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In this study, a hydroxyapatite (HA) coating derived from the scales of the Amazonian fish 
pirarucu (Arapaima gigas) was produced using calcination at 500 and 750 °C and deposited on AISI 
316 stainless steel substrate using the process of thermal spraying, high velocity suspension plasma 
spray (HVSPS). To verify its potential, this material was characterized by X-ray diffraction (XRD), 
by which characteristic peaks of hydroxyapatite were evidenced. Via X-ray fluorescence (XRF) of the 
samples, it was observed that the Ca/P ratio was equal to 2.00. Using the Fourier transform infrared 
(FTIR) spectroscopy and Raman spectroscopy, it was possible to observe the characteristic bands of 
the HA. For the coating, the mechanical nanoindentation test showed mean Vickers microhardness 
(VH) values of 93.25 VH for the hydroxyapatite and of 196.57 HV for the substrate. The modulus 
of elasticity (EIT) was 77.85 GPa for the hydroxyapatite coating and 136.45 GPa for the substrate. 
Optical microscopy showed that the coating was homogeneously deposited.
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1. Introduction
The improvement of the properties of metal surfaces, 

such as their chemical stability, surface finish, roughness and 
interaction with the living organism are of great interest to 
the medical and dental industry and is being studied1. As well 
as surface coating techniques, such as thermal spraying 
(TS), the use of hydroxyapatite (Ca10(PO4)6(OH)2) has been 
investigated as a deposition material for the processing of 
metal alloys to be used as prostheses or implants in the human 
body, which despite having biocompatibility characteristics, 
do not promote the process of cell differentiation1,2.

In recent studies, the need to control and slow down the 
degradation of biocompatible alloys such as magnesium-based 
alloys, which today are used as an alternative to titanium 
alloys, can be achieved through the use of surface coatings 
with hydroxyapatite1,3,4. The hydroxyapatite coating can also 
improve the biocompatibility of metal implants and increase 
the osteoblastic response, thus promoting osseointegration. 
In addition, it can also control the degradation of magnesium, 
thus providing an environment conducive to the regeneration 
of bone tissue3,4.

To obtain HA, other methods of synthesis can be used, 
either by a natural agent or by a synthetic one. Via a natural 
agent: calcination; alkaline hydrolysis; sol-gel precipitation; 

mechanical chemical; microwave irradiation; chemical 
precipitation; ultrasonic irradiation. Via a synthetic agent: 
dry methods (solid state and mechanical); wet methods 
(chemical precipitation, hydrolysis, sol-gel, hydrothermal, 
emulsion and sonochemical) and high temperature processes 
(combustion and pyrolysis)5,6.

Given the importance of the use of hydroxyapatite coatings 
in metal alloys in order to improve biocompatibility in the 
human body, in this study, hydroxyapatite was obtained from 
a natural, sustainable and lower-cost agent than synthetic 
hydroxyapatite. The success of the biocompatibility process 
is due to the deposition of hydroxyapatite on the substrate. 
In this work, a high-speed deposition process was used that 
provides rapid deposition with water as an economical and 
abundant precursor liquid, since this allows the removal of 
impurities and does not modify the hydroxyapatite.

In this study, the hydroxyapatite coating was derived from 
the scales of the Amazonian pirarucu fish (Arapaima gigas) 
since, in the preparation of this fish for consumption, its scales 
are discarded and have no further use. The hydroxyapatite 
obtained in this work was deposited by the high velocity 
suspension plasma spray process on AISI 316 stainless 
steel. This process uses a dynamic plasma thermal spray 
sample port, which generates a supersonic plasma jet 
with an axial injection that provides heat transfer between *e-mail: drummondedds@gmail.com
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plasma and particle up to 200% greater than conventional 
ones. The spray used promoted a deposition layer without 
changing the HA crystallinity and thus avoided the use 
of other heat treatments after spraying. The presence of 
characteristic phases, elemental chemical composition of 
the hydroxyapatite obtained by calcination of the fish scales 
at 500 °C and 750 °C. Finally, after the characterizations 
by XRD (used to characterize the scale structures in their 
natural form and the calcined samples in order to verify 
the structural behavior of crystallinity and the presence 
of hydroxyapatite and other possible phases of apatite), 
FTIR (used to complement the characterization by XRD, 
through the wavelength of the vibrational bands, which are 
characteristic of the functional groups with calcium; phosphate 
and hydroxyl of the hydroxyapatite molecule), XRF (used to 
verify the Ca/P ratio of the samples obtained), digital optical 
microscopy (used to characterize of the sprayed layers) 
and nanoindentation (used to verify the microhardness and 
modulus of elasticity, and the mechanical characteristics 
of the material before spraying and after spraying), it was 
possible to further develop the material.

