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The objective of this paper is to study and compare the structure and properties of thermal spray coatings
prepared with conventional and nanostructured hydroxyapatite powder, in order to assess their suitability for
future use in medical implants. Four coatings were prepared via Atmospheric Plasma Spray process (APS). Two
kinds of feedstock material were employed for the spray process, namely, commercial XPT-D-703 hydroxyapatite
powder for half the samples and novel nanostructured PYRO 4 hydroxyapatite powder, which had previously
been mechanically treated, for the remaining samples. The substrate of all the samples was stainless steel 304.
Finally, the plasma spray parameters were altered for two out of the four coatings, each produced with a different type of powder, in order for a suﬃcient amount of porosity to be achieved for future incorporation of
biomolecules. The coatings were also examined in terms of bioactivity in vitro. It was concluded that the coating
produced with the nanostructured powder, under lower plasma energy and at greater spraying distance presented the best results regarding its roughness, bioactive response, crystallinity, adherence and porosity content.

1. Introduction
The positive response and long-term functions of osteoblasts on
nanoceramics with grain sizes < 100 nm, have been conﬁrmed by a
novel (at the time) in vitro study [1], that has led researches [2] to
claim that nanostructured biomaterials promote osteoblast adhesion
and proliferation, osseointegration, and the deposition of calcium
containing minerals on the surface of these materials. More speciﬁcally,
nanosized HAP particles are characterized by greater speciﬁc surface
area compared to that of larger sized particle counterparts. Greater
surface area allows greater degree of interaction with the surrounding
environment and taking into consideration that “the ﬁrst and immediate biologic reaction to a foreign body is its coating with proteins”
[3], the absorbed quantity amongst the available proteins of the surrounding physiological environment is increased [2,4]. As a result, both
cell adhesion and proliferation are enhanced. Therefore, production of
nanostructured HAP powders and composites for construction of medical implants is a logical step for desirable development in the ﬁeld of
orthopaedics.
Plasma spraying has been used as a major technique in applying

⁎

hydroxyapatite (Ca10(PO4)6(OH)2) coatings onto metal implants to
improve implant ﬁxation and bone growth. Variations in process
parameters such as plasma energy, spraying distance and powder
morphology can induce microstructural and mechanical inconsistencies
that have an eﬀect on the service performance of the coating. Due to all
the limitations, strict plasma spray process control is required to
achieve the desired properties of the ﬁnal coatings. Discovering correlations between spraying conditions and ﬁnal coating characteristics
and at the same time elimination of the consequent spraying defects,
such as micro-cracks, poor adhesion between the coating and the substrate and phase changes due to high-temperature exposure, is a
priority.
In the last decades, an increasing number of antibiotic resistant
bacterial pathogens, amongst which, bioﬁlm-associated pathogens,
have become an important problem worldwide. It is estimated
that, > 60% of the human infections are caused by microorganisms
able to form bioﬁlms and therefore, avoid the antibiotic and immune
system actions. Although some of these colonizing microorganisms do
not cause infection, they can promote an immune reaction giving rise to
inﬂammation at the underlying tissue. As a result, release of the implant
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chemical formula of hydroxyapatite (Ca10(PO4)6(OH)2), is a light element and therefore, could not be detected.
XRD analysis on each type of hydroxyapatite powder, conﬁrmed
that both the two powders were synthetic hydroxyapatite.
Subsequently, comparison between the two XRD spectra (Fig. 2), revealed that XPT-D-703 powder is more crystalline (3000 counts) than
PYRO 4 powder, as the intensity of the latter is decreased (940 counts).
The mean crystal size of the commercial HAP powder was calculated by
the XRD software, based on the relative spectrum shown in Fig. 2 and
was found to be 642.8 Å. However, mean crystal size of PYRO 4 powder
was not acquired due to inability of calculation of the Full Width at Half
Maximum (FWHM) parameter of the highest peak. Finally, the main
(hkl) indices for synthetic HAP that exist in the software database and
were a matching reference for both types of powders were (112), (211),
(300), (222), (202), (102), (002), (111), (100), (004) listed in descending order of intensity.
In total, four coatings were prepared via APS, with three samples
per type. What changed between the coatings prepared with the same
type of hydroxyapatite powder, were the spraying parameters. More
speciﬁcally, the plasma energy ﬂuctuated between 30 and 50 kW and
the stand-oﬀ distance (SOD) of the plasma gun, also known as spraying
distance, varied from 7 to 9 cm. The powder used and also reduction or
increase in the values of the spraying parameters are shown in Table 1.

