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Abstract: Hydroxyapatite (HAp) has long been considered the gold standard in the biomedical
field, considering its composition and close resemblance to human bone. However, the brittle
nature of hydroxyapatite (HAp) biomaterial, constrained by its low fracture toughness (of up to
1.2 vs. 2–12 MPa m1/2 of human bone), remains one of the significant factors impairing its use in
bone regeneration. In the present study, HAp nanoparticles synthesized by the solid-state (SHAp)
and sonochemical (EHAp) approaches using eggshell-derived calcium hydroxide and ammonium
dihydrogen orthophosphate as precursors are compared with those synthesized using commercially
available calcium hydroxide and ammonium dihydrogen orthophosphate as precursors (CHAp)
employing sonochemical method. The HAp samples were then compressed into compact materials
using a uniaxial high-pressure compression technique at a preoptimized load and subsequently
characterized for mechanical properties using the Vickers indentation method and compressive
strength testing. The analysis revealed that the material with smaller particle size (30–40 nm) and
crystalline nature (EHAp and CHAp) resulted in mechanically robust materials (σm = 54.53 MPa
and 47.72 MPa) with high elastic modulus (E = 4011.1 MPa and 2750.25 MPa) and density/hardness-
dependent fracture toughness (σf = 4.34 MPa m1/2and 6.57 MPa m1/2) than SHAp (σm =28.40 MPa,
E = 2116.75 MPa, σf = 5.39 MPa m1/2). The CHAp material was found to be the most suitable for
applications in bone regeneration.

Keywords: bone regeneration; hydroxyapatite; nanoparticles; compression; mechanical properties

1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a biomedical-grade ceramic that is widely
used in bone repair and replacement [1]. The exceptional biological properties of HAp, such
as nontoxicity, biocompatibility, and, most importantly, bioactivity result from its chemical
composition which is similar to that of natural bone [2,3]. Moreover, the biocompatibility
of HAp allows it to be used for a variety of applications inside the human body, including
bone regeneration, drug delivery, and cell imaging [4–6]. A bone substitute material must
include mechanical strength that is as close as possible to the natural bone [7,8]. However,
HAp has lower mechanical strength than the natural bone, and thus, it remains a critical
challenge which limits its application for load-bearing applications [9,10].

Bone comprises two distinct forms, inner porous cancellous bone and outer dense
cortical bone, with unique histological and mechanical properties (strength, resilience,
and flexibility). Thus, cancellous bone has a lower Young’s modulus and is more elastic
than cortical bone [11,12]. The biomechanical properties are a crucial factor in designing
a bone graft biomaterial for replacement. Besides its geometry [13], the material must
be mechanically robust and biocompatible with the damaged bone tissue to cope with
the complex stress environment at the tissue site, acting as mechanical support until
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new tissue is generated to withstand the mechanical load [13–15]. Thus, developing
hydroxyapatite-based scaffolds and bone graft with improved load-bearing properties for
bone regeneration is a current need [16]. The nanoscale Hap, by virtue, has high surface
area, nanocrystalline nature, optimized sinterability, and desired densification, which
enhances fracture toughness and other mechanical properties, and thus is favorable for
bone regeneration application [17]. The mechanical properties of nanoscale HAp have been
reported to be superior to its microscale counterpart, and thus, extensive study is focused
on improving the properties of nanoscale HAp for its envisaged applications in bone tissue
engineering [18–21].

Autografts containing a patient’s living cells and growth factors are still the gold
standard, although the autografts have several limitations arising from calcium phosphates,
bioactive composites, growth factors [8], and alternative allografts (using a donor’s bone).
Furthermore, there are limited sources and supplies of bone, and the loss of biological
factors and strength following demineralization are causes of great concern.

It eventually increases their elastic modulus and leads to low-stress shielding during
a long implantation time, causing a failure of bone repair [13,22]. Besides this, there are
concerns regarding the immunological reactions of such materials and disease transmission,
which may cause unpredictable healing [23].

