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A B S T R A C T

The objective of this study is to evaluate the influence of different chemical surface treatments (H3PO4, HNO3,
and NaOH) in the formation of calcium phosphate phases on the surface of Al2O3/ZrO2 (5 vol%) nanocompo-
site. For this purpose, Al2O3/ZrO2 samples were shaped, calcined at 400 °C, sintered at 1500 °C, subjected to
different chemical treatments, and biomimetically coated from 14 to 21 days. Surface characterization was
performed by scanning electron microscopy, atomic force microscopy, confocal microscopy, X-ray diffraction,
and infrared spectroscopy. It was observed that the preliminary chemical treatment favored the formation of
particular calcium phosphate phases of interest, such as α-TCP (alpha-tricalcium phosphate), β-TCP (beta-
tricalcium phosphate), and HA (hydroxyapatite). The differences among the percentages of the phases formed
affected the homogeneity of calcium phosphate distribution within the nanocomposites as well as the roughness
of the formed layer, effectively contributing to adhesion, proliferation, and desired cell biofixation on bone
implant.

1. Introduction

Numerous advances have been recently made in the development of
novel synthetic materials for the improvement of bone structural
recoveries, grafts, implants, and orthopedic surgery, among others
[1]. The materials commonly used for these purposes are called
biomaterials and must meet physical and biological properties compa-
tible with host living tissue in order to stimulate an appropriate
response [2].

These characteristics are specially found in ceramic based calcium
phosphates which resemble the mineral phase of bones. However, an
important detrimental aspect of these ceramic materials is their low
mechanical strength and fracture toughness [3]. To increase their
mechanical resistance, it is necessary to combine them with other
materials resulting in ceramic matrix nanocomposites.

The inclusion of nanometric ZrO2 in Al2O3 matrix results in
significant improvements in microstructural homogeneity as well as
increased mechanical properties when compared to inclusion-free
Al2O3 [4]. Under physiological conditions, Al2O3/ZrO2 nanocomposite
is virtually inert, leading to little or no response from surrounding
tissues, so it remains essentially unchanged [5].

The bioinert nature of these nanocomposites has stimulated the
development of new techniques to make the biological performance of
these ceramics more suitable [6], among which biomimetic coating
stands out. It consists of the immersion of a substrate into a fluid with
ions concentration equal to blood plasma, allowing the formation of a
bioactive coating on the surface of the substrate [7].

Since its first occurrence, biomimetic coating has undergone
remarkable changes to accelerate the deposition process and to change
the crystallinity of the coating. In 2002, Barrere et al.[8] evaluated
changes in the concentration of SBF (Synthetic Body Fluid) solution
originally of 1.5SBF to more concentrated 5.0SBF, aiming at coating a
metallic substrate. The authors found that the Ca/P coating formed on
the surface of the substrate was significantly thicker in the samples
subjected to the more concentrated solution compared to those coated
with the original solution (i.e., 1.5SBF).

The interaction between the formed phosphate layer and the
nanocomposite surface may be improved by means of preliminary
treatments (i.e., prior to the biomimetic coating). In this sense,
carrying out a preliminary surface activation process (e.g., chemical
treatments with acidic or alkaline solutions) relies upon the fact that it
provides suitable interfacial attachment between the bioinert material
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and the formed bioactive layer [9].
The adhesion and morphology of the bioactive layer formed on the

substrate depend on the material's surface properties [9]. For this
reason, surface roughness is an important property, making confocal
microscopy an important tool to characterize biomaterials [10]. The
use of this technique allows the quantification of different roughness
parameters, being average roughness (Ra) the most widely used
parameter in the study of surface roughness of materials [10].

Bioactive ceramic surfaces are prone to apatite crystal nucleation
and growth. Accordingly, several methods have been used to char-
acterize the apatite layer formed on the surfaces of biomaterials,
including Fourier transform infrared (FTIR) spectroscopy and X-ray
diffraction (XRD) [11–13].

Different factors (e.g., size and suitable morphology) determine the
successful implementation of an implant as well as influence host tissue
response. Cellular activity may also be affected by particle shape;
spherical particles being preferred over sharp particles because injuries
in the cell cytoplasm are prevented. According to studies carried out by
Uchida et al. [14], apatite-forming ability on a surface may be
influenced by the type of solution in which the surface was treated.
In studies performed by Wu et al. [15] on precipitation or crystal-
lization processes of a solid phase from solution (e.g., SBF), competi-
tion between crystal nucleation and growth phenomena was evidenced.
The competition between these two phenomena, in different saturation
stages, may determine the size and the morphology of the future
crystal.