is occurred and subsequent costly and painful implant removal and
replacement is promoted. These surgical interventions entail an increase in antibiotic consumption, together with a health cost of about
50,000–90,000 € per infection episode. In the US only, nosocomial
infections associated with medical implants account for nearly 50% of
the estimated two million annual infections, with a total associated
treatment cost of over $3bn.
To counteract the detrimental eﬀects of bioﬁlm infections onto the
implanted prosthetic devices the European Commission “NOMORFILM:
Novel marine biomolecules against bioﬁlm” project is focused in the
search of new marine biomolecules from microalgae presenting antimicrobial and antibioﬁlm activities. These bioactive compounds will
then be incorporated into biomaterials used in manufacturing of prosthetic implants, avoiding the replacement of these devices in patients
aﬀected by bioﬁlm associated infections.
The present research was accomplished within the context of the
NOMORFILM project. Atmospheric Plasma Spray (APS) process was
utilized in order to produce porous hydroxyapatite coatings suitable for
the incorporation of biomolecules. Two diﬀerent kinds of hydroxyapatite powders with alternative prior thermomechanical treatment
and source of origin, namely, commercial XPT-D-703 and PYRO 4 were
used on stainless steel 304 substrates. In total, four types of specimens
were prepared by diﬀerent combinations of plasma spray parameters
and powder feedstock. The plasma energy ﬂuctuated between 30 and
50 kW and the stand-oﬀ distance (SOD) of the plasma gun, varied from
7 to 9 cm. The obtained coatings along with the two starting powders
were subsequently characterized, in reference with their roughness,
porosity, morphology, thickness and microstructure, bioactivity, crystal
structure, microhardness and adhesion.

2.2. Characterization techniques
Surface roughness was measured using TR-200 portable surface
roughness testers manufactured and developed by Time Group Inc. The
examined roughness parameters were Ra (arithmetic mean deviation of
proﬁle) and Rmax (total peak-to-valley height). Twelve roughness
measurements were taken for each roughness parameter, for each
coating.
The specimens were observed via Stereoscope (Leica Mz6) and the
mean value of thickness of all the coatings was estimated, based on ﬁve
measurements per specimen, acquired by Leica's Image Analysis (LAS
Image Analysis).
In order to analyze the porosity and microstructure of the coatings,
samples of cross-sections were prepared using standard metallographic
procedures. Porosity of all the coatings was estimated by two diﬀerent
techniques; Image Analysis and Mercury (Hg) Porosimetry. MIPAR
Image Analysis program was employed for Image Analysis, that was
performed on cropped images of ×100 magniﬁcation obtained through
the Optical Microscope (Leica DMILM). For Mercury (Hg) Porosimetry,
a Porosimeter (ThermoFinnigan Pascal 440 Porosimeter) was utilized,
with pore detection range from ~100 μm to ~37.5 Å. The specimens
were inserted in the sample chamber after having been heated in the
furnace at 60 °C for 24 h and freeze dried for another 24 h, in order for
the excess moisture from the cutting process to be removed.
Morphological and microstructural analysis of the surfaces and the
cross-sections of the coatings, respectively, were executed by using the
Optical Microscope coupled with LAS Image Analysis tool and Scanning
Electron Microscope (SEM) (JEOL JSM-6390) equipped with an Energydispersive (EDS) detector (EDS Oxford Instruments INCAx-sight
Elemental Detector). All the specimens were made electrically conductive by coating with a thin layer of gold prior to standard SEM
imaging. Gold sputtering was performed via Agar Auto Sputter Coater,
inside the sputtering chamber under pressure of around 0.05 mbar and
current of 40 mA, for 1 min.
Qualitative assessment of crystallinity was performed and phase
composition after plasma spraying was determined according to ISO/
DIS Standard 13779-3 [6], via X-ray diﬀraction, using a Bruker D8
ADVANCE X-Ray Diﬀractometer (Bruker Corporation, Massachusetts,
USA). XRD spectra were acquired over a 2θ range of 10–80° at a scan
rate of 0.05° s−1 (3° per minute), using CuKα1 (λ = 1.5406 Å) monochromatic radiation generated at 40 kV and 40 mA, parameters close to
the ones chosen in the literature [7]. Following identiﬁcation of phases