Because of the above drawbacks, there is still an increasing demand for synthetic
bone material as a substitute to natural bone, including metals [24], polymers [13,14],
and bioceramics (such as calcium phosphate, calcium sulphate, b-tricalcium phosphate,
and HAp powders, granules, or porous blocks), also acting as a carrier for drug or gene
delivery [18,25–27]. Among them, calcium orthophosphate ceramics, particularly HA,
have attracted significant attention due to their excellent biological behavior, such as
biocompatibility, bioactivity, and osteoconductivity. However, its brittle nature (constrained
by the low fracture toughness (0.8–1.2 MPa m1/2) and low flexural strength (<140 MPa))
limits its technological applications [25]. In general, the mechanical properties decrease
significantly with the increasing content of an amorphous phase, microporosity, and grain
sizes. On the other hand, high crystallinity, low porosity, and small grain sizes impart
higher stiffness, higher compressive and tensile strength, and more excellent fracture
toughness. However, fracture toughness is one of the essential properties which describes
the ability of a material containing a crack to resist fracture, which still does not exceed
the value of ~1.2 MPa·m1/2 (human bone: 2–12 MPa·m1/2). Moreover, it decreases almost
linearly with increased porosity and increases with a decrease in grain size [15].

Many attempts have been made to prepare HAps at the nanoscale [18,28–30], including
mechanochemical synthesis [31], combustion and various wet chemical techniques [32],
molten salt preparation, and hydrothermal synthesis [33]. However, the sonochemical
method, which is based on the chemical reaction activated by ultrasound radiation [34,35],
has been reported as the most suitable for the production of uniform, small-sized, and pure
HAp nanosized crystals with the least agglomeration and a higher surface area, resulting
in an enhancement of the sintering kinetics and, consequently, improved mechanical
properties of the bioceramics [36,37].

High-pressure compaction and sintering at high temperature are the typical approach
to attain augmented mechanical properties of Hap-based bioceramic. However, the sin-
tered material becomes porous, tends to lose its uniformity, and develops cracks. Moreover,
sintering at elevated temperatures often changes the HAp phase and affects the mechanical
properties [38]. For example, it tends to eliminate the hydroxyl functional groups in the
HAp. Thus, it may result in the decomposition of the HAp phase to form α-tricalcium phos-
phate (α-TCP), β-tricalcium phosphate (β-TCP), and tetra calcium phosphate (TTCP) [26],
thereby deteriorating the biocompatibility of synthesized HAp.

Our previous investigation on the in vitro biocompatibility of this material revealed
that it is highly biocompatible and bioactive against hFOB cells [39,40] Thus, this study
aims to evaluate the complex mechanical properties of the biomaterials prepared from
differently presynthesized HAp nanoparticles by the high-pressure compression technique,
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under controlled parameters and at ambient temperature. Since the HAp powders were to
be thermally pretreated at 900 ◦C, it was expected that the compression techniques to form
such biomaterials would not affect the crystalline or chemical structure of HAp. Therefore,
it would be more appropriate to relate to the mechanical properties required for bone
regeneration applications to develop bone grafts and scaffolds in load-bearing applications.
The HAp nanoparticles were synthesized using different sources (eggshell-derived calcium
vs. chemical precursors) and synthesis approaches (the solid-state and sonochemical).

Furthermore, to obtain the balanced compression strength and fracture toughness,
the preparation of such HAp-based materials is first optimized related to the applied com-
pression load using the Vickers indentation method [38,41–43]. The compression strength,
fracture compression strength, yield compression strength, shrinkage, and Young’s elas-
tic modulus [44–46] of different nanostructured materials are then recorded and com-
pared to better understand the contributions of nanoscale features using different types of
HAp nanoparticles.

2. Experimental
2.1. Materials

Eggshells procured from local vendors were used as a calcium precursor. In addition,
ammonium hydroxide (NH4OH), ammonium dihydrogen orthophosphate (NH4H2PO4),
hydrogen peroxide (H2O2), and calcium hydroxide (Ca(OH)2) were obtained from Fisher
Scientific, Aurangabad, India. All the reagents procured were analytical grade and used
without further purification.

