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Abstract
This study aimed to produce and characterize the microstructure and mechan-
ical properties of dense polycrystalline bovine hydroxyapatite (DPBHA) bioce-
ramics with 5% and 8% of TiO2 nanoparticles after final synthetization for future
use in dental implants. Structural characterization was obtained from analyzes
by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron
microscope, energy dispersive spectroscopy, and relative density and apparent
porosity. Themechanical characterization was performed bymeasuring the frac-
ture toughness after three-point flexural strength (FS) test. The microstructural
characterization results showed no secondary phase formation and nonhomoge-
neous nanoparticle dispersion in HA matrix. DPBHA/Np8% (2.9 ± 0.09 g/cm3)
exhibited significantly greater density thanDPBHA (2.7± 0.03 g/cm3) (p= 0.011)
and DPBHA/Np5% (2.7 ± 0.05 g/cm3) (p = 0.041). DPBHA (0.9%) had the small-
est porosity followed by DPBHA/Np8% (3.4%). DPBHA/Np5% (4.5%) exhibited
the greatest proportion of pores. Pure HA (51.7 ± 10.3 MPa) and DPBHA/Np8%
(47.4 ± 6.4 MPa) had significant greater FS (p < 0.001) than DPBHA/Np5%
(28.8 ± 3.1 MPa). DPBHA (0.43 ± 0.01 MPa m1/2) and DPBHA/Np8% (0.40 ±
0.06MPam1/2) presented greater KIc than DPBHA/Np5% (0.23± 0.02MPam1/2)
(p < 0.003; p < 0.007). In conclusion, 8% TiO2 nanoparticle addition to this syn-
thesis would be a promising HA blend, as mechanical properties were similar,
and the relative density/apparent porosity showed superior results than those of
the DPBHA.
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1 INTRODUCTION

Aiming to achieve a balance between sustainable develop-
ment and wellness, researchers worldwide are asking the
question: how can we contribute to developing products
from renewable sources? Bovine bones, for instance, can
be a renewable source of hydroxyapatite (HA), since they
would be discarded and could be used as a rawmaterial for
HA extraction.1–4
In an attempt to produce a novel dense polycrystalline

bovine HA bioceramic (DPBHA) for possible use as den-
tal implants or dental prosthesis, this experimental mate-
rial showed suitable osteoblast cell adhesion, as well as
cell viability.5 Regarding mechanical properties, DPBHA
reached biaxial flexural strength (FS) about 235.2 MPa,
Vickers hardness about 335 GPa, and a high Weibull mod-
ulus (m), and characteristic life (σ0).6 Yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) microstructure is
similar to that of DPBHA but with higher mechanical val-
ues, ranging from 680 to 1200 MPa of FS7–13 and from 3.17
to 8 MPa.m1/2 of fracture toughness.14
Seeking for improving one of the most important

mechanical properties from ceramic materials, fracture
toughness, which measures the stress concentration at
a crack tip (intensity factor - KIC15), TiO2, ZnO, Y-TZP,
Al2O3, and graphene at nanoscale have been added to rein-
force ceramic materials.6,7,16–18 For DPBHA, the mecha-
nisms of nanostructure reinforcement are crack deflection,
leading to energy absorption from the crack and tensile
stress at the crack’s tip.18–20 Zirconia, alumina, mullite,
titanium, and bioglass have been added to HA.18–28 Pires
et al.6 added ZnO and TiO2 nanoparticles and TiO2 nan-
otubes into bovine HA, showing that TiO2 nanoparticles
yielded higher biaxial FS results through its microstruc-
tural organization. TiO2 nanoparticles have been consid-
ered as a reinforcement for ceramics29–32 because of their
advantages, such as chemical stability,29,30 photocatalysis,
antimicrobial performance,29–31 and biocompatibility.32 In
addition, TiO2 nanoparticles improved grains’ growth,
Vickers hardness, and densification when added to ZrO2
bioceramics.33,34 The material microstructure guides the
ceramic materials’ mechanical properties.