2. Materials and experimental procedure
2.1. Materials
Stainless steel 304 that had previously been sandblasted was used as
substrate of the produced coatings. Two types of hydroxyapatite
powder, commercial XPT-D-703 and nanostructured PYRO 4 hydroxyapatite powders were used. XPT-D-703 powder was provided from
Sulzer Metco Company and had a mean particle size of 38.31 μm. PYRO
4 powder originated from a pharmaceutical hydroxyapatite powder
that is produced via classic chemical synthesis and yields very ﬁne
particle sizes of below 5 μm. The speciﬁc powder subsequently undergone high energy ball milling, so as its grain size would be decreased to
the nanoscale size [5], due to continuous generation of disturbances/
defects at the grain boundaries and also fracture of the grains during the
milling process. In the same time the powder nanoparticles were agglomerated into larger particles, due to sintering of the grains, with
magnitude of the order of 57.08 μm.
XPT-D-703 powder is characterized by particles of mostly spherical
morphology (Fig. 1a), each of which is agglomerated by many smaller
spherical particles with diameter of around 10 μm or less (Fig. 1b).
Respectively, close examination of the PYRO 4 powder showed smaller
particles of undeﬁned shape agglomerated into ﬁnal large particles with
more elongated rhomboid or tear-like shaped morphology (Fig. 1c and
d).
Energy Dispersive Spectroscopy (EDS analysis) was performed on
both types of hydroxyapatite powder in order to identify the elements
present in the powders and their relative proportions. The detected
elements were Ca, P and O, as expected. Generally, the measured values
of weight percentage of each element present in the analyses were close
for both types of powder. The dominant element for both hydroxyapatite powders was O, with average weight percentages 48.15% and
51.25% for the commercial and nanostructured hydroxyapatite
powder, respectively. Next followed Ca with mean weight percentages
29.02% and 27.38% and ﬁnally, P with average weight percentages
15.62% and 14.55%. It is noted that hydrogen, although existent in the
749
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Fig. 1. (a), (b) SEM images of commercial XPT-D-703 hydroxyapatite powder at diﬀerent magniﬁcations, (b) agglomerated particles with diameter < 10 μm, (c), (d)
SEM images of nanostructured hydroxyapatite powder at diﬀerent magniﬁcations.

references [8–11].
The as-sprayed coatings were mechanically tested via Vickers
method. The mean value of microhardness was calculated, based on 10
measurements that were made along the coating, in the transverse direction of the interface between each coating and the substrate. The
equipment that was utilized was Wolpert and Wilson Vickers tester
(Wolpert Wilson Instruments) and the imposed load was 300 gf.
Adhesion strength test was carried out via Elcometer 110 Pneumatic
Adhesion Tester (Elcometer Instruments Ltd., Manchester, England) in
accordance with the international standard ASTM 4541 [12], “Standard
Test Method for Pull-Oﬀ Strength of Coatings Using Portable Adhesion
Testers”. In total, ﬁve measurements were taken (in MPa) for each type
of hydroxyapatite coating, produced either with XPT-D-703 or PYRO 4
powder.
The evaluation of bioactivity in vitro was achieved with immersion
of the coatings into a simulated body ﬂuid (SBF) solution. A ﬁre resistant glass beaker of 100 mL capacity was used for each coating and
60 mL of SBF was poured in each beaker. The beakers were attached to
the inside of a heated bath, where the solution was kept at a stable
temperature of 40 °C. Every 48 h, the SBF solution was replenished or
renewed due to evaporation or absorption by the coatings, in order to
keep its properties unchanged. The samples were retrieved, after a
period 7 days, in order to develop the desired hydroxyapatite layer on
their surface, and were placed inside the furnace at a constant temperature of 40 °C for 10 days, so as for the excess moisture to be removed. Subsequently, the samples were observed via SEM apparatus
and Optical Microscope.
Regarding the SBF solution, that was used for the in vitro incubation, it was buﬀered at pH 7.4 at 40 °C and its ionic concentrations were
nearly identical to those of human blood plasma. Τhe reactants used
matched the formula of Kokubo's corrected SBF (c-SBF) solution [13],
apart from Νa2ΗΡΟ4 that was used instead of K2HPO4·3H2O. More
speciﬁcally, the pH values were recorded throughout the reaction and
were adjusted by addition of Tris-hydroxymethyl aminomethane
((CH2OH)3CNH2), which induced an increase in pH value at around
8.79 and subsequently with 1.0 M hydrochloric acid (HCl), which