2.2. Synthesis of Hydroxyapatite (HAp) Nanoparticles

Hydroxyapatite (HAp) nanoparticles were prepared by using CaO derived from
eggshells as the calcium source and NH4H2PO4 as a phosphorus precursor by two differ-
ent methods, i.e., solid-state synthesis (SHAp) and sonochemical synthesis (EHAp). In
addition, a similar synthesis of HAp was also performed using reagent grade Ca(OH)2 and
NH4H2PO4 as a phosphorus precursor, referred to as (CHAp). Our previous work has pre-
sented the preparation of CaO from eggshells and its conversion into Ca(OH)2 [39]. Briefly,
the eggshells were crushed and washed with deionized water, followed by ultrasonication
in 25% v/v of Milli-Q water, and dried in an oven at 100 ◦C for 2 h. The obtained material
was ground coarsely in a mortar–pestle and then subjected to ball milling (RETSCH-PM
100) to obtain a fine powder. To obtain a fine powder, the ground eggshell powder was
ball-milled at 200 rpm for 30 min initially and then at 400 rpm for 1 h. Subsequently, the
powder was calcined at 900 ◦C for 2 h with 200 ◦C intervals to decompose the organic
matter and convert the CaCO3 into CaO. Finally, the powder obtained was mixed with
NH4OH and ultrasonicated for 1 h to form Ca(OH)2.

Furthermore, HAp nanoparticles were synthesized by solid-state reaction (SHAp)
and also by the sonochemical method (EHAp), using 1.23 g of Ca(OH)2 (obtained from
eggshells) and 1.15 g of NH4H2PO4, corresponding to a stoichiometric ratio of Ca/P = 1.67.
In the case of SHAp preparation, the compounds were ground in an agate mortar and
pestle to obtain a homogenized mixture before being kept in a furnace box at 900 ◦C for 2 h.
In EHAp preparation, the ground mixture was dissolved in 50 mL of deionized water and
heated on a magnetic stirrer for 15 min, followed by ultrasonication for 1 h and heating
further on a magnetic stirrer to evaporate the water. Finally, the product was ground in
an agate mortar pestle to obtain the fine powder. Similarly, the synthesis of HAp using
reagent grade Ca(OH)2 and NH4H2PO4 as precursors by ultrasonication (CHAp) was also
performed for comparison.

2.3. Characterization of HAp Nanoparticles

The samples were analyzed by X-ray powder diffraction (XRD; D8 ADVANCE
BRUKER, Billerica, MA, USA, in reflection mode with Cu Kα1 radiation. The aver-
age crystallite size of the HAp powder was also estimated using Scherrer’s formula:
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t(hkl) = 0.9 λ/B Cosθ(hkl) [39,47], where “λ” is the wavelength of the monochromatic X-ray
beam, B is the full width at half maximum (FWHM) of the peak at the maximum intensity,
θ is the peak diffraction angle and satisfies Bragg’s law for the (h k l) plane, t(h k l) is the
crystallite size, and λ is the wavelength of the X-rays (λ = 1.54056 Å for Cu Kα1 radiation).

The infrared (IR) spectra were recorded over the region 400–4000 cm−1 and with the
spectral resolution of 4 cm−1 by Fourier transform infrared spectroscopy (FTIR, CARRY
600 Series, Tokyo, Japan), using the ATR technique. The morphology of the samples was
analyzed by a scanning electron microscope (SEM) using Hitachi S4800, Tokyo, Japan,
operated at 20 kV with images taken at various magnifications from 5 k to 200 k. To
circumvent the charging effect, prior to the analysis, the samples were coated with an
epitaxial thin Au layer using a Hitachi E1010 Ion sputter, Tokyo, Japan.

2.4. Preparation and Mechanical Testing of Pellet Materials from HAp Nanoparticles

The pellets were prepared using powders of differently presynthesized HAp nanoparti-
cles (SHAp, EHAp, and CHAp) under high pressure by the uniaxial compression technique
(Smitweld Thermal Cycle Simulator TCS 1405 Smitweld b.v. (now Lincoln Smitweld b.v.),
Nijmegen, The Netherlands) in which force, velocity, and displacement were controlled
and measured by the tensile testing unit (Smitweld Thermal Cycle Simulator TTU 2002
Smitweld b.v. (now Lincoln Smitweld b.v.), Nijmegen, The Netherlands).