Therefore, this study aimed to evaluate TiO2 nanoparti-
cles effects to the novelDPBHAmicrostructure andphysic-
ochemical properties. The study hypothesis was that this
addition would modify (1) the microstructure, (2) rela-
tive porosity, (3) FS, and fracture toughness of the novel
DPBHA.

2 EXPERIMENTAL PROCEDURES

2.1 Preparation of specimens

2.1.1 Preparation of TiO2 nanoparticles

TiO2 nanoparticles were obtained by a chemical process
(adapted from Arruda et al.35). Distilled water (185 ml),
isopropanol (LabSynth; 56.7 ml), and nitric acid (HNO3,
Sigma Aldrich; 2.6 ml) were added into an Erlenmeyer
flask. Next, 15 ml of titanium (IV) isopropoxide (Sigma
Aldrich) was added to the above solution, and the contents
were stirred at 300 rpm for 30 min. In addition, the solu-
tion was heated to 85◦C, while stirring. The heating and
stirringwere continued until a complete evaporation of the
liquid, and the resultant crystallization took place. Subse-
quently, the crystals were placed in a furnace and reduced
to a homogeneous powder.

2.1.2 HA powder preparation

The materials used in the manufacturing of the develop-
mental ceramicmaterial were polyvinyl butyral (PVB; But-
var B98) as a binder, 4-aminobenzoic acid (PABA; Sigma
Aldrich) as a deflocculant, and isopropyl alcohol (Lab-
Synth) as a solvent of the binder, as well as a liquid bar-
botine medium (Table 1).
Metatarsus specimens from a 2-year-old bovine were

collected and passed through an initial manual cleaning.
Subsequently, they were subjected to a thermochemical
process, with hydrogen peroxide (H2O2) as a 30 %, 100
volume aqueous solution, and heated to 100◦C. Then, the
bones were calcined with a heating curve up to (5◦C/min)

TABLE 1 Density and proportion of components used in specimens’ preparation

Component Density (g/cm3) Proportion (%) Function
HA 3.14 30% (total volume) Ceramic powder
PABA (4-Aminobenzoic acid) 1.37 0.05% (ZrO2 weight) Deflocculant
Polyvinyl butyral (PVB) 1.1 2% (ZrO2 weight) Binder
Isopropyl alcohol 0.78 70% (total volume) Solvent
TiO2 nanoparticles 4.23 5 and 8% (total volume) Reinforcement

Abbreviations: HA, hydroxyapatite; PABA, para-aminobenzoic acid.
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900◦C, to residual organic matter removal. This resulted
in the production of a particulate HA. Next, in an alcohol
environment, two types of milling were performed on the
HA. In the first milling, a jar was loaded with 30 vol% of
HA, 69.95 vol% of isopropyl alcohol, and 0.05 wt% of para-
aminobenzoic acid (PABA). This mixture was placed in a
rotatory mill for 48 h, after which it was vibrated in a ball
mill for 96 h.
Next, 1.2 wt% of PVB, dissolved in isopropanol, was

added and homogenized in a vibratory mill for 2 h. For
the specimens added with nanomaterials, after these 2 h
in the vibrating mill, the nanoparticles were weighed at 5%
and 8% of the working volume relative to HA, and added
to smaller HA-loaded jars. The mixtures were returned to
the vibrating mill for 10 min.
After the second milling, each jar was discharged, and

the barbotine was dried with a hot air blower at approxi-
mately 80◦C. The mixtures were granulated in a sieve (#
200 with a mesh size ≤75 μm) to obtain granules with an
average size of 35 μm.

