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Objectives. A bovine dense hydroxyapatite ceramic (HA) was produced as new biomaterial,

however, the production of a material with consistently high flexural strength remains chal-

lenging. The objective of this study was to evaluate the effects of ZnO nanoparticles, TiO2

nanoparticles, and TiO2 nanotubes (1%, 2%, and 5% by weight) on the microstructure and

flexural strength of a bovine dense hydroxyapatite ceramic (HA).

Methods. Discs (Ø = 12.5 mm; thickness = 1.3 mm) were prepared and subjected to X-ray

diffraction (XRD), and observation with a field emission scanning electron microscope (FE-
SEM),  biaxial flexural strength (BFS) testing, and Vickers hardness (VH) testing. The BFS and

VH  data were subjected to ANOVA and Tukey post-hoc tests (  ̨ = 0.05) and Weibull analysis.

Results. The XRD showed that the addition of nanomaterials caused the formation of a sec-

ondary phase when 5% of the ZnO nanoparticles was used, or when all percentages of the

TiO2 nanoparticles/nanotubes were used, and the HA crystallographic planes were main-
tained. Differences were not observed between the higher BFS values obtained with pure HA
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and those obtained with the 5% addition of TiO2 nanoparticles. However, the results were

different compared with the other groups (  ̨ = 0.05). The results obtained by Weibull analysis

revealed that the 1%, 2%, and 5% addition of TiO2 nanotubes, and the 1% and 2% addition of

TiO2 nanoparticles decreased the HA characteristic strength (�0), while the Weibull modulus

(m)  increased when 5% of TiO2 nanoparticles, 1% and 2% of ZnO nanoparticles, and 2% of

TiO2 nanoparticles were added, but with no statistical difference from the pure HA. The

5%  addition of ZnO2 nanoparticles decreased the �0 without changing m.  Moreover, the 5%

addition of TiO2 nanoparticles resulted in an m closest to that of pure HA. Regarding the VH

results, the blend of HA with 1% and 2% addition of TiO2 nanoparticles exhibited the higher

values, which were similar between the different addition ratios (p = 0.102). Moreover, the

addition of 5% TiO2 nanoparticles resulted in higher value compared with pure HA.

Significance. This study demonstrated that the HA blend with 5% of TiO2 nanoparticles has

the  greatest potential as a bovine HA dense bioceramic reinforcement.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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ignificance  statement

“A new dense polycrystalline bovine hydroxyapatite bioceramic
can be a potentially sustainable material by solid waste recycling,
with the addition 5% TiO2 nanoparticles”.

.  Introduction

eat production has great socioeconomic importance world-
ide but raises environmental concerns with regard to the

mpact caused by the generation of waste, which can be harm-
ul to human health and the environment [1–3]. Bovine bones,
uch as those obtained from waste, are widely available. Con-
ersely, because of their availability in large quantities at low
ost, their reuse can significantly contribute to the reduction
f negative environmental impact [2–4].

These bones are sources of hydroxyapatite (HA)
Ca)10(PO4)6(OH)2) and in previous studies, the incorpora-
ion of HA nanoparticles on the surface of titanium implants
esulted in the improvement of their biological characteristics
13–15]. The proposed HA-based implant manufacturing

ethod creates favorable biological conditions [13–16].
oreover, although it exhibits excellent biocompatibility,

ioactivity, and osteoconductivity [5–7,10–12,16,17]. HA has
oor mechanical properties, which restrict its clinical appli-
ations to artificial teeth and artificial bone [8,11,12]. With
egard to the best reuse of bovine HA, the production of dense
olycrystalline bovine HA bioceramics may be promising

n terms of the produced material combining the chemical
dvantages of HA and the ability to produce as little solid
aste from bovine bones as possible [18–20].