2. Materials and Methods

2.1. Synthesis of HA powder from pirarucu scales
For the obtention of the hydroxyapatite samples, the 

scales were acquired at the Manaus Moderna Municipal 
Market, which is located in the center of Manaus, Amazonas 
state, Brazil. These were removed from leftover pieces of 
pirarucu packaged. After collection, the fish scales went 
through four stages, to create the hydroxyapatite. In Step 1: 
the scales were separated then cleaned to remove impurities 
for the next step. Step 2: the scales were washed with 
running water without adding any chemicals. Then the 
scales were dried at room temperature, ready for the next 
stage, which is heat treatment by calcination. The scale 
has a dark part (external) and a lighter part (internal). 
Images of Pirarucu and Pirarucu scales can be found in 
the Supplementary material (Figure S1). Step 3: the scales 
were exposed to a calcination heat treatment at two different 
temperatures: 500 oC and 750 oC, obtaining two samples. 
The scales exposed to calcination at 500°C were inserted 
into the muffle-type electric furnace at room temperature, 
with a heating rate of 10°C per minute. After reaching a 
temperature of 500°C, the sample remained for another 
8 hours. The scales exposed to calcination at 750°C were 
inserted into the muffle-type electric furnace at room 
temperature, with a heating rate of 10°C per minute. After 
reaching a temperature of 750°C, the sample remained for 
another 8 hours. For both samples, the cooling rate was 
10°C per minute, inside the muffle itself, until reaching 
room temperature. Step 4: after removing the scales from 
the muffle furnace, already calcined, they were manually 
ground with the aid of pistil and mortar, then sieved until 
reaching the desired grain size, which was measured using 
a 425 mm/µm sieve (ABNT/ASTM 40 and TYLER/MESH 
35). The result was the obtainment of two samples: the 
sample calcined at 500 oC with a grayish appearance, and 
the sample at 750 oC with a whitish appearance. The samples 
were then characterized.

2.2. Substrate preparation
The substrate used was AISI 316 stainless steel with 

dimensions of 20 mm x 10 mm, which was cut on a bench band 
saw and finished by milling. Eight samples simultaneously 
were used in the processes. The plasma itself also cleans the 
substrate during the preheating step of the material, which 
is the step before the deposition process. The substrate 
was then cleaned with acetone7. Acetone cleaning can be 
considered standard and plasma cleaning to improve the 
surface cleaning quality of stainless steel.

2.3. Characterization
The characterization of the samples obtained allowed us to 

evaluate the structure and presence of the calcium phosphate 
phase obtained, as well as the Ca/P ratio, the elements present, 
its mechanical resistance, the thickness of the deposited layer 
and the functional groups in the hydroxyapatite molecule. 
For this, the following techniques were used:

X-ray fluorescence. The fluorescence technique was 
used to verify the Ca/P ratio of the samples obtained, 
since there are several phases for apatites8. The analyses 
were performed in wave dispersion X-ray fluorescence 
(WD-XRF) equipment, (Supermini, Rigaku, USA) with a 
palladium tube, exposure time of 200 s and power of 200 W. 
The analytical crystals LIF 200, PET and RX25 were used. 
For each sample, with the aid of a 10,000 Kgf press, fine 
powder tablets with uniform granulometry were prepared, 
whose composition presented 1,000 g of the sample, which 
was homogenized with 4,000 g of high purity H3BO3 in 
agate mortar.