2.1.3 Ceramic bar preparation

The experimental groups used were DPBHA, DPBHA/
Np5%, and DPBHA/Np8% (the last two containing, respec-
tively, 5% and 8% of TiO2 nanoparticles). The chosen
amounts were based on previous promising use of TiO2
nanoparticle results for HA.6 For the preparation of the
sample, 1.5 g of these powders was weighed, placed in a
rectangular device, and subjected to compaction by uniax-
ial pressing at 100 MPa for 1 min to generate specimens
with 21-mm length, 4-mm width, and 3-mm height.
The specimens were then encapsulated under vacuum

in an elastomeric film and pressed by an isostatic press at
200 MPa for 1 min. Next, the specimens were subjected
to a sintering process in a Lindberg Blue/M chamber-
type furnace in an air atmosphere. The successive step-
wise increase in the temperature was as follows: first,
from ambient temperature to 160◦C at a heating rate of
2.7◦C/min; from 160 to 600◦C at 4◦C/ min; from 600 to
1100◦C at 5◦C/min; and finally, from 1100 to 1300◦C at
6◦C/min. The specimens were maintained at the maxi-
mum temperature of 1300◦C for 120 min, after which, they
were slowly cooled to the ambient temperature.

2.2 Structural analyses

2.2.1 X-ray diffraction

For the detection of the crystalline phase using X-ray
diffraction (XRD), the original powders and the sintered

specimens were positioned in a specimen holder to ensure
smooth surfaces and mounted on a fixed horizontal speci-
men plane. The spectra were recorded at the ambient tem-
perature on a Philips X’ Pert X-ray diffractometerwith a Cu
Kα source (λ= 1.5418 Å) in Bragg–Brentano geometry (2θ).
The data analyses were carried out using the profile fits of
selected individual XRD peaks.

2.2.2 Fourier transform infrared
spectroscopy

The ceramic powder sintered specimens were subjected
to spectroscopy on infrared frequency (Vertex 70, Bruker).
Using this technique, the vibration bands that occurred
between 4000 and 400 cm−1 were observed.

2.2.3 Field emission scanning electron
microscope/energy dispersive spectroscopy

Five specimens from each group were randomly selected
after testing and then gold-sprayed for a scanning electron
microscope (SEM) analysis (ZEISS, Supra40, Jena, Ger-
many). The measurements were taken on the fractured
surfaces at ×80, ×200, ×400, and ×3000 magnifications.
The compositionmeasurements by energy dispersive spec-
troscopy (EDS) were taken at ×3000 magnification at the
external and fractured surfaces in the bar specimens and
in the original powders.

2.2.4 Relative density and apparent porosity
(n = 10)

The relative density and apparent porosity were mea-
sured using the Archimedes principle. This methodology
required mass measurements under three different con-
ditions for each specimen, namely dry, wet, and liquid-
immersed.
The density values were obtained with the following

equation for each specimen:

𝜌specim =
𝑤𝑑

(𝑤𝑤 − 𝑤𝐼)
× 𝜌liquid (1)

where ρ is the specimen density, wd is the dry specimen
weight, ww is the wet specimen weight, wI is the liquid
immersion specimenweight, and ρ is the density of the liq-
uid used for the specimen immersion.
The porosity values were obtained with the following

equation for each specimen:

𝐴𝑝(%) =
𝑤𝑤 − 𝑤𝑑

(𝑤𝑤 − 𝑤𝐼)
× 100 (2)
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where Ap is the specimen porosity,ww is the wet specimen
weight, wd the dry specimen weight, and wI is the liquid
immersion specimen weight.

2.3 Mechanical analyses

2.3.1 Flexural Strength (FS) (n = 10)

The specimenswere beveled using ametal device, whereby
the four largest edges of each specimen were beveled to
a standard width of 0.1 mm in accordance with ISO 6872
(2015).36
A three-point FS test (σf) of the bar specimens was per-

formedon auniversal testingmachine (Sintec 5G,MTS sys-
tems corporation) with a 5000 N compression load and a
constant speed of 0.5 mm/min. The specimens were posi-
tioned in a three-point flexure device with a distance of
12.0 mm between each of the support cylinders and the
center of the metal sphere, where the load was applied.
The FS(σf) was determined according to the equation:
σf = 3Pl/2wb2, where P is the fracture load (N), l is the dis-
tance between the supports, that is, span and is equal to
12 mm, w is the specimen width (mm), and b is the speci-
men thickness (mm).