In this context, this study aimed to evaluate the influence of
different chemical surface treatments (H3PO4, HNO3, and NaOH) in
the formation of calcium phosphate phases on the surfaces of Al2O3/
ZrO2 (5 vol%) nanocomposites submitted to different biomimetic
coating times.

2. Experimental procedure

To carry out this study, we used as raw materials 99.995%
commercial Al2O3 powder (AKP-53, Sumitomo Chemical Co., Japan)
with an average particle size of 0.2 µm, and 99.900% monoclinic ZrO2

nanoparticles (Nanostructured Materials Inc.) with an average size of
50 nm. Powder mixing (95 vol% Al2O3 and 5 vol% ZrO2) and specimen
conformation protocols were in accordance with Chinelatto et al., 2014
[16]. The specimens were calcined at 400 °C/1 h and sintered at
1500 °C/2 h [17]. The sintered samples were characterized for appar-
ent density following the Archimedes principle and by X-ray diffraction
(XRD Rigaku, Miniflex 600). Microstructural analyses by scanning
electron microscopy (Phillips XL30 FEG-SEM) were performed on the
polished and thermally etched sintered surfaces at 1450 °C/10 min.

Hardness was measured by using the indentation technique
(Buehler, model Micromet 5104) with a conventional diamond pyr-
amid indenter, applying a load of 0.5 kgf [18]. The measurement of the
fracture toughness as a function of the crack length was conducted
using the indentation technique applying a load of 2Kgf and time of
60 s. From the recorded crack length and applied load, the mode-I
stress-intensity factor was determined according to ASTM standard C
1421-99 [19].

Once sintered, the samples were immersed in either water or in
H3PO4 5 M, HNO3 5 M or NaOH 15 M solution, at 90 °C for 4 days,
under reflux and thermostatic bath. After the chemical treatment, the
samples were washed in distilled water and dried in a desiccator at
room temperature [14]. The surfaces were characterized by confocal
microscopy (Olympus, Lext-OLS 4100) and Fourier Transform
Infrared spectroscopy (FTIR Spectrometer, Vertex 70 Bruker).
Average roughness (Ra) was calculated from four points imaged by
confocal microscopy for 6 different samples, totaling 24 Ra values for
each treatment.

After the chemical surface treatment, the samples were coated by
biomimetic method according to the procedure proposed by Barrere

et al. [8], using a SBF (Synthetic Body Fluid) solution with concentra-
tion five times greater than the original SBF solution proposed by Abe
et al. [7]. After incubation for 14 and 21 days at 36.5 °C under constant
stirring (60 rpm), the coated samples were washed and dried in a
desiccator at room temperature. The surfaces were characterized by
atomic force microscopy (AFM NanoSurf Flex), FTIR spectroscopy, and
XRD. The XRD patterns and the FTIR absorbance spectra were
mathematically treated, their baselines were corrected, and their
second derivatives were calculated. The Gaussian function was used
to fit all the deconvoluted curves. The correlations between the
different calcium phosphate phases observed by XRD and FTIR were
performed using the Pearson's Correlation Coefficient (r). Statistical
significance was considered at p < 0.05.

3. Results and discussion

3.1. Microstructural characterization of the Al2O3/5 vol%ZrO2

nanocomposites

Fig. 1 shows SEM micrographs of the polished, thermally attacked
surface of the Al2O3/ZrO2 nanocomposite sintered at 1500 °C for 2 h
prior to any chemical treatment. The ZrO2 inclusions (brighter regions)
were uniformly spread within the Al2O3 matrix, suggesting that the
processing protocol effectively prevented the formation of fine particle
clusters in the matrix. We also observed that the ZrO2 inclusions were
located at the grain boundaries, including triple points, resulting in an
intergranular-type nanocomposite, as detailed in the figure. The ZrO2

inclusions at these positions favored the pinning (anchoring) of the
Al2O3 grain boundaries, thereby inhibiting the grain growth of the
matrix [20].