An improvement in the mechanical properties and frac-
ure toughness can be obtained by adding reinforcements in
he ceramic matrix [8,21–24]. The improvement in the frac-
ure toughness by the addition of whiskers and nanoparticles

n the matrix is based mainly on the processes of crack bridg-
ng, crack deflection, and sliding of crack bridging [22,23]. In
hese processes, the crack propagation energy is absorbed
r diverted, and the stress concentration at the crack tip is
eliminated or reduced [8,9,21]. Then, an additional increase
of the reinforcement is possible, when an array contains par-
ticles that may influence the propagation direction of a crack
[9,22]. For this purpose, many  reinforcing structures have been
used to fabricate an HA matrix composition, such as zirconia,
titanium, glass, alumina, silver, and carbon, which may form
fiber, nanoparticle, or nanotube structures [43,44]. Moreover,
this study aimed to produce, and structurally and mechan-
ically characterize, a dense bovine HA bioceramic with 1%,
2%, or 5% addition of TiO2 nanotubes, TiO2 nanoparticles, or
ZnO nanoparticles. The null hypothesis is that, with the addi-
tion of nanostructures, there will be no difference in terms of
microstructure, mean and variation of flexural strength, and
microhardness.

2.  Material  and  methods

2.1.  Preparation  of  TiO2 nanotubes  and  TiO2/ZnO
nanoparticles

The TiO2 nanotubes were obtained by alkaline synthesis
according to Arruda et al. [45]. Moreover, 10 g of commer-
cial TiO2 anatase powder (Aldrich, 99%) were mixed in
120 ml  of NaOH (10 M)  alkaline solution. The mixture was
maintained at 120 ◦C for 24 h in a Teflon vessel, which
was subjected to heating through a glycerin bath, using a
heating blanket as the heat source. After 24 h, the NaOH
alkaline solution with TiO2 powder was washed with deion-
ized water and a hydrochloric acid solution (HCl) (0.1 M)
sequentially and repeatedly. The samples were washed until
finally reaching pH 4. Then, they were dried at 200 ◦C
for 24 h under an air atmosphere, to eliminate the liq-
uid part and obtain the final material (Arruda et al.,
2015).

The TiO2 nanoparticles were obtained using the sol–gel
process. Briefly, 185 ml  of distilled water, 56.7 ml  of iso-
propanol, and 2.6 ml  of nitric acid (HNO3) were added to

an Erlenmeyer flask. Subsequently, 15 ml  of titanium(IV) iso-
propoxide were added to the stirred solution (300 rpm) for
30 min. The solution was heated at 85 ◦C while stirring. These
heating and stirring patterns were maintained until the liquid
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had completely evaporated, which resulted in crystalliza-
tion. Subsequently, the powder resulted after evaporation was
taken to the furnace to reduce the homogeneous powder.

The ZnO nanoparticles were obtained using the sol-gel pro-
cess, and the amorphous ZnO powder was weighed using a
digital scale. Deionized water (100 ml)  and nitric acid (15 ml)
were added to a beaker on a 300 rpm magnet agitator at a tem-
perature of approximately 90 ◦C, and ZnO was gradually added
to the liquid. Then, citric acid (5.50 g) was weighed using a
digital scale and gradually added to 190 ml  of deionized water
contained in another beaker. The two liquid contents were
mixed in the larger beaker to react with the citric acid. After
waiting for 15 min, ethylene glycol (10.5 ml)  was added while
stirring for a few hours to initiate the pH measurement at
a temperature of approximately 290 ◦C. After reaching a pH
in between 3 and 4, the temperature was reduced to 180 ◦C
while stirring. After crystallization, the beaker was placed in
a furnace to reduce the homogeneous powder.

2.2.  Preparation  of  HA  powder

Bovine (24 months old) metatarsus samples, which were
certified to be free of contamination, were subjected to ther-
mochemical processes to remove organic matter. Additionally,
the samples did not include heavy metals in their composi-
tion, as required for the production of hydroxyapatite granules
(HA).

For the characterization of HA, X-ray diffraction (XRD) was
carried out. The best temperature calcination of the bovine
bone powders was 900 ◦C.