The force versus displacement and stress versus displacement data were recorded for
each pellet. Two cylindrical pellets were prepared, with a diameter of 5 mm. A total of
100 mg weighted pellets were used for the Vickers hardness tests and fracture toughness
tests, while 200 mg weighted pellets were used for the compression tests. Both types
of pellets were used for density evaluation, which was investigated by measuring the
mass of each pellet on a digital weighing machine while taking into account its geometry,
measured by a Vernier caliper. In order to obtain the balanced compression strength and
fracture toughness, the preparation of such materials is first optimized related to the ap-
plied compression load using the Vickers indentation method [42] and SHAp sample. For
that purpose, a diamond indenter [43] is used to make an impression of a small crack on
the sample specimen. Then, by inspecting the morphology of these cracks, the hardness
and fracture toughness of the specimen [37,43] is studied. The complex mechanical prop-
erties (compression strength, fracture compression strength, yield compression strength,
shrinkage, Young’s elastic modulus) [36] of differently nanostructured materials are then
recorded and compared at preoptimized conditions.

2.5. Statistical Analysis

The results are presented as representative data or mean ± SD values of at least
three independent experiments. The differences between treatments were analyzed by
analysis of variance (ANOVA) with Tukey’s multiple comparison tests (density, hardness,
yield strength, compression strength, and fracture toughness), and the Kruskal–Wallis
nonparametric test (the shrinkage and elastic modulus), respectively, using SPSS software
(IBM SPSS 25, Armonk, NY, USA). All tests were with a significance level of p < 0.05.
Therefore, there was a statistically significant difference in the mean value of different
samples (SHAp, CHAp, and EHAp).

3. Results and Discussion
3.1. Characterization of Synthesized HAp

Different analytical methods were used to characterize the structure and morphology
of the synthesized HAp. The FTIR spectra of SHAp, EHAp, and CHAp samples are
shown in Figure 1. It is observed that the spectra of the whole samples exhibit intense
bands that were observed in the spectrum of HAp (at 500–700 cm−1 and 900–1200 cm−1,
respectively). In particular, the bands at around 559 and 612 cm−1 correspond mainly to
the ν4 PO4

3− bending vibrations [47–53]. Moreover, the sharp absorption band at around
1035 cm−1 corresponds to symmetric (ν1) and asymmetric (ν3) stretching of phosphate,
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respectively, and acidic phosphate (HPO4
2−) at about 1110 cm−1 can be observed, which

is overlapping with that from the ν3 PO4
3− vibration. There were also bands at around

864 and 1440 cm−1 which originated from the carbonate (CO3
2−) groups in the crystal

lattice of the HAp [54–57], being more intense in the case of the SHAp sample, where it may
be present in addition as an ionic substitute in the apatite crystal which is characteristic for
a type B apatite. In the case of SHAp, a few more intense bands were observed. The band
at around 941 cm−1 can be attributed to the symmetric stretching mode (ν1) of the P–O
of the phosphate group vibration mode. The band at around 729 cm−1 could be assigned
to the in-plane deformation and out-plane deformation modes of the present CO3

2− [58].
However, the bands between 1100 and 1250 cm−1 may be related to impurities in an
insignificant amount.
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Figure 1. Representative FTIR spectra of (a) SHAp, (b) EHAp, and (c) CHAp nanoparticles.