The Al2O3/ZrO2 nanocomposite presented an apparent density of
97.20 ± 0.92%, a hardnessof 15.40 ± 0.22 GPa and a fracture toughness
of 3.72 ± 0.43 MPa m1/2. The hardness and the fracture toughness of
the cortical bone are reported be in the range of 9.6–17.4 GPa and 2–
12 MPa m1/2 [21] respectively, suggesting that these nanocomposites
are potential replacements for cortical bones.

3.2. Surface characterization of the Al2O3/5 vol%ZrO2

nanocomposites after the chemical treatments

The average roughness (Ra) values of the chemically treated and
untreated surfaces of the Al2O3/ZrO2 nanocomposites were as follows:
treated with NaOH: 0.054 ± 0.010 µm; treated with HNO3: 0.045 ±
0.003 µm; and treated with H3PO4: 0.059 ± 0.008 µm. The Ra of the
untreated sample was 0.045 ± 0.002 µm. Overall, the different chemical
treatments of the nanocomposites lead to different surface roughness.
These differences may act as starter sites by triggering nucleation and/
or crystal growth. It is worth mentioning that this characteristic is
highly desirable as it can ensure a more homogeneous and effective
adhesion of a biomimetic coating [14].

Fig. 2 shows the second derivatives of the FTIR spectra from 425 to
4000 cm−1 of the Al2O3/ZrO2 nanocomposites submitted to different

Fig. 1. SEM micrographs of the surface of the Al2O3/ ZrO2 nanocomposite.
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chemical treatment conditions in addition to the chemically untreated
sample. The areas related to the spectra of each specific chemical
treatment are also shown.

The absorption bands above the spectral region of 1000 cm−1 were
not observed for any of the chemical treatment conditions of the Al2O3/
ZrO2 nanocomposites. The absence of the absorption bands in the
spectral regions around 3656 cm−1 (stretching vibration of OH physi-
cally adsorbed to Al+3), at 3447 cm−1 (stretching vibrations of OH
groups), around 1638 cm−1 (bending vibrations of H2O molecules),
around 1070 cm−1 (bending vibration of Al–OH groups) and at ~1764/
~1634/~1385 cm−1 (bending vibration of Zr–OH groups) may be
explained by the removal of surface water from the Al2O3/ZrO2

nanocomposites, resulting in a fully anhydrous crystalline structure
[22,23]. The peaks at 640 and 580 cm−1 observed may be attributed to
Al–O bending vibrations, whereas the peaks at 621, 475 and 445 cm−1

observed in the same spectra may be assigned to Zr–O.
All the FTIR spectra were expected to present the same intensity

and/or relative area of the characteristic absorption bands of the
Al2O3/ZrO2 nanocomposites. However, the relative areas of these
absorption bands (shown in the insert of Fig. 2) are believed to be
dependent on chemical treatment. In general, the relative area of the

FTIR spectrum obtained for the nanocomposite chemically treated with
H3PO4 was smaller than that obtained for the nanocomposite chemi-
cally treated with NaOH. This behavior is clearly shown by the intensity
differences presented by the absorption bands at 475 cm−1 assigned to
the vibration of the Zr–O group [11] of the Al2O3/ZrO2 nanocomposite
(Fig. 2).

Average roughness is commonly associated with the presence of
protrusions on the surface of a nanocomposite, directly affecting its
wettability [24]. Brandão et al. [25] reported that the hydrophilic or
hydrophobic behavior of a surface is related to its surface energy:
higher energy and greater wettability. According to Gennes, 1985 [26],
surfaces of hard-type solids (which have covalent, metallic or ionic
bonds) have a hydrophilic character and, therefore, present high
wettability.

As a consequence, the smaller relative area observed in the FTIR
spectrum of the Al2O3/ZrO2 nanocomposite chemically treated with
H3PO4, as well as the larger Ra value, suggests the presence of a more
hydrophilic surface than the nanocomposite chemically treated with
NaOH (larger relative area), for instance. This can be due to wettability
associated with improved affinity for adsorption [25]. The hydrophilic
character of the Al2O3/ZrO2 nanocomposite surface may contribute
effectively to the deposition of calcium phosphate on the nanocompo-
site surfaces.