2.3.  Ceramic  disc  preparation

The experimental groups were: pure HA; HA/TiO2npX%
(X = 1%, 2%, or 5% of TiO2 nanoparticles); HA/ZnOnpX% (X = 1%,
2%, or 5% of ZnO nanoparticles); HA/TiO2ntX% (X = 1%, 2%, or
5% of TiO2 nanotubes).

The materials used in disc manufacturing were polyvinyl
butyral (PVB) (Butvar B98) as the binder, 4-aminobenzoic acid
(PABA) as the deflocculant, and isopropyl alcohol as the solvent
of the binder and liquid barbotine medium. The ball mill jar
was charged with a slurry at a concentration of 30 vol% solids
(HA + nanostructures) and 70 vol% vehicle (0.05% PABA and
69.95% isopropyl alcohol). Then, it was rotated at 104 rpm for
48 h and placed in a vibratory mill for another 96 h until reach-
ing 0.35 �m.  Subsequently, 1.2 wt%  of PVB was added based
on the weight of HA, which was mixed and homogenized in a
vibratory mill for 2 h.

The nanostructures were added to produce the groups
(Table 1), and were again placed in the vibratory mill for an
additional 10 min. Subsequently, the jar was discharged, and
the barbotine was dried with a hot air blower at approximately
80 ◦C. This mixture was granulated in sieves with a #200 mesh
≤75 �m to obtain granules with an average size of 35 �m.  Then,

the granules were pressed into a cylindrical mold according
with ISO 6872 [42] with a uniaxial pressure of 100 MPa for 30 s,
and they were isostatically pressed in elastomeric balloons
for 30 s at a pressure of approximately 206 MPa (30,000 psi).
6 ( 2 0 2 0 ) e38–e46

Finally, the HA green discs were sintered in a chamber furnace
(Lindberg Blue/M) at a maximum temperature of 1300 ◦C.

2.4.  X-ray  diffraction  (XRD)

The specimens were positioned in the sample holder to
ensure a smooth surface, and they were mounted onto a
fixed horizontal sample plane. The spectra were recorded at
room temperature using a Philips X’ Pert X-ray diffractome-
ter with a Cu K� source (� = 1.5418 Å) and Bragg-Brentano
geometry (2�)  from 10◦ to 80◦. Data analyses were car-
ried out using the profile fits of selected individual XRD
peaks.

2.5.  Field  emission  scanning  electron  microscopy
(FE-SEM)

The surface was observed using a field emission scanning
electron microscope (FE-SEM) (JSM-IT300, JEOL, Tokyo, Japan).
Before observing the surface, the specimens were polished
using silicon carbide papers with grit sizes of #150, #240, #320,
#400, #600, #800, and #1200 for 5 min  per granulation. Then,
the specimens were polished with felt discs and diamond
abrasive paste of 4 �m,  2 �m,  and 1 �m in a semiautomatic
sander (EXACT, Norderstedt, Schleswig-Holstein, Germany).
This methodology has been previously described by Magal-
haes et al. [28].

2.6.  Biaxial  flexural  strength  (BFS)

The specimens were tested by BFS (n = 30) and Weibull analysis
according to the ISO 6872 standard (2015). The disk speci-
mens were positioned on three steel balls with a diameter
of 3.2 mm and positioned 120◦ apart on a circle with a diam-
eter of 10 mm,  in a universal testing machine (MTS, Eden
Prairie, USA). The specimens were loaded by a piston with a
diameter of 1.4 mm at a crosshead speed of 0.2 mm/min until
fracture. The fracture loads were recorded, and the biaxial flex-
ural strength (�) was calculated in MPa using the following
equation: � = −0.23870 P(X–Y)/b2, where � is the maximum ten-
sile stress (MPa), P is the total fracture load (N), and X and Y
are calculated as follows: X = (1 + �)ln(r2/r3)2 + [(1 − �)/2](r2/r3)2,
and Y = (1 + �)ln(r1/r3)2 + [(1 − �)/2](r1/r3)2, where � is Poisson’s
ratio = 0.25, r1 is the support circle radius (mm),  r2 is the
loaded area radius (mm),  r3 is the specimen radius (mm),
and b is the specimen thickness at the fracture origin
(mm).