Fig. 2. XRD spectra of commercial XPT-D-703 hydroxyapatite powder and
PYRO 4 hydroxyapatite power. The characteristic diﬀraction patterns of synthetic hydroxyapatite is also provided.
Table 1
Type of powder and divergence of the plasma spray parameters for each
coating.
Coating

Type of powder

Plasma energy

Stand-oﬀ distance

1
2
3
4

XPT-D-703
PYRO 4
XPT-D-703
PYRO 4

↑
↑
↓
↓

↓
↓
↑
↑

was achieved through comparison of the obtained diﬀraction patterns
with the standard references available in the built-in software Diffracplus XRD wizard and Diﬀracplus EVA. XRD diﬀraction patterns of the
as-produced coatings were identiﬁed, according to additional literature
750
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as it has already been tested in the literature with cloned osteoblastic
precursor cells (OPC1) [15]. The equivalent diameter of pores in μm,
also appears elevated for the speciﬁc coatings, which is expected as a
fraction of the depicted pores merge and thereby, are sized as one.
Average pore radius and also total porosity percentage were also
calculated by the porosimeter software. Regarding the Coatings 1 and 2,
the estimated values were 1.084 μm and 0.3856% and 0.178 μm and
0.3824%, correspondingly. For Coating 3 the estimated values were
0.2923 μm and 0.2447%, while for the PYRO 4 Coating 4 the corresponding estimated values were 0.2922 μm and 0.6049%. Based on the
data acquired by Hg Porosimetry, Coating 4, displays the greatest improvement. This is because both the average pore radius and the total
porosity percentage have been increased in comparison with the relative type of specimens (Coating 3) that were sprayed under the same
spraying conditions. However, all the measured pore radii are presumed suitable for biomolecule incorporation, as enhanced osteogenic
diﬀerentiation of mesenchymal stem cells (MSCs) has been detected on
planar poly-methyl methacrylate (PMMA) surfaces with pits of 120 nm
diameter and 100 nm depth [16].
Concerning the vast diﬀerence in the results given by the two porosimetry methods, one cannot exclude the other, as they both provide
information about the coatings. Nevertheless, the crucial information
that Hg Porosimetry provides, is that the total of porosity that was
observed via the Optical Microscope and then estimated with Image
Analysis, comprises in fact from closed pores that are not interconnected all the way through to the coatings' surface. The total porosity percentages of the coatings and the average pore diameters
measured via both Image Analysis and Mercury Porosimetry are presented in Table 3.

Table 2
Quantities of the reactants required for the preparation of 1 L of the SBF solution.
Number

Reactant

Quantity

1
2
3
4
5
6
7
8
9
10

NaCl
NaHCO3
KCl
Νa2ΗΡΟ4
MgCl2·6H2O
HCl (1 M)
CaCl2·2H2O
Na2SO4
Tris
HCl (1 M)

9.8184 g
3.4023 g
0.5591 g
0.2129 g
0.4574 g
15 mL
0.5531 g
0.1065 g
9.0855 g
50 mL

redintegrated the pH to the desired value of 7.4. The quantities of the
reactants required for the preparation of 1 L of the SBF solution are
presented in Table 2, according to their order of introduction into the
solution.
3. Results and discussion
3.1. Surface roughness
From the acquired values shown in Table 3, it is concluded that all
the coatings lie within the suitable range for future cell proliferation.
More speciﬁcally, it has been reported that, below or above the cell size
cells detect and react essentially to the nano- and sub-micron roughness, thus presenting a spread morphology comparable with that of the
lowest roughness [14]. Both of the two roughness parameters examined
change in the same direction. In further detail, roughness values decreased for the coating with XPT-D-703 hydroxyapatite powder, after
alterations in the spraying parameters, while the exact opposite occurred for the coating produced with PYRO 4 hydroxyapatite powder.
Coating 4 in particular, presents the highest values for both the examined roughness parameters.