2.3.2 Fracture toughness by flexural surface
fracture (FT) (n = 10)

The fractured specimen surfaces were first cleaned using
ultrasound by immersing the specimens in a detergent
solution for 15min (adapted fromCesar et al.,15 and Ramos
et al.37). This is followed by an immersion for 15 min in
a bath with deionized water and 100% ethanol. The spec-
imen surfaces were examined under a stereomicroscope
(Leica 0.45X, Meiji Techno, Japan) to determine the loca-
tion of the origin of the fracture.
The size of the critical defect (c) was measured (Image

J, Wayne Rasband, USA) at ×200 magnification, and a
quantitative analysis was conducted based on the follow-
ing equation:

𝑐 = (𝑎𝑏)
1∕2
, (3)

where a is the height of the origin of the defect and b is the

half width.38
The fracture toughness KIc was estimated using the FS

σf by applying the fracture mechanics principles.
Equation 3 was used for the calculation, based on the

Griffith–Irwin theory39,40:

𝐾𝐼𝑐 = 𝑌𝜎𝑓
√
𝑎. (4)

F IGURE 1 Fractured surface of DPBHA. Schematic critical
defect was measured by defining characteristic areas for
fractographic analysis. Hackle lines (HL), Twisted Hackle Lines
(THL), Arrest Lines (AL) and Mirror Region (MR) were indicated by
arrows

Where KIc is the fracture toughness (MPa.m1/2), σf is the
resistance to fracture (MPa), Y is the geometric factor of
stress intensity (related to the defect geometry), c is the
defect size; and Y is a parameter that considers the loca-
tion and shape of the initial defect and is calculated accord-
ing to American Society for Testing and Materials (ASTM)
C1421 standard. (Figure 1).

2.4 Statistical analyses

Data were submitted to the Kolmogorov–Smirnov and
Shapiro–Wilk normality tests. The Levene test was per-
formed to verify the homogeneity of the variances. After
the verification of normality, data were analyzed by
ANOVA at α = 0.05, followed by the Tukey test for com-
parison among groups.

3 RESULTS

3.1 XRD

XRD results are shown in Figure 2. XRD spectrum iden-
tified predominance in the crystallographic plane charac-
teristics of HA (card number: 00-009-0432). The presence
of TiO2 phase peeks was also observed (card number.: 00-
002-0494) in a secondary and tenuous, but defined state, as
it was present in only a small amount in HA matrix. The
coexistence of HA and TiO2 could also be observed in the
specimenswith the nanoparticle addition. Therefore, there
was no transformation into a secondary phase.
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F IGURE 2 X-ray diffraction (XRD) patterns of pure dense
polycrystalline bovine hydroxyapatite (DPBHA), DPBHA/Np5%,
and DPBHA/Np8%. (card numbers: 00-009-0432 and 00-002-0494)

F IGURE 3 Fourier transform infrared (FTIR) spectra of
starting ceramic powder before sintering process

3.2 Fourier transform infrared
spectroscopy

The Fourier transform infrared spectroscopy (FTIR)
results show the chemical bonds in thematerials bymeans
of the bonds (Figures 3 and 4). Initially, after the calcina-
tion and sintering steps, the residual organic matter and
the used solvents/reagents were eliminated.
In all the specimens, bands attributed to PO4

3− groups
(1101, 1026, 633, and 560 cm−1) could be noticed; the band
at 1650 cm−1 was attributed to the H2O bonds; the band at

F IGURE 4 FTIR spectra of starting ceramic powder before
sintering process

2300 cm−1 was attributed to the atmospheric CO2; and the
band at 1545 cm−1 was attributed to the CO3

2– ions. This
could be caused by the dissolution of atmospheric CO2 dur-
ing the synthesis.41 The band at 2010 cm−1 was attributed
to the Ca2+-CO bond.42
The TiO2 nanoparticles could be noticed from the Ti-O-

Ti and Ti-O bonds from 450 to 500 cm−1.43 As seen in the
XRD results, there was no link between Ti and any chem-
ical element present in HA.
In the start ceramic powder spectra, a stretched

1650 cm−1 band could be noticed in nonsintered speci-
mens, due to the absorbed water. This pattern was not
observed in the sintered specimens. The Ti-O-Ti and Ti-
O bonds were only observed in the sintered specimen with
5% TiO2. In the other specimens, these bands may devi-
ate to a frequency below 500 cm−1. According to the lit-
erature, such connections could be observed from 400 to
700 cm−1.43 This fact may also be due to the low amount of
titanium in the samples and the low detection limit of the
methodology.