The XRD analysis (Figure 2) of HAp samples revealed their crystal structure and crys-
tallinity. High intensity and sharp peaks corresponding to (h k l) indices at (201), (102), (211),
(300), (220), (203), (230), and (303) were obtained for the solid-state synthesized hydroxyap-
atite (SHAp) and revealed the formation of highly pure and crystalline SHAp according to
JCPDS-861199. The XRD spectra of both sonochemical synthesized hydroxyapatites (EHAp
and CHAp) show the peaks at (200), (201), (102), (211), (300), (220), (203), (230), and (303),
with significant intensity in the range of 23–39◦ and a lower intensity at 46–63◦, which
may instead be consistent with the Ca10(PO4)6(OH)2 than with the Ca10(PO4)6OH phase,
indicating the predominant HAp structure. The lattice parameters calculated from XRD
data by the least-squares-fit method are shown in Table 1. They indicate that the values are
comparable with the reported values of the a-axis (9.418 Å) and c-axis (6.884 Å) [39,59,60].
The results indicate a larger crystallite size in the case of the SHAp sample when compared
to the EHAp and CHAp. This is because SHAp, prepared by solid-state reaction, is subject
to precipitation and hydrolysis of calcium phosphates, causing an agglomeration during
processing, consequently resulting in an increased crystallization and particle size, which
is also observed in the microscopic images (Figure 3). On the other hand, the EHAp and
CHAp samples exhibited relatively fine particles, which may be due to the increased
amorphization of these materials during sonochemical synthesis [58].
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The SEM images of SHAp, CHAp, and EHAp samples presented in Figure 3 reveal
different morphological features of the synthesized HAp. Uniformly distributed, how-
ever, relatively agglomerated and more prominent (~50 nm) SHAp nanoparticles were
observed in comparison to the smaller, spherical nanocrystalline EHAp (~30 nm) and
CHAp (~30–40 nm) particles produced by the sonochemical method. The ultrasound irra-
diation influences the chemical interactions of the reacting species, possibly by altering the
rate of formation and chemical equilibrium of the calcium hydrogen phosphate phases [58].
The particle size is associated with nucleation and growth of the particles, which is related
highly to the degree of supersaturation in the liquid phase. In the presence of ultrasound,
the creation of microjets and the impact of shock waves influence the collapse of the mi-
crobubbles, which promotes hot spots with very high cooling rates [53] and, consequently,
promotes chemical reactions and physical growth. It is also expected that the calcium
phosphate being from different sources may influence the difference in particle size and
morphology between the sonochemically synthesized EHAp and CHAp, as reported else-
where [33,51]. Figure 3d shows the representative energy dispersive X-ray analysis (EDX)
spectra of the samples, revealing the elemental composition of Ca and P, with the Ca/P
ratio reflecting the stoichiometric structure of hydroxyapatite.

3.2. Mechanical Properties of Hap-Based Nanomaterials
3.2.1. Optimization of the Compression Load for Materials Preparation

In order to investigate and compare the mechanical properties of synthesized HAp
powders (SHAp, EHAp, and CHAp) consolidated under high pressure, the SHAp sample
was used to optimize the load applied during the pellets preparation. In that sense,
the pellets were prepared by varying the applied load from 3 kN (153 MPa) to 18 kN
(917 MPa) and over the range of 153–917 MPa pressure to avoid the origin of cracks and
to obtain balanced mechanical properties. The maximum force, which was applied at a
velocity of 0.05 mm/s, is depicted in Figure 4a. By integration of the surface below the
sigma vs. epsilon diagram, the total energy (Atotal) and elastic energy (Aelastic) during
the pellet preparation could be obtained (Figure 4b). For each condition, 20 specimens
were used, and the resultant averaged values were considered for optimizing the applied
load. As shown in Figure 5, the density of HAp pellets was directly proportional to the
maximal stress applied during the pellet preparation. Therefore, it can be predicted by
fitting the results using the inserted equation. The hardness measurements were thus
performed using the Vickers method, where diamond pyramids with angles of 136◦ were
used, and the hardness results data were fitted as presented in Figure 6. The pellets
were tested further according to the most extensively used ASTM C1424-15 (Standard
Test Method for Monotonic Compressive Strength of Advanced Ceramics at Ambient
Temperature) [61] to evaluate the compression test (Figure 7a). Stress vs. strain diagrams
were recorded for both applied loads (Figure 7b) to define the prediction of mechanical
properties. Figure 8 presents the compression strength (σm), fracture compression strength
(σf), shrinkage (At), and Young’s elastic modulus (E) by fitting the data. As shown in
Figure 7b, SHAp pellets prepared with a 15 kN load are more ductile and brittle than
the SHAp pellets prepared with 18 kN force. The compression strength of the SHAp
pellet prepared with an 18 kN load was also higher than the 15 kN load applied to pellets
of SHAp (Figure 8a) and Young’s elastic modulus. Both the properties increased by
increasing the pressure during the pellet preparation. However, there was a limit where
some properties began to decrease, and the material started to behave in a brittle manner.
The most evident property was shrinkage, which, by using high pressure during the pellet
preparation, started to decrease, and the material became very brittle and impractical
for further performance. Investigation of mechanical properties thus revealed that these
properties could be predicted in advance.
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The pellets’ fracture toughness (KIc) was also determined by the indentation using
Vickers diamond pyramid with the angle of 136◦ at higher loads than at the hardness
measurements to cause the crack that appeared at each corner of the indentation, as
presented in Figure 9. However, as this method does not provide absolute values for
fracture toughness, it measures the toughness of the material locally in the sample
under a complex stress field. It can be used for comparing the fracture toughness and
behavior of different materials. Therefore, the valuation of the fracture toughness
was performed accordingly, based on the nature and shape of the cracks observed
(Palmquist or half-penny shaped) as reported in our previous study [40,61]. If the crack
in the sample was tiny and narrow, satisfying the conditions of c