2.7.  Vickers  hardness  (VH)

Five specimens from each group were fixed into PVC cylinders
by pouring epoxy resin (Piraglass Ltda., Piracicaba, SP, Brazil)
into the cylinders. After polymerization, the surface of each
specimen was flattened by silicon carbide papers (#150, #240,
#320, #400, #600, #800, and #1200) and polished with felt discs

and diamond pastes of 4 �m,  2 �m,  and 1 �m in a polisher
device (APL-4, Arotec, São Paulo, SP, Brazil) followed by 10 min
of sonication (Maxi Clean 750-UNIQUE UltraSonic, Indaiatuba,
SP, Brazil).

https://doi.org/10.1016/j.dental.2019.11.006
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Table 1 – Density and ratio of components used in specimen preparation.

Component Density (g/cm3) Ratio (%) Function

HA 3.14 30% (total volume) Ceramic powder
PABA (4-aminobenzoic acid) 1.37 0.05% (ZrO2 weight) Deflocculant
PVB (polyvinyl butyral) 1.1 2% (ZrO2 weight) Binder
Isopropyl alcohol 0.78 70% (total volume) Solvent
TiO2 nanoparticles 4.23

1%,  2%, or 5% (total
volume) ReinforcementZnO nanoparticles 5.61

TiO2 nanotubes 4.23

Fig. 1 – XRD patterns of (a) pure, (b) 1%, (c) 2%, and (d) 5%
TiO2 nanoparticles incorporated into HA. Card No
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Fig. 2 – XRD patterns of (a) pure, (b) 1%, (c) 2%, and (d) 5%
TiO2 nanotubes incorporated into HA. Card No 01-074-0565
(Ca10(PO4)6(OH)2).

Fig. 3 – XRD patterns of (a) pure, (b) 1%, (c) 2%, and (d) 5%
ZnO nanoparticles incorporated into HA. Card No
1-074-0565 (Ca10(PO4)6(OH)2).

The VMHT MOT hardness machine (Leica, Wetzlar,
ermany) containing a Vickers diamond was used. A load of
00 gf was applied for 15 s. Five indentations were recorded
n the surface of each specimen. The distance between each

ndentation was 100 mm.  The mean hardness number was cal-
ulated for each specimen and group, and these values were
ecorded.

.8.  Statistical  analysis

he BFS and hardness data were assessed using one-way anal-
sis of variance (ANOVA), followed by multiple comparisons
mongst the groups using the Tukey post-hoc test at  ̨ = 0.05.

Weibull analysis (Weibull 7++, Reliasoft, Tucson, USA) using
aximum likelihood estimation was also performed for the

FS data. The Weibull modulus (m)  and characteristic strength
�0) were obtained for each group (with 95% confidence inter-
als).

.  Results

.1.  XRD  results
he XRD results for the samples are presented in Figs. 1–3.
he spectra are shown according to the three addition per-
01-074-0565 (Ca10(PO4)6(OH)2).
centages of the TiO2 nanotubes and TiO2/ZnO nanoparticles in
the HA. The XRD spectra exhibited a certain crystallographic
disorder, owing to the addition of nanomaterials. However,

https://doi.org/10.1016/j.dental.2019.11.006
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Table 2 – BFS data in MPa (different letters indicate
statistical significance of 5% (p < 0.05)).

Groups Mean ± standard deviation

HA 235,2 ± 36,5 a
HA/TiO2nt 1% 129,4 ± 33,4 b
HA/TiO2nt 2% 119,9 ± 25,1 b
HA/TiO2Nt 5% 120,8 ± 8,0 b
HA/TiO2np 1% 140,2 ± 26,8 b
HA/TiO2np 2% 88,0 ± 9,1 c
HA/TiO2np 5% 214,9 ± 36,4 a
HA/ZnOnp 1% 125,2 ± 24,0 b

Table 3 – VH Data in GPa (different letters indicate
statistical significance of 5% (p < 0.05)).