3.3. Coating morphologies and microstructure
3.3.1. Surface morphology before immersion into the SBF solution
Regarding the surface morphology of the coatings prior to immersion into the SBF solution, the main observed characteristics are splats,
porous structure and the partially molten, and fewer unmelted, particles. The splats in their majority are well-ﬂattened and with rounded
fringes (Fig. 3a), that form smooth surfaces and have discernible
boundaries. A porous net emerges throughout the overlapping splat
layers, due to local insuﬃcient melting and/or spreading of the particles and therefore, inadequate splat-to-splat cohesion.
In addition, on top of these well-ﬂattened splats, semi-molted
feedstock particles are noticed. More speciﬁcally, the shell of these
particles has been melted, but the core has been kept intact [17], thus
presenting a bimodal microstructure. Apart from these partially molten
particles, the majority of the coatings surfaces are dispersed with several unmelted particles or fractions of partially molten particles that
were shattered upon impact with the underlying as-sprayed material.
In particular, a more consistent and homogeneous coating surface is
observed in Coatings 2 and 3, while splats form smooth surfaces in
Coatings 3 and 4 (Fig. 3c). Consistent and smooth surfaces in Coating 3
come in agreement with the respective ﬁndings from the Mercury
Porosimetry, when the total porosity percentage was found to be 0.2%
(see Table 3), smaller than the relative percentages for the rest of the

3.2. Porosity
As it was concluded by Image Analysis of the coatings, the area
fraction (porosity percentage) of Coating 1, is somewhat larger than
that of Coating 2, while the exact opposite occurs, regarding the
Coatings 3 and 4. The average porosity percentages for Coatings 1 and 2
are, 10% for the type of specimen covered with XPT-D-703 powder and
6.4% for the type of specimen covered with PYRO 4 powder. The
porosity percentages for Coatings 3 and 4 are 20.3% and 34.8%, respectively. For both types of hydroxyapatite powder used, the porosity
percentage of the Coatings 3 and 4 was broadly increased. This is explained if the altered spraying conditions, speciﬁcally lower spray
power, are taken into consideration. As it has already been mentioned,
lower spray power, results in inadequate melting of the as sprayed
particles and formation of pores throughout the coating material.
Thereby, porosity rises, making Coating 4 appropriate not only for
biomolecule incorporation, but even for cell adhesion and proliferation,

Table 3
Coatings properties: average roughness parameters Ra and Rmax, porosity percentage and average pore diameter (in μm) acquired by Image Analysis and Mercury
Porosimetry and microhardness values.
Coating

1
2
3
4

Type of powder

XPT-D-703
PYRO 4
XPT-D-703
PYRO 4

Roughness (μm)

Porosity (%)

Ra

Rmax

9.72 ± 0.79
8.67 ± 0.83
8.73 ± 0.90
13.80 ± 1.25

69.41
66.53
64.54
96.86

±
±
±
±

5.30
8.13
9.65
8.39

Average pore diameter (μm)

Image analysis

Hg Porosimetry

Image analysis

Hg Porosimetry

10
6.4
20.3
34.8

0.4
0.4
0.2
0.6

7.2
6.2
8.7
10.7

2.2
0.4
0.6
0.6

751

Microhardness (HV 0.3)

230.97
278.27
268.88
231.69

±
±
±
±

83.63
67.46
57.33
42.35
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Fig. 3. (a), (b), (c), (d) SEM micrographs of
the coatings' surfaces at diﬀerent magniﬁcations, (a) porous microstructure with
dispersed unmolten and semi-molten particles and well-ﬂattened splats with rounded
fringes, (b) microstructure of a partially
molten particle, (c) well-ﬂattened splats
with elongated fringes, that form smooth
surfaces with some microcracks present, (d)
porous coating with ﬂattened splats. The
porous structure of partially molten powder
particle is shown.

of specimen and lead to further reaction between the SBF components
and the elements comprising the coating.
Finally, Coating 4 seems to be the one with the least formation of
new apatite phase. Although, there are apatite nanosized nuclei with
diameter of < 2 μm (Fig. 4d), they are sparingly dispersed over the
coating surface, while salt residues from the SBF solution, shown as
smooth phases of undeﬁned shape occupy most of the surface. However, apatite particles begin to develop even on that kind of surfaces.

coatings. The majority of the splats in Coating 3, is characterized by
elongated fringes (Fig. 3c). Plasma spraying of the powder feedstock at
lower plasma power and longer spraying distance justify the deformed
shape of splats with elongated fringes and also the presence of excess of
unmelted powder particles of spherical morphology.
Moreover, in Coatings 2 and 4, were noticed some partially molten
powder particles, which preserve the porous structure of the agglomerated powder feedstock in the coating microstructure [18]. Such particles are shown in Fig. 3b and d, where the individual nanosized particles of the feedstock became rounded but they did not coalesce during
spraying. Instead, they were agglomerated into a larger particle, while
creating a porous net within the particle.