a ≤ 2.1, (Its correct)
the Palmquist model was used to calculate fracture toughness by curve fitting when
the crack was long and deep. On the other hand, the half-penny model was used when
satisfying the condition c

a ≥ 2.1. (Its correct) However, in more minor cracks, two
cracks exist in the opposite corners in a Vickers impression as presented by the SEM
image for the SHAp-based pellet (Figure 9b). Therefore, both diagonals (2a1 and 2a2)
of the indentation and crack lengths (l1, l2, l3, and l4) were measured after testing, and
the fracture toughness was evaluated using Palmquist vs. half-penny model. As seen
from the results in Figure 9c, the fracture toughness of SHAp pellets depends strongly
on the applied stress during the pellet preparation; the lower it is, the lower is the
fracture toughness. The mechanical properties of the SHAp pellet with the applied
load from 3 kN (153 MPa) to 18 kN (917 MPa) were thus found to be proportional to
the pressure applied during the pellet preparation.
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3.2.2. Comparing the Mechanical Properties of Differently Nanostructured Materials

Biomaterials to be used as bone implants are expected to have a balanced compression
strength and ductile behavior. Thus, the pellets from CHAp and EHAp nanoparticles
were prepared at 15 kN (764 MPa), where the properties mentioned above are primarily
balanced and compared. Total mechanical properties were measured and compared for all
three Hap-based pellet materials (SHAp, EHAp, and CHAp; Figure 10).

It is believed that nanostructured ceramic can improve sinterability due to high
surface energy and, therefore, improve mechanical properties. However, the sintering
behavior depends on the particle size and particle size distribution, along with the
fact that hard agglomerates exhibit lower densification in HAp [15]. Furthermore, dif-
ferent shrinkage between agglomerates is also responsible for producing small cracks
in sintered HAp [40,61]. Thus, the synthesis of agglomeration-free or soft agglomer-
ated nanostructured HAp is essential to achieve high densification and, consequently,
appropriate mechanical properties.
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However, the density (Figure 10a) was found to be higher for the relatively more
agglomerated SHAp sample (2.20 MPa) compared to the EHAp (1.89 MPa) and CHAp
(2 MPa), which were similar. It may be due to different particle sizes and morphology
(Figure 3) of the SHAp, leading to heterogeneity, which tends to yield spaces and im-
perfectly bonded boundaries known to strongly influence the mechanical properties of
crystalline materials through densification [15]. At the same time, the hardness (Figure 10b)
of SHAp (702 MPa) and EHAp (696 MPa) pellets was comparatively higher than the CHAp
(495 MPa) sample, which may be due to the reduced porosity (void volume) and expanded
contact areas between the particles, as well as the smallest crystallite size for this sample.
The hardness of the material, influenced by the indentation work, was absorbed by the
volume deformation processes and the fracture surface formation. The fracture generation
processes need much energy, and the volume of deformation processes remains unchanged.
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Besides, much lower compression strengths (Figure 10c,d) were evaluated for the SHAp
pellets (26.4 MPa and 28.4 MPa), which also had an influence on lower shrinkage (2.12%;
Figure 10e) and lower Young’s elastic modulus (2116.75 MPa, Figure 10f), probably due
to the microstructures with more vacancies, compared to the CHAp and EHAp samples.
The fracture toughness (Figure 10g) was thus found to be the highest for the CHAp sam-
ple of comparatively lower mechanical strength, mainly due to the lower particle size
(Figure 3) and, maybe, more spherical and smaller morphology of the HAp crystallite
(Table 1, Figure 2), which do not permit its usage in load-bearing applications (44). On
the other hand, the higher Young’s elastic modulus (4011.1 MPa) and the lower fracture
toughness (4.34 MPa m1/2) of the EHAp sample make this material more brittle and less de-
formable. However, it is still higher than the other HAp bioceramics found in the literature
(under 1.2 MPa m1/2) and is comparable to the natural human bone, with a toughness of
2–12 MPa m1/2 [15]. In this study, the Vickers hardness and indentation tests have similar
meanings. The indentation method used in the Vickers hardness test is the same as the
Vickers indentation method used to measure fracture toughness. In both the tests, the
specimens are indented with the same indenter. However, for hardness measurements
of the specimens, the diagonals of the impressions are measured to obtain Vickers hard-
ness, whereas for fracture toughness measurements, two cracks of the impressions are
also measured on a SEM microscope to obtain fracture toughness. In order to determine
fracture toughness, Vickers hardness results are required for the calculations in this method.
Typically, ASTM E399 is used to determine fracture [62,63] toughness by using compact
tension specimens (CT) or single-edge notch bend (SENB) specimens; however, the quantity
of materials was relatively small in this study. There were also issues with molding to
form the desired shape. As a result, this method is feasible for performing the mechanical
properties commonly used for brittle materials.