X-ray diffraction: XRD was used to characterize the 
scale structures in their natural form and the calcined 
samples at 500 oC and 750 oC in order to verify the 
structural behavior of crystallinity and the presence of 
hydroxyapatite and other possible phases of apatite. 
The characterization was performed using XRD equipment 
(Empyrean, Malvern Panalytical, UK). with a step size 
of 0.02°, 2θ interval of 15° a 60° and step time of 0.6 s. 
The results were compared with standard cards for the 
apatite phases found in the Joint Committee for Powder 
Diffraction Studies database (JCPDS) file number 09-
0432 for hydroxyapatite.

Fourier Transform Infrared Spectroscopy (FTIR): 
This was used to complement the characterization by XRD, 
through the wavelength of the vibrational bands, which are 
characteristic of the functional groups with calcium; phosphate 
and hydroxyl of the hydroxyapatite molecule. The infrared 
vibrational characteristics of the samples were obtained 
using a spectrometer (PerkinElmer Frontier, PerkinElmer, 
USA) in ATR mode, with 32 accumulations, in the range of 
4000 to 400 cm-1, resolution 4 cm–1, gain 1.

RAMAN spectroscopy: This was used as a characterization 
technique capable of verifying the presence of organic and 
inorganic materials through the analysis of vibration and 
rotation of molecules, both of the structure and chemical 
nature of the materials. Raman spectra were collected using 
a Raman microscope (Evolution, Horiba, Kyoto, Japan) with 
excitation wavelength in the visible spectrum (532 nm).

Characterization by digital optical microscopy: The 
images of the surface of the stainless steel substrate, AISI316L, 
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before spraying with the hydroxyapatite sample, and after the 
coating is applied to the substrate (magnified from 20X and 
40X), were obtained using a digital microscope (VHX-100, 
Keyence, Mexico). The images of the cross section of the 
sprayed layers, the were obtained the magnified from 200X 
and 1000X. To obtain the images of the deposited layers and 
measure the thickness, the samples were polished using a 
polishing equipment (Aropol 1V, Arotec, Brazil), silk cloth 
for polishing (Durplan, Ø 200mm, Brazil) and diamond paste 
(1µm, Solotest, Brazil).

XRD characterization of the sprayed layer: The 
technique used to characterize the layer deposited by the 
plasma process was XRD using a diffractometer (X’pert 
Powder, Panalytical, UK), with a step size of 0.02°, 2θ 
interval of 15° a 100° and step time of 10 s. This analysis 
aimed to verify possible changes in the characteristics of 
the HA present in the samples obtained and previously 
characterized before spraying.

Nanoindentation: The nanoindentation test was performed 
with hardness testing equipment (HM 2000, Fischerscope, 
Germany) according to ASTM E384-179 and ASTM E2546-
1510 standards. The load used was 1000 mN for 5 s in order 
to verify the microhardness and modulus of elasticity, and 
the mechanical characteristics of the material before spraying 
and after spraying.

2.4. Sample application in plasma spray (HVSPS)
For the application in the processing and deposition by 

high velocity suspension plasma spray process, the sample 
used was obtained from calcination at 750 °C, since this 
was the temperature with the least organic influence on 
the scale and so that the spray torch was not contaminated. 
The powder was prepared in a dispersing solution based on 
distilled water at a ratio of 500 mL of water to 5 g of the 
sample obtained. The substrate used was AISI 316 stainless 
steel. The application time was 5 min after heating, in five 
samples of the base material. Images of the scheme of 
HVSPS System can be found in the supplementary material 
(Figure S2).