Another interesting feature observed in the FTIR spectra of the
nanocomposites is the absence of the absorption band related to the
stretching and bending vibrations of the Me–OH groups [27] in the
region between 2300 and 2400 cm−1. The absence of the vibrations of
the Me–OH group on the surface of the nanocomposite studied
suggests that the different chemical treatments neither formed Zr–
OH nor Al–OH groups on the surfaces.

3.3. Characterization of the surface of Al2O3/5 vol%ZrO2

nanocomposites coated by the biomimetic method

Fig. 3 shows the FTIR spectra for absorbance and second derivative,
at wavelengths ranging from 970 to 1200 cm−1, of the surfaces of
Al2O3/ZrO2 nanocomposites submitted to different chemical treat-
ments (untreated or treated with H3PO4, HNO3 or NaOH) after 14
and 21 days of biomimetic coating. The shifts of the deconvoluted
curves under the spectra were analyzed according to other authors
[11,12]. The intensities of the FTIR absorbance spectra were normal-
ized by the intensity of the band between 400 and 500 cm−1, which in

Fig. 2. Second derivative of the FTIR spectra of Al2O3/ZrO2 nanocomposites either
untreated or chemically treated with H3PO4, HNO3 or NaOH. The insert presents the
relative areas of the FTIR spectra within the range of 425–4000 cm−1 for all studied
conditions.

Fig. 3. FTIR absorption spectra of the surfaces of Al2O3/ZrO2 nanocomposites submitted to different chemical treatments (untreated or treated with H3PO4, HNO3 or NaOH) before
and 14 and 21 days after the biomimetic coating. The insert presents the intensities of the absorbance spectra within the range of 980–1200 cm−1 for some studied conditions.
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turn was attributed to vibrations of the Al–O group. The intensities of
the second derivative FTIR spectra were normalized by the peak at
445 cm−1 attributed to vibrations of the groups as well as to Zr–O.

Table 1 shows the percent areas under the deconvoluted FTIR
curves (absorbance spectra) related to the calcium phosphate formed
on the surface of the Al2O3/ZrO2 nanocomposite by different chemical
treatments (untreated or treated with H3PO4, HNO3 or NaOH), 14 and
21 days after the biomimetic coating. Absorption bands typical of
phosphate groups were observed 14 and 21 days after the biomimetic
coating in the spectral region between 970 and 1200 cm−1. Absorption
bands at 990–991 cm−1 are attributed to the symmetric P–O stretching
from the PO4

3- group. Absorption bands between 1029 and 1035 cm−1

are attributed to the triply degenerated asymmetric P–O stretching
mode from the PO4

3- group. Absorption bands from 1049 to 1065 cm−1

are assigned to the triply degenerated asymmetric P-O stretching mode
from the PO4

3- group and the α-TCP phase. Absorption bands in the
region between 1100 and 1108 cm−1 are assigned to the HPO4

2- groups
from the nonstoichiometric hydroxyapatite (HA) (presence of crystal
imperfections and HPO4

2- groups in nonstoichiometric HA). Finally,
absorption bands observed in the region between 1125 and 1128 cm−1

are also assigned to the HPO4
2- from the nonstoichiometric HA as well

as from the β-TCP phase (presence of crystal imperfections and HPO4
2-

groups in nonstoichiometric HA and β-TCP). The positions of the peaks
observed in the second derivative spectra (cm−1), within the phosphate
regions (970–1200 cm−1), as well as their attributions in accordance to
the literature, are summarized in Table 2[11,12,28].

Overall, after 21 days of incubation, the percentages of the areas
under the absorption bands in the regions between 1029 and
1035 cm−1 as well as between 1100 and 1008 cm−1 increased in the
chemically untreated Al2O3/ZrO2 nanocomposites and in those treated
with H3PO4 and HNO3. During the same incubation period, the
percentages of the areas under the absorption bands from 1049 to
1065 cm−1 decreased in the chemically untreated Al2O3/ZrO2 nano-
composites and in those treated with H3PO4 and HNO3.

The areas under the absorption band attributed to the formation of
the α-TCP phase simultaneously decreased with increasing area under
the absorption band attributed to the formation of the HA phase. This
can suggest that the α-TCP phase may be contributing to the formation
of the HA phase, which is more stable after 21 days of incubation.