Groups Mean ± standard deviation

HA/TiO2np 1% 455.4 ± 22.32 a
HA/TiO2np 2% 432.5 ± 18.22 a
HA/ZnOnp 5% 400.9 ± 15.17 b
HA/TiO2np 5% 399.6 ± 15.31 b
HA/ZnOnp 2% 376.3 ± 13.27 b
HA 335 ± 12.98 c
HA/TiO2nt 1% 317.4 ± 16.67 c

with a higher ceramic firing temperature, the possibility of
HA/ZnOnp 2% 141,9 ± 22,5 b
HA/ZnOnp 5% 86,4 ± 12,5 c

the predominance of the crystallographic planes of HA was
maintained (card#01-074-0565). Additionally, it was possible
to identify the formation of a secondary phase, regardless of
the type of nanomaterials (Figs. 1–3). In the case of ZnO, the
formation was more  accentuated for the 5% sample. In the
samples with 1% and 2% addition of ZnO nanoparticles, the
secondary phase was not identified. However, in the case of
the TiO2 nanoparticles/nanotubes, even with a 1% addition
of nanostructures, the calcium phosphate (Ca3(PO4)2 and tita-
nium phosphate secondary phases could be observed.

3.2.  FE-SEM  results

The FE-SEM images (2500× magnification) in Fig. 4B show the
HA/TiO2nt1% with various larger grains and more  merging
occurring amongst them (white arrows), and the presence
of pores (Fig. 4B), compared with pure HA (Fig. 4A). The
HA/ZnOnp1% (Fig. 4C) exhibits larger grains compared with
pure HA, and volumetric defects (arrows). The HA/TiO2np1%
(Fig. 4D) exhibits a mix  of grains similar to pure HA and
larger grains (white arrows). When 2% of nanomaterials is
used (HA/TiO2nt2%; Fig. 4E) the observed pattern of larger
grains was the same as that observed in HA/TiO2nt1% (Fig. 4B).
The HA/ZnOnp2% (Fig. 4F) exhibited characteristics similar
to those of HA/ZnOnp1% (Fig. 4C) and lesser pores while the
HA/TiO2np2% (Fig. 4G) exhibited larger grains and few pores.
The HA/ZnOnp5% (Fig. 4H) exhibited a higher prevalence
of larger grains compared with pure HA. The HA/TiO2nt5%
(Fig. 4I) also produced larger grains with various agglomer-
ate sites and pores. With a nanomaterial addition of 5%, the
HA/TiO2np5% (Fig. 4J) exhibited smaller grains, which were
nevertheless larger than those of pure HA. Additionally, many
agglomerate-like sites (arrows) were also observed.

3.3.  BFS  results

The HA and HA/TiO2np5% exhibited higher values without any
differences. However, these values were different to those of
other groups (p = 0.067). The HA/ZnOnp5% and HA/TiO2np2%
exhibited lower values without any differences (p = 1). The
other groups exhibited intermediate results (Table 2).

3.4.  Weibull  analysis  results
The Weibull analysis results revealed that the HA/TiO2np1%,
HA/ZnOnp1%, and HA/TiO2nt1% decreased the �0 and resulted
HA/TiO2nt 2% 310.2 ± 9.85 c,d
HA/TiO2nt 5% 286.9 ± 28.72 d
HA/ZnOnp 1% 260.5 ± 11.34 e

in a statistically similar m value, compared with pure
HA, without any differences being observed (Fig. 5A). The
HA/ TiO2np2% exhibited higher �0 than HA/ZnOnp2% and
HA/TiO2nt2% without any differences in m values, but these
values were lower than those obtained for pure HA (Fig. 5B).
The HA/TiO2np5% obtained the best results of experimental
groups for �0 and m were statistically equal to those obtained
for pure HA. A higher m value was obtained for HA/TiO2nt5%,
but its �0 was between the better results and the results
obtained for HA/ZnOnp5%, which exhibited the lowest �0 val-
ues (Fig. 5C).