3.2.1 Field emission SEM/EDS

The field emission-SEM images (×3000 magnification) of
the fractured surface show a similarity between the pure
DPBHA and DPBHA/Np8% (Figure 5A,C). The surface
of the DPBHA/Np5% (Figure 5B) was characterized by a
greater disorganization of the grains, thus presenting a
fractured surface pattern that is evidently different from
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F IGURE 5 Field emission scanning electron microscope
(FE-SEM) of (A) dense polycrystalline bovine hydroxyapatite
(DPBHA), (B) DPBHA/Np5%, and (C) DPBHA/Np8%

that of the others. We can also notice an apparently greater
cohesion among the grains of the specimens of the pure
ceramic and DPBHA/Np8% groups.
EDS analyseswere presented inFigure 6A-C. The results

of the defined localization indicated the composition of
the material. The chemical elements calcium, phospho-
rus, oxygen, and magnesium were noticed in all the
groups. Moreover, Ti was identified in the reinforced TiO2
nanoparticle groups. The presence of gold was observed
because of its use in the methodology.
For the defined location, the EDS mappings (Figures 7

and 8) show an irregularity in the distribution of Ti in
the specimens of both DPBHA/Np5% and DPBHA/Np8%
groups.

3.2.2 Relative density and apparent porosity

The relative density values are summarized in Table 2. The
results indicate a statistically significant difference among
groups. DPBHA/Np8% group (2.9 ± 0.09 g/cm3) showed
greater density than pure HA (2.7± 0.03 g/cm3) (p= 0.011)
and DPBHA/Np5% (2.7 ± 0.05 g/cm3) (p = 0.041) groups.
Pure DPBHA andDPBHA/Np5% groups showed statistical
similarity in their results (p = 0.735).
The apparent porosity values (percentage) are summa-

rized in Table 3. DPBHA group (0.9%) had the lowest
porosity result followed by DPBHA/Np8% group (3.4%).
DPBHA/Np5% group (4.5%) exhibited the highest propor-
tion of pores.

3.2.3 Flexural Strength (FS)

The FS data obtained from the three-point surface flex-
ion are summarized in Table 4. The results indicate
a statistically significant difference among groups. The
pure DPBHA (51.7 ± 10.3 MPa) and DPBHA/Np8%
(47.4 ± 6.4 MPa) groups demonstrated superior FSs,
which are statistically similar to each other (p = 0.331).
Furthermore, these two groups had significantly greater
FSs than DPBHA/Np5% group (28.8 ± 3.1 MPa) (p < 0.001;
p < 0.001).

3.2.4 Fracture toughness by flexural surface
fracture (FT)

The fracture toughness (KIc) and critic defect (c) data
obtained are presented in Table 5. The results indi-
cate a statistically significant difference among groups.
Pure DPBHA (0.43 ± 0.01 MPa m1/2) and DPBHA/Np8%
(0.40 ± 0.06 MPa m1/2) groups had similar greater KIc
values (p = 0.849) but statistically different from that of
DPBHA/Np5% group (0.23 ± 0.02 MPa m1/2) (p < 0.003;
p < 0.007, respectively).