On the other hand, there was a decrease in the percentage of the
areas under the absorption bands from 1029 to 1035 cm−1 and from
1100 to 1008 cm−1 in the Al2O3/ZrO2 nanocomposites chemically
treated with NaOH, after 21 days of incubation. For the same
conditions, there was an increase in the percentage of the area under
the absorption band in the region between 1049 and 1065 cm−1. It is
worth emphasizing that the surfaces of the nanocomposites treated
with NaOH presented coating failures after 21 days of incubation. This
finding may be a result of the decreased HA content as well as the
increased amount of α-TCP formed on the nanocomposite surfaces
during the longest incubation time.

Fig. 4 presents the XRD pattern, from 31.0 to 34.0°, of the calcium
phosphate formed on the surface of the Al2O3/ZrO2 nanocomposites
submitted to different chemical treatments (untreated or treated with
H3PO4, HNO3 or NaOH), 14 and 21 days after the biomimetic coating.
The shifts of the deconvoluted curves under the diffractograms relied
upon the standard Miller indices (hkl) for each calcium phosphate
layer, in accordance with the database (JCPDS) [29].

The mathematical fitting of the XRD pattern using a Gaussian
function allows the attainment of deconvoluted analytical curves and,
as a result, it is possible to identify and quantify the different calcium
phosphate phases formed on the surfaces of the Al2O3/ZrO2 nanocom-
posites in any incubation period.

Consequently, the deconvolution of the curves under the XRD
patterns (Fig. 3) revealed the formation of three distinct calcium
phosphate phases on the nanocomposite surfaces. Thus, it was possible
to distinguish the growth of crystals of the α-tricalcium phosphate (α-T
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TCP) phase in the (511) plane (09-348 JCPDS), of the β-tricalcium
phosphate (β-TCP) phase in the (128) plane (09–169 JCPDS), and also
of the hydroxyapatite (HA) phase in the (211)/(112) planes (09-432
and 73-1731 JCPDS) [29]. It is noteworthy that all of the three calcium
phosphate layers were observed in all incubation periods regardless of
the chemical treatment received by the nanocomposite.

Table 3 shows the percentages of the different calcium phosphate
phases (α-TCP, β-TCP, and HA) formed on the surface of the Al2O3/
ZrO2 nanocomposites submitted to different chemical treatments
(untreated or treated with H3PO4, HNO3 or NaOH) after 14 and 21
days of biomimetic coating. After incubation for 14 days, there was a
greater amount of αTCP phase in the chemically untreated Al2O3/ZrO2

nanocomposites (32.82%). Contrastingly, the nanocomposites chemi-
cally treated with NaOH exhibited lower formation of this phase
(10.40%) in the same biomimetic coating period. After 21 days of
incubation, however, the α-TCP phase percentage decreased in the
chemically untreated nanocomposites (51.50% reduction) and in those
chemically treated with H3PO4 (49.730% reduction) and HNO3 (re-
duction of 69.20%). On the surfaces of the nanocomposites that were
chemically treated with NaOH, the αTCP phase content increased by
137.90%.

After 21 days of incubation, the formation of β-TCP phase on the
surface of the Al2O3/ZrO2 nanocomposites significantly increased in
the sample chemically treated with H3PO4 (145.50% increase). It was
also increased, though less pronounced, in the chemically untreated
nanocomposites (29.20 increase %). In the other nanocomposites,
however, the increased formation of the β-TCP phase throughout the
biomimetic coating was barely noticeable: 2.60% for the nanocompo-
site treated with HNO3 and 1.20% for that treated with NaOH.

The higher percentage of β-TCP phase observed on the surfaces of
all Al2O3/ZrO2 nanocomposites, regardless of the chemical surface
treatment or the coating period, is due to the greater thermodynamic

stability of this phase when compared to the α-TCP phase. The
allotropic forms α and β-TCP may also be osteoconductive, but the
α-TCP phase has greater bioactivity features due to its structural
arrangement. Due to the bioabsorbable nature of the TCPs, biological
calcifications originating from this phase do not occur. However, the
formation of the β-TCP phase is favored when the Mg/Ca molar ratio in
solution is greater than 0.05, leading to the formation of the beta-
magnesium tricalcium phosphate (β-Mg-TCP) phase [30–34]. Hence,
the increased formation of β-TCP phase on the nanocomposite surfaces
throughout the different incubation periods studied are explained by
the high Mg/Ca ratio (0.83) contained in the SBF used.