High velocity suspension plasma spray process features: 
90 mm application distance from plasma torch nozzle; 
samples are rotated at 80 min-1; N2 gas flow rate of 270 L/
min; precursor liquid flow rate of 80 mL/min; a dynamic 
sample holder with a three-dimensional (3D) position and 
rotation control with the ability to process eight samples 
simultaneously is used. The operating parameters of the 
plasma torch were fixed at the current and voltage of 
100 A and 340 V, respectively; it is necessary to preheat 
for 2 minutes at 200 °C before starting the deposition 
process7. Images of the application of the sample in the 
plasma spray images can be found in the supplementary 
material (Figure S3).

3. Results and Discussion

3.1. X-ray fluorescence
The Ca/P ratio of the samples obtained at 500 °C and 

750 °C was equal to 2.00, which is characteristic of the 
tetracalcium phosphate phase (TTCP) of the chemical 
formula Ca4O(PO4)2 

8, was identified in samples calcined 
at both temperatures. A Ca/P ratio of around 2.00 has been 
previously observed in studies of synthesis of hydroxyapatite 
derived from natural agents such as fish scales and mammalian 
bones11-14. Numerous impurities, such as fluorine, magnesium, 
sodium, potassium, carbonate and chloride, can be found in 
bones, as well as small amounts of elements such as strontium, 
barium, copper, zinc and iron, which are commonly associated 
with biological apatite and can be seen as substituents in the 
structure of apatite12.

3.2. X-ray diffraction
In Table 1, the characteristic reflections of the samples 

obtained by calcination of the scale at 500 ºC, calcination 
of the scale at 750 oC, and of the scale in its natural state 
were compared with Joint Committee for Powder Diffraction 
Studies (JCPDS) card number 09-0432 for hydroxyapatite. 
Characteristic reflections of hydroxyapatite were observed 
in all diffraction patterns of all samples.

The diffractogram of the sample obtained from the 
scale calcined at 500 °C showed characteristic reflections 
of hydroxyapatite at the Bragg angle of 2θ = 31.8° (Table 1) 
(Figure 1). It is also possible to observe an increase in the 
number of diffraction reflections when compared with the 
XRD of the scale in its natural state. The diffractogram 
of the sample obtained from the scale calcined at 750 °C 
showed the presence of the crystalline hydroxyapatite phase, 
with more reflections when compared with the XRD of the 
sample calcined at 500 °C, and with the same reflections 
when compared with the JCPDS card 09-0432 (Figure 1). 
Previous studies of the characterization by XRD of samples 
obtained from the calcination of fish scales and bones in 
order to obtain HA show the same characteristic peak of 
greater intensity at the angle 2θ = 31.8°, with [211] being 
the main diffraction plane14,15.

Differences in crystallinity can be attributed to differences 
in the concentrations of minor constituents, for example, Mg, 
N, CO3, HPO4, a fact that may be associated with the organic 
fraction and are composed mainly of collagen, connective 
tissue proteins, water and other types of proteins present in 
the sample in its natural state11,15. Identified and compatible 
with the results of X-ray fluorescence. The diffractogram of 
the sample obtained from the scales calcined at 750 °C was the 
one that presented a diffraction pattern closer to the standard 
JCPDS file 09-0432. A higher degree of crystallization of 

Table 1. Characteristic reflections, hydroxyapatite (JCPDS 09-0432), in natura and samples calcined at 500 ºC and 750 ºC.

Sample Angle 2 Theta (degrees)
HA JCPDS 26.1 31.8 33.0 34.0 39.8 46.8 48.0 49.5
IN NATURA 26.1 31.8 39.7 46.8
HA 500°C 26.1 31.8 39.7 46.8 49.5
HA 750°C 26.1 31.8 33.0 34.0 39.8 46.8 48.0 49.5
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the sample was confirmed due to the intensity of the sharp 
reflection and the well-resolved reflections in the diffractograms 
of higher calcination temperatures14,15.