4 DISCUSSION

This study hypothesis was confirmed since 5% and 8% TiO2
nanoparticles addition changed novel DPBHAmicrostruc-
ture, relative porosity, flexural strenght, and fracture
toughness.
Previous studies with HA found both mechanical6

improvement when TiO2 nanoparticle was added and
biological5 properties comparing with pure TiO2 and
Y-TZP. Promising results on osteoblast differentiation/
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F IGURE 6 Energy dispersive spectroscopy (EDS) analysis of specimens’ external surface. (A) Dense polycrystalline bovine
hydroxyapatite (DPBHA), (B) DPBHA/Np5%, and (C) DPBHA/Np8%. Note the predominance of P, Ca, followed by O, Mg, and Na. The
presence of C and Ti is also evidenced in TiO2 added materials

proliferation by adding TiO2 nanoparticles into Y-TZP
matrix were also achieved.16 Thus, a higher amount of
TiO2 nanoparticles was added (8%).
When mixed to a material the nanoparticles can be dis-

tributed into four modes: (1) along the grain boundaries
of the matrix, (2) inside the grains of the matrix, (3) both
along the grain boundaries and inside the grains, or (4)
uniform distribution of both the matrix and reinforcement
grains.44 Differently from concentrated in the grains’ inner
or boundaries, TiO2 nanoparticles uniformly distributed in
thematerial matrix can increase thematerials’ mechanical

properties.45 XRD characterization results showed crys-
tallinity maintenance of HA, and FTIR characterization
showed characteristic bonds, respectively, in groups added
with 5% and 8% TiO2 nanoparticles. At temperature of
1300◦C, themix ofHAandTiO2 nanoparticles did not form
any secondary phases (Figures 2, 3, and 4).
The following factors influence on nanoparticle behav-

ior as reinforcement; (1) nanoparticles’ distribution;
(2) nanoparticles’ action on the sintering process, and
(3) nanoparticles’ location. In this study, EDS analysis
showed that TiO2 nanoparticle distribution was different
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F IGURE 7 Energy dispersive
spectroscopy (EDS) mapping of dense
polycrystalline bovine hydroxyapatite
(DPBHA)/Np5% group. Note that Ti was
red-identified in a nonhomogeneous
spreading, caused by nanoparticles’
agglomeration, different from the Ca, P, and
O spreading patterns

between the concentrations. DPBHA/Np5% showed
lower Np homogeneity distribution than DPBHA/Np8%
(Figures 7 and 8), and this could have caused the lowest
FS and fracture toughness compared to the DPBHA and
DPBHA/Np8%, (Tables 4 and 5).
The homogeneous distribution of the microstructures

can also influence on the sintering process.46 Generally,
manymaterials synthesismethodologies use nanopowders
processing routes. Due to their high surface area, a high
predisposition to agglomeration occurs.47 The processing
of agglomerated nanopowders is commonly difficult
because of the fast densification of agglomerates and
slow closure of large interagglomerated pores. This fact
makes difficult to eliminate interagglomerated porosity
during sintering or pressing. Often the interagglomerated
boundaries present higher predisposition to diffusion
compared to the diffusion in the regular boundaries of the
smaller grains. During the sintering process, this cluster
of pores can sinter faster with a rapid growth of grains,
while the nonclustered matrix has a lower sintering
predisposition.47–49 This possible imbalance on the sin-
tering process can impair unique properties of nanostruc-

turedmaterials.Moreover, adjusting the sintering time and
temperature for thematerial can also decrease the number
of pores,7,50 grain growth, and material densification.46
Optimization of the temperature leads to an increase in
the cohesive strength among the grains of the material,
which may increase its mechanical strength.7,51,52
Fractography is a crucial tool for polycrystalline ceramic

inspection at fracture sites.37 The marks lead to fracture
origin, and their size, geometry, and characteristic areas
indicate the possible critical defects that initiate fracture.53
Figure 1 illustrates fractographic analyses performed
to determine the critical defect. The first marks easily
identified were hackle lines, which indicate the direction
of crack propagation. The following could be observed: (1)
arrest lines defined by the crack front shape of an arrested
or momentarily hesitated crack; and, right above, (2) the
mirror region, which is likely the fracture origin. More-
over, twist hackle lines generated by the primary crack
were identified as well, deviating as they went around the
corners with geometric irregularities.54 Then, the critical
defect could be measured to calculate fracture toughness
(Table 5) of the groups using FS tests (Table 4).15,53,55
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F IGURE 8 Energy dispersive
spectroscopy (EDS) mapping of dense
polycrystalline bovine hydroxyapatite
(DPBHA)/Np8% group. Note that Ti was
red-identified in a more homogeneous
spreading, with less nanoparticles’
agglomeration compared to the
hydroxyapatite (HA)5%npTiO2 group (white
arrows)