3.3.3. Energy Dispersive Spectroscopy
From the EDS spot analyses it was shown that the dominant elements present on all four coatings, both before and after their immersion into the SBF solution, are calcium, phosphorous and oxygen, the
weight percentages of which are presented in the Table 4.
Regarding the EDS results before the immersion of the specimens
into the SBF solution, Coatings 1 and 4 present lower concentrations of
oxygen, than those of calcium or phosphorus. On the contrary, Coatings
2 and 3 are characterized by a more increased oxygen content, which
suits better the obtained EDS results, regarding the two types of
powder. No classiﬁcation based on the type of powder of each coating
can be made. Overall comparison of the values presented, with those
acquired by EDS analyses on the two types of hydroxyapatite powder,
shows that phosphorous content ﬂuctuates in the same range of values,
while weight percentages of calcium and oxygen slightly vary.
Comparison of the values corresponding to the four coatings after
their recovery from the solution, with those obtained from the two
types of hydroxyapatite powder, shows that calcium, phosphorous and
oxygen content change in the same direction. More speciﬁcally,
amongst these three elements, oxygen is the most abundant, followed
by calcium and then phosphorus. In addition, the contents of the speciﬁc elements detected on Coatings 1, 2 and 3, ﬂuctuate in the same
range of the corresponding values of both the kinds of HAP powder. At
the same time, there is a minor deviation in the relative elemental
weight percentages of Coating 4 and therefore, a diﬀerent apatite formation is speculated.
Furthermore, it is noted that Na, Mg, Cl and K elements are present

3.3.2. Surface morphology after immersion into the SBF solution
In total, the surfaces of the coatings present a porous and inhomogeneous structure, after immersion into the SBF solution.
Nanosized spheroid apatite particles with diameter of about 2 μm or
even less have been formed. These particles are dispersed on the coating
surface, either solely or combined into dense clusters or they have been
agglomerated into a larger spheroid particle (Fig. 4b and d). Amongst
these clusters large smooth phases are discernible, which have either a
more rectangular shape (Fig. 4a) or undeﬁned shape (Fig. 4d). These
phases constitute degraded salt crystals or residues from contact of the
surface with the SBF solution.
One of the samples with type of Coating 3 in particular, started
spuming at around the ﬁfth day of its immersion into the SBF solution.
This could be due to an impurity absorbed by the hydroxyapatite
coating, during the cutting process. One such impurity that is known to
react when found in physiological environment is magnesium (Mg).
According to previous study [19], magnesium corrodes rapidly in a
simulated body ﬂuid and hydrogen gas bubbles and also hydroxyl anions (OH−) are produced as corrosion products. Hydroxyl anions in
particular, are prone to induce alkalization of the solution and an increase its pH value to over 9 in about 10 h, until a ﬁnal relatively stable
value of 10.5 is reached. As a result, such scenario could disrupt the
physiological reaction balances between the SBF and the bioactive type
752
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Fig. 4. (a), (b), (c), (d) SEM micrographs of
the coatings' surfaces at diﬀerent magniﬁcations, (a) salt crystals on Coating 2 (b)
spheroid nanosized apatite particle agglomerations on Coating 2, (c) inhomogeneous coating with the form of
scaﬀold after reaction within the SBF solution on one of the samples with type of
Coating 3, (d) spheroid nanosized apatite
particles amongst smooth salt residues with
undeﬁned shape on Coating 4.