3.3. Fourier Transform Infrared Spectroscopy 
(FTIR)

The FTIR spectra of the sample obtained from the scales 
calcined at 500 oC and 750 oC show the characteristic modes of 
absorption, in the interval bands of 4000-400 cm-1 (Figure 2), 
of the phosphate (PO4

−3) and hydroxyl (OH−) functional 
groups, which are characteristic of hydroxyapatite, as well 
as the presence of the carbonate group (CO3

−2)14,16-18. The first 
indication of the formation of HA is present in the bands 
between 1,000−1,100 cm-1, which is associated with the 
vibration mode of asymmetric elongation for the P-O group19

The symmetric stretch mode, ν1(PO4
−3) centered at 

961 cm−1, the two intense bands found at 1031 cm−1 and 
564 cm−1, related to anti-symmetric stretch ν3(PO4

−3) and 
anti-symmetric deformation ν4 (PO4

−3), respectively, in the 

bands between 1200 and 400 cm−1 indicate a crystallized 
HA16-19. In addition, between 1200 and 400 cm-1, it is also 
possible to identify the presence of the symmetric deformation 
mode ν2(CO3

−2) centered at 873 cm−1. This behavior was due 
to the interaction of carbon dioxide with the samples17-20. 
Note both of these occur for the sample obtained from the 
scales calcined at 500 °C and for the sample obtained from 
the scales calcined at 750 °C (Figure 3). With regard to the 
oscillation mode of the hydroxyl ions, vL(OH−), it is observed 
that with the increase in the calcination temperature of the 
scales from 500 °C to 750 °C, an increase in intensity arises 
around 631 cm−1. This increase is related to the appearance of 
OH− ions and is expected for the formation of the crystalline 
HA phase, as well as the components of the anti-symmetric 
deformation mode ν (PO4

−3) at 601 and 564, between the 
bands 750 to 500 cm−1, which tend to become more intense 
and narrower as the structure becomes more crystalline 
(Figure 3)19,21.

Around 3641 and 3571 cm-1 are the vibrations corresponding 
to the hydroxyl stretch modes, ν1(OH-) (Figure 4), as well 
as the increase in intensity at 631 cm-1 (Figure 3) for the 
oscillation mode of hydroxyl ions, vL(OH-), which is 
associated with the increase in the calcination temperature 
of the scales from 500 to 750 °C, indicating the crystalline 
phase of hydroxyapatite19-21.

The region located between 1600-1200 cm-1 (Figure 2), 
is possible to observe bands that correspond to the impurities 
of CO carbonate ions, which are characteristic of type A 
carbonate hydroxyapatite, and occupy hydroxyl sites around 
1454 cm-1, and of type B, around 1415 cm-1 that occupy 
phosphate sites18-22. With the increase in the calcination 
temperature of the scales from 500 to 750 °C, it is observed 
that the intensity of the carbonate peaks of type A and type B 
in the region between 1600–1200 cm-1 present a decrease in 
the scale sample calcined at 750 °C, due to the time that the 
sample remained at a high temperature19,21.The reduction of 
the intensity with the increase of the calcination temperature 
of the scales is associated with the elimination of these 
impurities, thus making the material more crystalline (Figure 4).

Figure 1. Diffractogram of the scale in natura and when calcined 
at 500 °C and 750 °C compared with the standard hydroxyapatite.

Figure 2. Sample calcined at 500 oC and 750 °C and deposited by 
high velocity suspension plasma spray process. Range: 4000-400 cm-1.

Figure 3. Sample calcined at 500 oC and 750 °C and deposited by high 
velocity suspension plasma spray process. Range: 1200-400 cm−1.
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Table 2 was elaborated with data from the FTIR bands 
characteristic of the vibrational modes of HA, based on the 
literature cited in this study, compared to the bands found 
in the scale sample calcined at 500 °C and the scale sample 
calcined at 750 °C16-19,21.