3.5.  VH  results

Regarding the VH results, the blend of HA with 1% and 2%
addition of TiO2 nanoparticles exhibited the higher values,
which were similar between them (p = 0.102). Moreover, the
addition of 5% TiO2 nanoparticles resulted in higher value
compared with pure HA. The HA/ZnOnp2%, HA/ZnOnp5%,
and HA/TiO2np5% exhibited the second higher values with-
out no difference between them; however, these values
were lower compared with those of the HA/TiO2np1% and
HA/TiO2np2%. The HA, HA/TiO2nt1%, and HA/TiO2nt2% exhib-
ited intermediate values without any differences (p = 0.054).
The HA/ZnOnp1% exhibited lower values, which were dif-
ferent to those obtained for the groups exhibiting higher
and intermediate values (p = 0.05). The HA/TiO2nt5% exhibited
similar values without any differences to the values obtained
for HA/TiO2nt2% (p = 0.089) (Table 3).

4.  Discussion

The choice of using nanostructures to enhance the mechan-
ical properties is justified by the crack deflection mechanism
reported by Faber and Evans [22]. This mechanism is based
on the increase of fracture toughness, owing to the crack
deflection caused by the nanoparticles. The crack profile of
materials with nanoparticle additions exhibited a deflection
pattern, which approximately corresponds to the nanoparticle
grain size, while the materials without nanoparticle addi-
tions exhibited fairly smooth crack patterns compared with
the other materials [23]. However, it is important to note that
densification and agglomeration for the nanoparticles became
greater [22]. Note that the agglomeration and densification
processes can influence the microstructure by decreasing

https://doi.org/10.1016/j.dental.2019.11.006
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Fig. 4 – FE-SEM of groups in same sequence of graphs shown in Fig. 4. A. Pure HA (control). B, C, D. Groups with 1% TiO2

nanotubes (HA/TiO2nt1%), 1% ZnO nanoparticles (HA/ZnOnp1%), and 1%vTiO2 nanoparticles (HA/TiO2np1%), respectively. E,
F, G. Groups with 2% of TiO2 nanotubes (HA/TiO2nt2%), 2% TiO2 nanoparticles (HA/TiO2np2%), and 2% ZnO nanoparticles
(HA/ZnOnp2%), respectively. H, I, J. Groups with 5% ZnO nanoparticles (HA/ZnOnp5%), 5% TiO2 nanotubes (HA/TiO2nt5%),
a

t
s

n
p
a
p
w
m
t
s
s
F
t
(
e
c
r
f
t

nd 5% TiO2 nanoparticles (HA/TiO2np5%), respectively.

he mechanical strength and generating localized internal
tresses, which result in critical micro cracking [24].

The XRD patterns observed in this study did not exhibit
anoparticle or nanotube phases that are particular to a com-
osite material, regardless of TiO2 or ZnO additions. The
natase, brookite, and rutile, which are the three polymor-
hic phases of TiO2 observed under ambient conditions [25],
ere not detected. The spectral patterns indicate phases’
ixture between the HA components and the nanopar-

icles/nanotubes, which resulted in the formation of a
econdary phase and a new material characterized as a solid
olution. Some solid solutions can be weaker than others. The
E/SEM images show that this mixture could have increased
he grain size and caused the creation of some pores (arrows)
Fig. 4B, F, G, and I). A previous study conducted by Miranda
t al. [35] discussed the reduction of density in the Y-TZP/TiO2

omposite through the addition of TiO2. These and previous

esults [36] indicate the incorporation of TiO2 as a reason for
ormatting the pores in the material. However, it is possible
o reduce the amount of porosity within the material by opti-
mizing the sintering time and temperatures [35,36]. Thus, the
higher the grain size is, the lower is the cohesive strength
[35,37,38].

