+4CO2+14H20 1)
2.2. Preparation of CHA/AI,O3 nanopowders.

a-Al>03 powders with 99.99% purity rating and an average particle size of 200 nm),
were purchased. Based on their respective weight percentages, the Al,Os and CHA powders
were mechanically blended for 10 hours at a speed of 150 rpm with a ball-to-powder ratio
(BPR) of 2:1 and 10 mm-diameter balls. These mixtures were then ground for 20 hours in a
planetary ball mill with a BPR of 15:1 and a rotational speed of 450 rpm. The milling process
was carried out at 5-hour intervals with a 2-hour pause to prevet overheating. Transmission
electron microscopy combined with selected area electron diffraction (TEM-SAED); JEOL
JEM- 2100 Japan, operated at an accelerating voltage of 120 kV, was used to analyze the
morphology and particle size of nanocomposite powders. Table 1 lists the compositions of the
powdered nanocomposites that have been created, along with their acronyms.
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Table 1. A scheme of the produced specimens with the specimen code and its % composition is shown.

Specimen code Carbonated hydroxyapatite Alumina (Al203)
(CHA)

S1 95 5

S2 90 10

S3 85 15

S4 80 20

2.3. Characterization using X-ray diffraction (XRD) technique.

By X-ray diffraction (XRD; Philips PW 1373) device, the structure of the prepared
CHAJ/AI;O3 nanocomposites was examined. According to the following equations, the
broadening (B) that emerged at 26= 32.19 and 33.43° belonging to the diffraction planes (1 1
2) and (3 0 0), respectively, was used to compute the crystallite size (D), lattice strain (¢), and

dislocation density (8) of the produced nanocomposites [37,38]:
092 @)
" Bcost

B

e ®)
4tanb
1
6 = —

4)
D2

where: A= 1.54059°A (Cu-Ni radiation), B is the full width at half maximum (FWHM), and 6
is the angle in radians.

2.4. Physical properties of the sintered nanocomposites

As we previously described in our study [23], the milled powders were consolidated
into pellets with dimensions of 16 mm in diameter and 4 mm in length using a hydraulic press
operating at 50 MPa. Then, using Archimedes' method, bulk density, and apparent porosity
were all measured (ASTM: B962-13).

2.5. Mechanical properties.

Vickers microhardness (Hv) was evaluated using a Shimadzu-HMV (Japan)
microhardness tester with a 100 g load under ambient laboratory conditions with a constant
indenter dwell period of 15 s, as reported in our recent papers [39-43]. Each specimen had at
least five indentations measured for each data point. A square-based pyramidal diamond with
a face angle of 136 was used to make the indentation, along with a measuring microscope and
video monitor:

Hv = 1.854 % ®)
where, P is the applied indentation load and D is the measured indentation diagonal.

Microhardness was calculated according to ASTM: B933-09, while the compressive
strength was measured according to ASTM E9.

Using the pulse-echo technique with a MATEC Model MBS8000 DSP (ultrasonic
digital signal processing) system with a 5 MHz resonating frequency. The ultrasonic wave
velocities (longitudinal and shear) propagated in the samples were measured at room
temperature. Following are the values of the longitudinal (V2.) and shear (V2s) ultrasonic

velocities that were used to calculate Lame's constants, i.e., A and p:

A= p(V7 - 2Vd) (6)
w=pl¢ @)
L=21+2p (8)
G=p €)
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where, p is the material bulk density, longitudinal modulus (L), shear modulus (G), Young’s
modulus (E), bulk modulus (B), and Poisson’s ratio (v).

3. Results and Discussion

3.1. Characterization of the prepared nanocomposites powders by TEM-SAED

In this study, TEM-SAED was utilized to examine the diffraction patterns and particle
sizes of the raw materials, i.e., HA and Al>Os, that were used to create HA/AI,O3 composites,
as shown in Figure 1 (a,b). Since both materials are depicted in the figure as being in the
nanoscale range, there is a strong indication that the required nanocomposites are likewise in
this range. In addition to the particle sizes of the materials under investigation, SAED patterns
revealed the presence of polycrystalline diffraction rings, which were identified using d-
spacing ICCD file cards, as will be explained in the next section. Since nanostructured
biomaterials can establish enhanced interactions with proteins and bone-forming cells, this
discovery is crucial for biomedical applications [18].

3.2. XRD analysis

The primary method for analyzing the structure of the produced nanocomposite samples
was XRD analysis. Therefore, Figure 2 shows the XRD patterns for all manufactured samples.
In terms of the positions of the lines at 26=32.19, 33.43, 25.74, and 34.19° which correspond
t0(112),(300),(002),and(210), respectively, it is important to note from this figure that
the distinctive peaks of CHA are well matching with ICPDS card no. 19-0272.

(b)
Figure 1. TEM images and corresponding SAED patterns of (a) HA; (b) Al,Os nanopowders.

However, the locations of the Al,Oz peaks at 20= 35.13, 43.33, 57.47, and 25.56°,
which correspond to (1 04), (11 3), (116)and (0 1 2), respectively, are in good agreement
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with JCPDS card no. 88-0826. Considering that the peaks of Al.Os are less strong and
progressively rise with increasing Al2Os levels, it is also feasible to notice that the characteristic
peaks of CHA are visible. It is significant to notice that the absence of additional phases
demonstrates the purity of the generated nanocomposites.

- '_ B-CHA 0O-AlLO;
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Figure 2. XRD patterns of CHA-based nanocomposite powders with different Al,Os contents (wt.%).