3.4. RAMAN spectroscopy
Figure 5 shows only the Raman spectrum of the scale 

sample calcined at 750 °C since this characterization cannot 
be applied to the scale sample calcined at 500 °C due to 
the strong presence of organic matter. An intense band 
at 960 cm−1 is attributed to the symmetrical stretch mode 
of the phosphate group ν1(PO4

−3) that is characteristic of 
HA16,19,23-25 (Figure 5). In addition, vibration bands found 

at 1026 cm-1, 1043 cm−1 and 1075 cm−1 correspond to the 
antisymmetric stretch of ν3(PO4

−3) associated with the P–O 
bond. Centered peaks of the O–P–O bonds are observed 
at 578 cm−1, 585 cm−1 and 605 cm−1 and attributed to the 
antisymmetric ν4(PO4

−3) vibrations. Modes associated to the 
O–P–O bonds at 428 cm−1 and 447cm−1 are associated with 
the deformation mode ν2 (PO4

−3), which clearly indicate the 
presence of the hydroxyapatite phase in the sample19,23-25.

As with the results of FTIR, it was possible to observe 
the presence of CO3 ions occupying phosphate sites (type B) 
at 1075 cm−1, evidencing the carbonated hydroxyapatite23-25. 
The carbonate that occupies the sites of functional groups of 
hydroxyapatite is considered to be an impurity of the mineral, 
and is thus associated with the presence of the organic fraction 
due to the collagen present in the pirarucu scale21,23,24. It can 
also change the crystallinity of hydroxyapatite as well as 
the occupied dimensions, and has a limited range for the 

Table 2. FTIR of the groups.

Groups Hydroxyapatite Carbonated HA Sample 750 ◦C Sample 500 ◦C

OH− 3578 3571

v1(OH−) 3641

H2O 1630 1630 1610 1641

ν3(CO3
−2) 1469

ν3(CO3
−2) 1460 1454 1454 1454

ν3(CO3
−2) 1419 1415 1415 1415

ν3(PO3
−4) 1088 1090 1090 1090

ν3(PO3
−4) 1065 1060

ν3(PO3
−4) 1035 1032 1031 1031

ν1(PO3
−4) 962 961 961 961

ν2(CO3
−2) 875 873 873 873

OH− 631 634 631 631

ν4(PO3
−4) 602 605 601 601

ν4(PO3
−4) 574 575

ν4(PO3
−4) 565 568 564 564

Figure 4. Sample calcined at 500 oC and 750 °C and deposited by high 
velocity suspension plasma spray process. Range: 3700-3500 cm-1.

Figure 5. Raman spectroscopy of the sample calcined at 750 ◦C.
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presence of carbonate in the molecular structure without 
breaking the crystal11.

3.5. Characterization by digital optical 
microscopy

It is possible to observe the difference on the surface of 
the stainless steel substrate, AISI316L, before spraying with 
the hydroxyapatite sample, Figure 6A, and after the coating 
is applied to the substrate, Figure 6B, which is fixed to the 
holder - dynamic sample.

Imperfections with micro-cavities on the substrate surface, 
Figure 7(A), are indicated by the dots in a). This result was 
expected, as the substrate did not undergo any preparation 
prior to spraying. From the analysis of the surface with 
coating applied to the substrate, Figure 7B, a microstructure 
of the two zones shown by a) and b) can appear, which is 
common in plasma spray, and which shows the numerous 
agglomerates that are similar to the “cauliflower” zone a), 
which results in a high concentration of the raw material 
of the suspension and of the powder that did not have the 
necessary preparation, such as adequate refinement, as well 

as areas without agglomerates in b)19,23. The suspension was 
axially injected into the spray torch with a continuous flow, 
resulting in the fragmentation of droplets, which when they 
come into contact with the plasma torch, quickly atomize 
and evaporate the solvent (vehicle) of the suspension.