TABLE 2 Relative density data of experimental dense
polycrystalline bovine hydroxyapatite (DPBHA) ceramics by
Archimeds’ principle (g/cm3)

Groups Mean (SD)
DPBHA 2.7 (0.03) b
DPBHA/Np5% 2.7 (0.05) b
DPBHA/Np8% 2.9 (0.09) a

Note: Different letters indicate statistically significant difference of 5%
(p < 0.05).

TABLE 3 Apparent porosity data of experimental dense
polycrystalline bovine hydroxyapatite (DPBHA) ceramics by
Archimeds’ principle (%)

Groups %
DPBHA 0.9
DPBHA/Np5% 4.5
DPBHA/Np8% 3.4

This study showed similar critical defect means of 44.4,
44.0, and 40.0 μm for pure BPBHA, DPBHA/Np5%, and

TABLE 4 Flexural strength data of experimental dense
polycrystalline bovine hydroxyapatite (DPBHA) (MPa)

Groups Mean (SD)
DPBHA 51.7 (10.3) a
DPBHA/Np5% 28.8 (3.1) b
DPBHA/Np8% 47.4 (6.4) a

Note: Different letters indicate statistically significant difference of 5%
(p < 0.05).

TABLE 5 Critical defect (c) and fracture toughness (KIc) data
of experimental dense polycrystalline bovine hydroxyapatite
(DPBHA)

DPBHA DPBHA/Np5% DPBHA/Np8%
c (μm) 44.4 44.0 40.0
KIc (MPA m1/2) 0.43 (0.01) a 0.23 (0.02) b 0.40 (0.06) a

Note: Different letters indicate statistically significant difference of 5%
(p < 0.05).

DPBHA/Np8%, respectively. It is important to note that
according to the Griffith–Irwin theory,39,40 the greater the
FS and the lower critical defect size, the greater would be
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the fracture toughness. Therefore, it was assumed that a
crack deflection mechanism could increase the material
fracture toughness of modified HA.19
DPBHA/Np8% showed higher apparent density than

DPBHA and DPBHA Np5% (Table 2), which was in
accordance with its apparent porosity (3.4%), revealed by
SEM images (Figure 4). Nanoparticles addition increased
microstructure density by controlling the grain growth of
the material and resulting in smaller grains.22,23
The grain sizes increased with gas diffusion within the

pores during the sintering process. Pores have direct rela-
tion with the structure, grain growth, and higher ceramic
grain size.46,51,52 The higher number of particles, the higher
is the number of pores.7,50 Although excessive poros-
ity can impair the mechanical characteristics of materi-
als, some degree of porosity can positively influence the
characteristics of a biomaterial, especially when a bioma-
terial is designed for use in implantology.56

5 CONCLUSIONS

Within the scope of this in vitro study, the following con-
clusions can be drawn:
With the physical modification obtained by 8% TiO2

nanoparticle addition in HA matrix, this composite is
considered as the most promising material match of the
present study. The TiO2 addition in 8% can be considered
as reinforcement particle since it did not jeopardize FS
of pure HA and increased the relative density, despite
its apparent porosity. Furthermore, TiO2 seems to be a
potential nanostructure on achievement of osteoblast pro-
liferation. This feature highlights the choice of material for
mixing in HA matrix for use in dental implants. Matching
both the properties of HA with those of TiO2, and the
microstructural findings through the ceramic composite
obtained, it is proposed to carry out an adaptation in the
processing parameters and proceed with the synthesis of
this promising sustainable material.
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