The flexural strength results were subjected to Weibull
analysis. The Weibull contour plots were used to deter-
mine the difference between the groups. The non-overlapping
contour plots indicate differences amongst the investigated
groups. The reliability was calculated for each group to eval-
uate the potential use of restorative frameworks. According
to the Weibull analysis, higher values were observed for �0

and m in HA/TiO2np5%. Moreover, these are the best results
of BFS, and they did not have any differences compared with
the results obtained for pure HA, although they were differ-
ent from the results obtained for the other groups. Previous
results obtained by Magalhães et al. [28] have revealed that
the incorporation of TiO2 nanotubes in Y-TZP can influence
the material’s structure. Additionally, it has been shown that

the increase of the m values leads to the improved reli-
ability of the experimental Y-TZP, despite the decrease of
its flexural strength [34]. A higher m value indicates higher

https://doi.org/10.1016/j.dental.2019.11.006
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Fig. 5 – Weibull plot for groups compared with that of pure
HA, and fracture stress as function of fracture probability. A.
Groups with 1% TiO2 nanotubes (HA/TiO2nt1%), 1% ZnO
nanoparticles (HA/ZnOnp1%), and 1% TiO2 nanoparticles
(HA/TiO2np1%). B. Groups with 2% TiO2 nanotubes
(HA/TiO2nt2%), 2% TiO2 nanoparticles (HA/TiO2np2%), and
2% ZnO nanoparticles (HA/ZnOnp2%). C. Groups with 5%

the São Paulo Research Foundation (FAPESP; process numbers:
ZnO nanoparticles (HA/ZnOnp5%), 5% TiO2 nanotubes
(HA/TiO2nt5%), and 5% TiO2 nanoparticles (HA/TiO2np5%).

predictability in the mechanical behavior of ceramic mate-
rials [39]. In this study, this was assumed to indicate that

the TiO2 nanoparticles had one of the best reinforcement
nanostructures compared with other tested nanostructures,
which is in agreement with the results obtained by previous
6 ( 2 0 2 0 ) e38–e46

studies [21,26–29]. One study [30] investigated the addition
of TiO2 nanoparticles in epoxy nanocomposites, and despite
the different nature of the tested material, it was found
that the maximum improvement of nanoparticles was at
approximately 10 wt%, which increased the flexural strength.
However, a decrease of up to 20 wt% of the nanoparticle con-
tent, owing to particle clustering, was also observed. With
regard to the mechanical strength of the brittle materials
investigated in this study, the results obtained for the biaxial
flexural strength were least variable. Using a circular speci-
men  on three spaced points, the maximum tensile stress was
produced at the center of the specimen surface, where the
fracture typically originates [21].

According to Anusavice et al. [40], hardness is defined as
the resistance of a material to plastic deformation, which is
a surface property typically produced by an indentation force
and acts as a first protection against mechanical challenges to
the materials. In this study, it was observed that the group with
the added TIO2 nanoparticles had the higher values. Specifi-
cally, the addition of 1% and 2% of TiO2 nanoparticles resulted
in higher values compared with the other groups.

A previous study conducted by Goyat et al. [31] revealed
that the TiO2 nanotubes added in HA could possibly increase
the microhardness. These results were similar to the results
obtained by other studies wherein TiO2 nanoparticles were
incorporated in HA [32,33]. However, the demonstrated appli-
cations of these studies were different to those considered
in this study. According to Rempel et al. [41], the grain size
decreases with the increase of microhardness. These results
are similar to those obtained in this study with the 5% addi-
tion of TiO2 nanoparticles, which resulted in bigger grain
sizes compared with the other addition amounts (1% and
2%), decreasing their VH values. Additionally, the results were
similar to the results obtained for pure HA (Fig. 4J and A). How-
ever, the 5% addition of TiO2 nanoparticles resulted in higher
values compared with the values obtained for pure HA. The
best matching results were obtained by connecting the study
results (XRD, FE-SEM, and BFS), becoming it more  reliable com-
pared to the others.

The results obtained in this study predict that increas-
ing the weight percent of TiO2 nanoparticles may provide an
approach toward further investigating the mechanical proper-
ties of HA-based ceramics. Thus, it is important to study the
BFS, fracture toughness, and biocompatibility in future work.

5.  Conclusions

Considering the limitations of this study, it was concluded that
the incorporation of 5% TiO2 nanoparticles showed the best
combinations of microstructure, flexural strength, reliability
maintenance, and superior hardness.
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