The cross section, magnified by 200X, was obtained by the 
digital microscope, shows thermal spray coatings of the scale 
sample calcined at 750 ºC, which are relatively dense with some 
microporosity marked in a) (Figure 8A). The sample appears to 
exhibit cone-like tips marked in b), which are typical of coatings 
sprayed with raw material from precursor suspension, with its 
thickness estimated at 60µm by digital optical microscopy19. 
The cross section, magnified 1000X, collaborates with the evidence 
of the previous image, since it reveals the characteristic deposits 
obtained from a highly concentrated suspension showing the 
agglomerated particles composed of cracks marked “b”, and 
particles with microspores in “a” (Figure 8B). The morphology 
of the particles found, are associated with the process used in 
this study, which uses a suspension where the solid part already 
exists and the liquid only carries the particle that when fused 
and accelerated settles on the substrate7.

Figure 6. Substrate (AISI 316L stainless steel) without sprayed layer (A) and with sprayed layer (B).

Figure 7. Substrate surface with deposition and amplified 40X (A) and amplified 20X (B).
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3.6. XRD characterization of the sprayed layer
The diffraction pattern performed after thermal spraying 

(sprayed layer) presented for the sprayed sample, a crystalline 
structure with peaks, 2θ = 31.8◦ of great intensity, 33º, 49.5º, 
46.8º, 34º, 39.8º and 48º, characteristic of HA, with the main 
diffraction plane [211], (Figure 9). This result differs from 
the results obtained in the study by26, in which the authors 
found structures of amorphous coatings; however, such a 
result was already expected by the author who used long 
distances and low-energy plasma for the deposition of the 
raw material.

The maintenance of the crystallinity of the sprayed sample 
may be related to the passage of the sample through the 
plasma at high temperature, which reaches around 6000 ºC 
though with rapid cooling, and which also collaborates with 
the elimination of impurities associated with the presence 
of carbonate ions in the sample, thus avoiding other phases 
of hydroxyapatite19

The properties and performance of the hydroxyapatite 
deposition used in the plasma spray process are closely related 
to its manufacturing process. The coatings and their formation 
mechanism are associated with the different variables of the 
process, and the crystallinity of the deposition alone does 
not induce the quality of the coating due to the appearance 
of various forms of hydroxyapatite, such as forms that are 
unfused, recrystallized and have an absence of hydroxyls. 
Control in the process of thermal spraying was of fundamental 
importance for a good result16.

3.7. Nanoindentation
For the mechanical nanoidentation test, two sample 

alloy AISI 316L was studied one with and other without the 
hydroxyapatite coating. Was utilized five indentations with 
the load used was 1000 mN for a period of 5 s. The maximum 
indenter penetration depth for the alloy with the hydroxyapatite 
coating was 9.712 µm and, for the uncoated substrate, it was 
4.699 µm. The depth of penetration was greater in the coated 
substrate since, in a larger penetration area, there is a greater 
possibility of interactions between the indenter and a wide 
variety of deep cracks, pores and other defects found in the 
deposited layer (Figure 10), which has a wide variety of random 
local spatial orientation27. The mean and standard deviation 
Vickers microhardness (VH) and modulus of elasticity (EIT) 
values were 93.25 VH ± 67.22 and 77.85 GPa ± 42.53 for the 
hydroxyapatite-coated substrate, respectively, and 196.57 VH 
± 21.64 and 136.45 GPa ± 10.83 for the uncoated substrate, 
respectively. This reduction in microhardness and modulus 

of elasticity of the substrate with hydroxyapatite coating in 
relation to the uncoated substrate may be associated with the 
difference in the thickness of the layers, since the ceramic 
characteristic of the hydroxyapatite layer resists indentation 
less than the metal surface of the alloy used4. Anova analyzes 
were performed for the average microhardness and elastic 
modulus between the samples with and without hydroxyapatite 
coating (Tables 3 and 4). From Table 3 it is observed that 
the F < Fcritic values. This means that the mean Vickers 
microhardness values do not show significant differences. 

Figure 8. Sprayed layer. Amplified 1000X (A). Sprayed layer with estimated thickness. Amplified 200X (B).

Figure 9. Diffraction pattern of the coating of the obtained layer.

Figure 10. Indentation of the HA coating with pores and clusters.
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From Table 4, it is observed that the F < Fcritic values. This 
means that the mean values of the modulus of elasticity do 
not show significant differences.