Overall, after 21 days of incubation, the HA phase formed on the
nanocomposite surfaces varied from 51% to 74%. Except for the
nanocomposites chemically treated with NaOH, increased HA forma-
tion was observed throughout the incubation period. It is worth
mentioning that such increase was higher in the chemically untreated
nanocomposites (23.30% increase). The increased HA formation,
though less remarkable, was also noticed in the nanocomposites
submitted to chemical treatment with HNO3 (10.20% increase) and
H3PO4 (increase of 2.70%). For those chemically treated with NaOH,
on the other hand, HA formation decreased by 22.70%, 21 days after
the coating.

Generally, the consumption of the α-TCP phase (observed in the
FTIR absorbance bands) strongly correlated with the formation of the
HA phase (observed in the XRD patterns), as evidenced by the Pearson
correlation coefficient (rFTIRαTCP / XRDHA=0.78). Another interest-
ing correlation was observed between the decreased αTCP content
(observed in the XRD patterns) and the increased βTCP formation
(observed in the FTIR absorbance bands) after 21 days of incubation,
also being indicated by the Pearson coefficient correlation (rFTIRαTCP /

XRDβTCP =0.87).
As previously mentioned in this text, the crystal growth of the

Table 2
Peak positions (cm−1) observed in the FTIR spectra of the second derivative in the regions typical of phosphates as well as their attributions according to data published in the literature
[11,12,28].

Peak Positions (cm−1) Assignments

990–991 (w) PO4
3-, symmetric stretching mode of the P–O bonds of the phosphate group

1029–1035 (sh) v3c, PO4
3-, Triply degenerated asymmetric stretching mode of the P–O bond of the phosphate group, occurring in stoichiometric apatites

1049–1065 (s) v3b, PO4
3-, Triply degenerated asymmetric stretching mode of the P–O bond of the phosphate group and stretching mode of αTCP

~1081 (s) v3a, PO4
3-, Triply the phosphate group

1100–1108 Due to the presence the crystal imperfections and HPO4
2- groups in nonstoichiometric HA

1125–1128 Due to the presence the crystal imperfections and HPO4
2- groups in nonstoichiometric HA and stretching mode of βTCP

Fig. 4. XRD patterns, from 31.0 to 34.0°, of the calcium phosphate formed on the surfaces of Al2O3/ZrO2 nanocomposites submitted to different chemical treatments (untreated or
treated with H3PO4, HNO3 or NaOH) after 14 and 21 days of biomimetic coating. The insert presents the intensities of the deconvoluted curves and XRD patterns for NaOH chemical
treatment after 21 days of biomimetic coating. The deconvoluted curves were based on the standard Miller indices (hkl) for the calcium phosphates, according to the JCPDS [29].
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αTCP, βTCP and HA phases on the surface depended on the different
chemical treatments. Fig. 5 shows the areas under the FTIR absorbance
spectra of the calcium phosphates from 980 to 1150 cm−1, as well as
the calcium phosphate phase percentages – measured by XRD –

formed on the surfaces of the nanocomposites (untreated or treated
with H3PO4, HNO3, and NaOH) after 14 and 21 days of coating. From
these results, it is possible to determine the amount of calcium
phosphates formed on the surfaces, as well as estimate the minimum
time required for coating in a particular condition. For instance, after
21 days of incubation, the surfaces of the nanocomposites treated with
NaOH showed some coating failures. This behavior revealed the lower
HA content on the surfaces (96.30% decrease), suggesting that the 14-d
incubation period is appropriate for these nanocomposites. Another
interesting factor is the possibility of choosing the percentages of
calcium phosphate phases formed. For example, if a higher amount of
TCP is needed, 14 days of incubation of the chemically untreated
nanocomposites would provide 54.10% of TCP and 45.90% of HA. On
the other hand, if the HA phase is required to be prevalent, this could
be achieved after 21 days of coating the nanocomposites chemically
treated with H3PO4 (74.20% of HA and 25.80% of TCP). It is also
noteworthy that the nanocomposites chemically treated with H3PO4

showed higher (51.90% increase) calcium phosphate contents 21 days
after coating.