melting and spreading, lower porosity and more microcracks [20]. Any
perpendicular microcracks to the coating-substrate interface, may indicate the existence of high tensile stress in the coating, along the interface direction. These speciﬁc microcracks are produced during either
the spraying or the polishing process of the sample.
Subsequent examination of Fig. 5c and d, reveals that both Coatings
3 and 4 are characterized by enhanced adhesion, probably due to more
intense mechanical interlocking. This is evident, as any sign of the
characteristic crack at the coating-substrate interfaces is absent.
Furthermore, there are two distinct features that diﬀerentiate the
speciﬁc type of specimens from Coatings 1 and 2, namely the already
noticeable increase in porosity and the rise in the amount of microcracks present in the coatings. Lower spray power, which was selected
for HAP spraying on Coatings 3 and 4, leads to insuﬃcient rise in
temperature of the sprayed powder particles and therefore, inadequate
melting. As a result, spreading of the particle material is incomplete and
pores are formed amongst the volume of sprayed material [18]. Thus,
the porosity level in Coating 1 is half the porosity of its relative type of
specimen, also prepared from XPT-D-703 commercial hydroxyapatite
powder and has a tendency to concentrate at the upper part of the
coating (Fig. 5a). In addition, porosity content enclosed in the Coating 4
(Fig. 5d) seems to be of greater amount than that enclosed in the

on most of the examined coatings after immersion, which were not
detected on the HAP powders, but are due to contact with the SBF
solution. Finally, it is mentioned that when EDS spot analysis was
performed on salt crystals, the acquired data revealed the presence of
Na and Cl alone and thus, the speciﬁc measurement data were not included in Table 4 as reliable results.

3.3.4. Coating microstructure before immersion into the SBF solution
All of the specimens are characterized by homogeneity and consistency in terms of their thickness. A crack is also noticed in the
coating-substrate interface of Coatings 1 and 2 (Fig. 5a and b). This
characteristic is an indicator of poor adhesion and is speculated that the
cutting process may be responsible for further aggravation and deepening of the crack.
In addition, some microcracks can be observed on both the coatings
produced with the ﬁrst set of plasma spray parameters, with most of
them being parallel to the interface border. Due to the diﬀerence in the
coeﬃcient of thermal expansion between the coating and the substrate,
thermal cracks may form around the HAP coating and steel interface.
Moreover, it has been reported that the surface morphology and the
cross-sectional microstructure of the HAP coatings sprayed at higher
power and longer stand-oﬀ-distances (SOD) reveal enhanced particle

Table 4
Dominant elements detected (mean weight percentages) on the coating of each specimen, before and after their immersion into the SBF solution.
Before immersion into SBF

Elements (%)

After immersion into SBF

Coating

1

2

3

4

1

2

3

4

Type of powder

XPT-D-703

PYRO 4

XPT-D-703

PYRO 4

XPT-D-703

PYRO 4

XPT-D-703

PYRO 4

Ca
P
O
Na
Mg
Cl
K

49.72
13.58
36.70
–
–
–
–

34.11
15.03
50.87
–
–
–
–

37.56
20.08
42.37
–
–
–
–

56.02
15.04
28.94
–
–
–
–

23.20
13.07
55.56
2.19
1.62
3.39
0.87

22.07
11.71
45.68
3.52
1.43
13.89
1.72

28.08
9.12
31.25
8.69
–
20.73
–

32.49
7.44
30.91
1.56
0.56
23.80
3.24
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Fig. 5. Optical micrographs of the crosssections of the coatings. (a) Coating 1 and
(b) Coating 2; visible thin crack in the interface border, between the coating and the
substrate, parallel to the substrate (bottomleft arrow). (c) Coating 3; microcracks perpendicular to the coating-substrate interface are visible (right-side arrow). (c)
Coating 3 and (d) Coating 4; no visible
crack in the interface border, between the
coating and the substrate (bottom-left
arrow).

substrate interface of both Coatings 2 and 4 (Fig. 6b). This narrow zone
has the structure of a partially molten powder particle and is the eﬀect
from gradation of thermal properties between the coating and the
substrate. Finally, ribbon-like regions [20] are shown (Fig. 6d), which
are intertwined with the neighbouring smooth surfaces and exhibit a
quite diﬀerent microstructure. Speciﬁcally, these ribbon-like regions
are composed of many nano-grains that are, most possibly, newly recrystallized hydroxyapatite grains. The boundary between these two
regions is also smooth.