The difference in linearity in the initial phase of 
nanoidentation that is present in the loads between 0 mN 
and 200 mN, Figure 11A, is due to the deposition layer 
of the hydroxyapatite sample. When compared with 
the linearity in the same range from 0 mN to 200 mN, 
Figure 11B, of the nanoidentation applied directly to the 
metal substrate, the presence of different contact surfaces 
found by the indenter can be confirmed. This difference 
between surfaces contributes to the divergent values 
when the deposited material has higher hardness than the 
substrate4, in the same way as the modulus of elasticity 
and hardness values, and similar to that found in this 
study for the materials deposited with hydroxyapatite27,28. 
The minimum, 4,868 µm and the maximum, 9,712 µm 
indentation depth of the coating obtained in sample 
(Figure 10) corresponded to approximately 6 and 12%, 
respectively, of the estimated thickness of the HA layer, 
which was obtained from the calcination of the scale at 
750 °C (60 µm, by optical microscopy).

4. Conclusions
In this study, the HA was obtained from the scales of 

the pirarucu fish using calcination at 500 °C and 750 °C. 
To confirm the acquisition of hydroxyapatite, the samples 
were characterized and the results obtained by XRF gave 

the ratio Ca/P = 2, which indicated tetracalcium phosphate 
apatite (TTCP) for the samples with calcination temperatures 
at 500 °C and 750 °C. The sample obtained by calcination 
at 750 °C presented a crystaline structure of hydroxyapatite 
that was comparable to the JCPDS card number 09-0432 for 
hydroxyapatite. The characterization by FTIR showed the 
presence of carbonate – CO-3 ions occupying sites of hydroxyl 
groups (type A) and phosphate sites (type B) in the region 
of 1600-1300 cm-1, thus suggesting HA carbonate for the 
samples with calcination at 500 °C and at 750 °C. After 
spraying, in the plasma spray process (HVSPS), via XRD, it 
was observed that the crystallinity of the hydroxyapatite was 
maintained. There was also the elimination of the tricalcium 
phosphate phase (TCP-β), previously observed before the 
spraying process.

In the mechanical characterization by nanodentation, 
the maximum penetration depth of the indenter for the 
alloy with the coating was 9,712 µm and for the uncoated 
substrate, it was 4,699 µm, which suggests penetration of 
the sample with the deposited layer. The mean Vickers 
microhardness (VH) and modulus of elasticity (EIT) values 
were 93.25 VH and 77.85 GPa for the substrate with the 
hydroxyapatite coating, respectively, and 96.57 VH and 
136.45 GPa for the uncoated substrate, respectively. 
For samples with calcination at 500 °C and 750 °C, the 
minimum and maximum indentation depths corresponded 
to approximately 6 and 12%, respectively, of the estimated 
60 µm thickness layer by optical microscopy.

Table 3. Test results for microhardness.

Source of variation Sum of squares Degrees of freedom Mean square F P-value F critic
Between samples 16012.530 1 16012.530 6.422 0.064 7.708

Table 4. Test results for modulus of elasticity.

Source of variation Sum of squares Degrees of freedom Mean square F P-value F critic
Between samples 5162.670 1 5162.660 5.355 0.081 7.708

Figure 11. Load displacement of the coating of the obtained sample (A). Load displacement of the substrate (B).
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Supplementary material
The following online material is available for this article:

Figure S1 - (a) Pirarucu scales. (b) Scales after cleaning showing the inner white part and outer black part of the scale 
(Photo credits: Author, 2021).

Figure S2 - Scheme of HVSPS System: (1) tandem type plasma torch, (2) pressurized vessel, (3) needle valve, (4) 
solution flowmeter, (5) dynamic sample holder, (6) control and data acquisition system, (7) exhaust system and (8) atomizer 
nozzle [9].

Figure S3 - Application of the sample in the plasma spray. (Photo credit: Author, 2021).