Broadening analysis was used to determine the crystal size, lattice strain, and strain
dislocation density since it was anticipated that adding Al203 with various contents would
impact the microstructure of CHA nanopowders. The results are depicted in figures (3 and 4).
On the opposite side, as Al,Oz content rises, and lattice strain exhibit the reverse pattern for
crystallite sizes. The result is explained by the fact that the presence of AlOzduring the milling
process plays a significant role in the occurrence of severe lattice distortion, as well as severe
lattice distortion and refinement of grain size, which in turn results in an observed broadness
and decreases in the intensities of XRD peaks [42]. It is noteworthy that after 20 hours of
milling, the predicted crystal sizes of all examined specimens are 19.5, 17.5, 14.5, and 13 nm.
On the other hand, the dislocation density of the same samples is 0.64, 0.70, 0.84, and 0.94%.
These findings are quite consistent with those seen in the literature [43-47].
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Figure 3. Crystals sizes of CHA/AILOs nanocomposites powders versus Al,Oz contents (wt.%).
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Figure 4. Dislocation density and lattice strain of CHA/AI,O3 nanocomposites powders versus Al,O3 contents
(wt.%).

3.3. Physical properties of the sintered nanocomposites

It is well known that the density values of nanocomposites greatly depend on the porosity of
the majority of samples as well as the development of crystalline particles [48]. In order to
depict the bulk density and apparent porosity of all sintered samples at 900 °C, Figure 5 was
created. It is clear from this graph that the continuous increases in Al.Oz contents have resulted
in a noticeably higher bulk density. The major discrepancy between the bulk density of Al.O3
(3.95 g/cm®) and the density of HA (3.18 g/cm?) is responsible for this outcome. Also, because
Al203 has a much higher porosity than HA, its inclusion in sintered nanocomposites
significantly enhances their porosity [49]. It is important to note that the sintering procedure
was conducted at this particular temperature to prevent the potential degradation of CHA
particles due to their exposure to high temperature, which would cause the formation of
tricalcium phosphate and calcium aluminate, which would adversely affect the physical and
mechanical properties of the resulting nanocomposites [50,51].
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Figure 5. Bulk density and apparent porosity of the sintered samples.

The right sintering temperature is regarded as a crucial element for achieving optimal
densification behavior for sintered nanocomposites, as stated in Ref. [52]. There were three
phases to the sintering process. The produced particles are first compacted to enable contact
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while considering that solid bonding has not yet been accomplished. But as the temperature
reaches 2/3 of the melting point, "necks™ develop between the particles, resulting in a solid
link. As a result, these compacts become denser as the overall emptiness shrinks. Notably, the
presence of particles with a large surface area and high surface free energy is what drives the
sintering process. When all the particles have bonded together, they can no longer be viewed
separately. Importantly, pores are sealed up. Therefore, the remaining porosity has no impact
on the mechanical characteristics of the sintered samples. It should be emphasized that while
porosity has a detrimental impact on mechanical qualities, it is thought to improve a number
of biological aspects. This enhancement is because porosity makes it easier for physiological
fluids to enter the samples, which improves the bioactivity behavior. Based on these facts, it is
necessary to have a good link between porosity and mechanical qualities to achieve significant
applications in bone regeneration [53].

3.4. Mechanical properties

It has been demonstrated that a key aspect of sintered nanocomposites’ therapeutic use
is their mechanical responsiveness. Accordingly, assessing the mechanical characteristics of
all sintered specimens is another focus of this effort. As a result, Figures 6 and 7 show,
respectively, microhardness (Hv) and compressive strength.
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Figure 6. Microhardness of the sintered CHA/AI,O3; nanocomposites.
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Figure 7. Compressive strength of the sintered CHA/AI,Oz nanocomposites.

On the other hand, Table 2 lists the other moduli, such as longitudinal (L), bulk (B),
and shear (G). Figure 8 represents Young's modulus (E) and Poisson's ratio (v), typical of the
entire elastic moduli. The results showed that the S4 sample, which has the greatest level of
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Al>Os, or 20 weight percent, exhibits the poorest due to its low content of Al2Os, or 5 weight
percent. In the case of the S1 sample, the recorded values are 4.3 GPa, 135 MPa, 41.2 GPa,
46.877 GPa, 29.95 GPa, 16.92 GPa, and 0.21, respectively, whereas, for the S4 sample, they
are 9 GPa, 184 MPa, 80.55 GPa, 94.02 GPa, 61.39 GPa, 32.63 GPa and 0.23, respectively.
These findings are consistent with those in Section 3.1.

Table 2. Young's modulus (E), longitudinal modulus (L), bulk modulus (B), shear modulus (G), and Poisson's
ratio (v) of all sintered nanocomposite specimens.

Sample E L B G v
S1 41.20 46.87 29.95 16.92 0.2175
S2 50.21 57.39 36.82 20.57 0.2207
S3 67.23 77.78 50.43 27.35 0.2288
S4 80.55 94.02 61.39 32.63 0.2344
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Figure 8. (a) Young’s modulus (E) and (b) Poisson's ratio (v) of the sintered CHA/A1,O3 hanocomposites.
4. Conclusions

This research involved utilizing a high-energy ball mill to create powdered carbonated
hydroxyapatite/alumina (CHA/AI>O3) nanocomposites with various weight percentages.
Powdered nanocomposites were sintered and solidified at a temperature of 1000 °C to test their
physical and mechanical characteristics. The following can be used to summarize the most
significant results:

e The XRD data showed that when Al.Oz contents increased, crystal size decreased.

e Such changes in Al203 weight% have a demonstrated impact on both lattice strain and
dislocation density.

e As the weight fraction of Al.Ozrises, the bulk density shows observable increases.
e Decreasing CHA contents adversely impacted porosity.

e There was a noticeable improvement in every mechanical property measured.

e Various biomedical applications can make use of the produced nanocomposites.
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