Fig. 6 shows AFM images of the surface of the Al2O3/ZrO2

nanocomposites with different chemical treatments (untreated or
treated with H3PO4, HNO3 or NaOH) after 21 days of biomimetic
coating. The Ra values after 21 days of biomimetic coating were as
follows: treated with NaOH: 0.753 ± 0.103 µm; treated with HNO3:
2.658 ± 0.2108 µm; and treated with H3PO4: 3.346 ± 0.143 µm. The Ra
of the untreated coated sample was 2.305 ± 0.037 µm. In general, the
homogeneity of the calcium phosphate distribution within the layer

formed on the Al2O3/ZrO2 nanocomposite surface was different for
each chemical treatment to which the nanocomposites were submitted.
We also noticed that these calcium phosphate globules had different
sizes depending on the chemical treatment. Among the tested condi-
tions, the globules over the nanocomposites chemically treated with
H3PO4 were smaller than those formed by other chemical treatments.
It appears that the smaller globules provided the calcium phosphate
layer with a rougher appearance on the surface of the Al2O3/ZrO2

nanocomposites. This behavior may be associated with increased
roughness (greater Ra value, 3.346 ± 0.143 µm) and to higher hydro-
philic character of the surfaces of the Al2O3/ZrO2 nanocomposites
chemically treated with H3PO4, playing a role in the way in which
calcium phosphate is deposited onto the nanocomposite surface
[35,36].

The relationship between the distribution of calcium phosphate
globule over the nanocomposite surfaces and the chemical treatments
to which the nanocomposite was submitted is quite attractive because
the interaction among cells, tissues and implants can be affected by the
surface area of the implant. It is expected that the greater the implant
surface roughness, the greater the number of cell sites available for
binding, thereby facilitating tissue growth on such a surface. On the
other hand, the roughness level must be controlled due to the need for
anchoring points on the implant surface in order to trigger cell
proliferation, thus ensuring cell biofixation. If the surface roughness
happens to be much smaller than the cell size, however, attachment
sites may be absent, thus affecting the type of cellular proliferation.
Epithelial, macrophage and osteoblast cells, to mention a few, adhere
more easily to rough surfaces, whereas fibroblast cells accumulate in
smoother regions [37–39]. Thus, the chemical surface treatments that
the Al2O3/ZrO2 nanocomposites undergo prior to the biomimetic
coating are believed to effectively contribute to the adhesion, prolifera-
tion and biofixation of the desired cell type on bone implants.

4. Conclusions

In summary, the preliminary chemical surface treatments of the
systems studied can be an important step and plays a role in the surface
roughness of the nanocomposites. Consequently, differences in surface
roughness may act as nucleation and crystal growth sites, contributing
to the effective adhesion of calcium phosphate on the surfaces of the
Al2O3/ZrO2 nanocomposites. Additionally, it was observed that the
different chemical treatments influenced the amount of calcium
phosphate formed on the nanocomposite surfaces as well as the
minimum incubation time, favoring the formation of a particular
calcium phosphate phase. For the different amounts of the phases
formed on the nanocomposite surfaces, calcium phosphate globules
distribution and layer roughness were homogeneous, potentially con-
tributing, in an effective way, to the desired adhesion, proliferation,
and cell biofixation on bone implants.

Table 3
Percentages of the different calcium phosphate phases formed on the surfaces of Al2O3/ZrO2 nanocomposites submitted to different chemical treatments (untreated or treated with
H3PO4, HNO3 or NaOH) after 14 and 21 days of biomimetic coating. The percentages were calculated from the standard reflection indices hkl for the calcium phosphate family,
according to the JCPDS [29].

Chemical surface treatment Untreated H3PO4 HNO3 NaOH

Period of biomimetic coating (days) 14 21 14 21 14 21 14 21

ahkl reflections (511) 32.82 15.91 23.19 11.75 22.14 15.31 10.40 24.74
(211) 7.24 17.81 5.28 8.70 3.73 11.43 13.88 49.92
(112) 38.67 38.80 65.81 65.53 59.78 58.53 52.05 1.39
(128) 21.27 27.47 5.71 14.02 14.35 14.73 23.66 23.94

a Standard reflection indices Miller according to the JCPDS.

Fig. 5. Values of total area – calculated from the FTIR absorbance spectra – and
percentages of the calcium phosphate phases – calculated by XRD – for the nanocom-
posites submitted to different chemical treatments, after 14 and 21 days of biomimetic
coating.
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