Although fracture toughness is one of the most important properties that define how
an implant will resist cracking, it is also one of the most crucial safety issues of the defect.
Thus, the mechanical properties of the HAp material need to be balanced to be used
for specific bone graft applications. It is thus believed that the dense HAp material is
expected to have a higher strength (e.g., the compression strength of 100–230 MPa for
cortical bone) to resist the load [14] and to resist the high contact pressure [40]. Therefore,
based on the obtained mechanical property results, the CHAp sample showed the highest
capability of a material with a crack to resist fracture. Thus, it would be the most suitable
material for most bone regeneration applications. On the other hand, where the yield
and compression strength are essential properties, the EHAp material with 51.7 MPa and
54.5MPa, respectively, would be more appropriate, comparable to those found in the
literature (Table 2, [58,63]).

Table 2. Comparative mechanical properties of HAp materials sintered at elevated temperatures with those prepared in
the present study by uniaxial high-pressure compression at an ambient temperature and using presintered (900 ◦C) SHAp,
EHAp, and CHAp nanoparticles.

Samples Preparation Hardness
(GPA)

Fracture
Toughness
(MPa m1/2)

Compression
Strength

(MPa)
References

HAp Sintering at 1250 ◦C 5.8 - [62]

HAp Sintering at 1300 ◦C 5.47 0.75 - [60]

HAp Sintering at 1150 ◦C - - 4.39 [63]

SHAp Uniaxial high-pressure
compression at an ambient

temperature

7.02 5.40 28.40 This study

EHAp 7.12 2.27 54.20 This study

CHAp 6.39 6.57 47.70 This study
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4. Conclusions

Nanoscale HAp bioceramics have gained attraction in biomedical applications ow-
ing to their superior biological and biomechanical properties. Therefore, the develop-
ment of HAp biomedical materials will benefit from progressions in nanotechnology.
The mechanical properties of HAp nanoparticles synthesized by the solid-state (SHAp)
and sonochemical (EHAp and CHAp) approaches using eggshell-derived calcium hy-
droxide/commercial calcium hydroxide and ammonium dihydrogen orthophosphate as
precursors are compared.

The mechanical properties of hydroxyapatite (HAp) nanoparticles obtained with dif-
ferent sizes, crystallinity, and morphology were measured in situ during high-pressure
compression at a preoptimized pressure (15 kN) to assess their suitability for bone tissue
regeneration applications. The smaller and more crystalline HAp nanoparticles synthe-
sized by the sonochemical method improved the fracture toughness properties of the
prepared material. At the same time, the relatively more significant and agglomerated, but
homogeneously diverse, HAp particles contribute to the mechanical strength. The results
indicate that the mechanical properties of composite materials obtained from HAps are
dependent primarily on the properties and, secondly, on the compacting procedure. Conse-
quently, the prepared HAp particles are promising in designing scaffolds and bone grafts
for load-bearing bone regeneration applications.
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