relative type of specimen prepared with PYRO 4 powder and is dispersed throughout the entire body of the coating. Finally, it is possible
that some of the large pores present in the coatings are pullouts of
unmelted particle cores during the grinding and polishing process [20].
Regarding the microcracks present in Coatings 3 and 4 (right-side
arrow in Fig. 5c), they are in their majority perpendicular to the
coating-substrate interface and they are most likely caused due to release of high pressure within the sealed pores [21]. Alternatively,
presence of microcracks could indicate high tensile stresses along the
coating-substrate interface direction in the coating, during cooling
process [20], either due to restricted contraction of the molten particles
or diﬀerence in thermal expansion between the coating and the substrate.
At higher magniﬁcations the characteristic lamellar microstructure
of the plasma spray coatings is evident, as a result of well-ﬂattened and
coherent splats amongst which, pores and occasionally process deposits, are dispersed. The noted greater dark spots are impurities left
from the processes of grinding and polishing, which have been deposited onto probable underlying pores (Fig. 6a). Larger pores are
probably the aftermath of the abovementioned processes, as unmelted
particle cores were detached from the coating (pull-out, Fig. 6c). Where
microcracks are observed, they are mostly perpendicular to the coatingsubstrate interface. These microcracks are produced during either the
spraying or the sample polishing processes and denote high tensile
stress, along the coating-substrate interface direction, in the coating
during the cooling.
White particles observed at Fig. 6c, are most probably impurities
upon which the electron beam of the SEM is being scattered, thus appearing illuminated. Distinct pores with undeﬁned shape due to incomplete spreading of the splat or in the form of lines, also known as
voids, are noted. Finally, microcracks observed in Coating 3 (Fig. 6c)
were longer and coarser compared to those existent in Coating 1
(Fig. 6a) and are also found in greater amount.
The interfaces of both Coatings 1 and 3, are comprised of clear,
pore-free areas, which seem to be adherent to the steel substrate, with
embedded impurity deposits alongside the interface, while no impurities are accumulated on the interface border of Coatings 2 and 4.
A strip of diﬀerent microstructure has formed at the coating-

3.3.5. Coating microstructure after immersion into the SBF solution thickness of the coatings
Cross-sections of the types of specimens, after soaking for seven
days, at 40 °C, into the SBF solution are presented in Fig. 7a to d. Observation of the microstructure of the ceramic/SBF interfaces, through
the Optical Microscope revealed the formation of a thin layer on top of
the hydroxyapatite coatings on all four coatings. Also, the mean
thicknesses of all the coatings both before and after their immersion
into the SBF solution are shown in Table 5 and correlations between
changes in the thickness and microscope observations are analyzed
below.
The SBF when in contact with the ceramic surface reacts and dissolves the amorphous phase present in the coating, with subsequent
release of calcium and phosphorous ions. Any dissolution of calcium
away from the coating requires subsequent recrystallization of calcium
onto the coating surface, in order for the chemical balance inside the
solution to be maintained [22]. Therefore, when the ionic activities at
the areas adjacent to the active surface of the coating, meaning the
coating/SBF interface, reach the solubility of the carbonated apatite,
this phase starts to precipitate onto the coating surface, even after
immersion of one day. Once heterogeneous nucleation has started,
apatite nuclei grow by consuming calcium and phosphate ions from the
surrounding SBF solution. Thus, the noticeable layer on top of the
coatings is a layer of reaction products, most possibly hydroxy-carbonate apatite (HCA), as mentioned in the literature [23].
As it is presented in Table 5, the overall thickness of Coatings 1 and
2 was decreased, in relation to the thickness of these coatings before
immersion into the SBF solution, although thickness measurements
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Fig. 6. (a), (b), (c), (d) SEM micrographs of
the coatings' cross-sections at diﬀerent
magniﬁcations, (a) impurities accumulated
at the coating-substrate interface, part of
the coating with fair adherence, pores and
microcracks, (b) zone of diﬀerent phase at
the coating-substrate interface, (c) large
pore due to pullout of unmelted particle
core, lamellar microstructure, voids and
microcracks perpendicular to the coatingsubstrate interface, (d) ribbon-like regions.

average thickness of Coating 4 combined with what has been discussed
regarding the surface morphology after immersion into the SBF solution, may imply the imminent development of a new apatite phase.

before and after immersion are close. Thickness of Coating 3 was quite
decreased but, overall thickness of Coating 4 was increased, which
could be due to higher retained crystallinity of the coating after plasma
spray process. Lower dissolution rates are noted on account of the high
level of crystalline HAP present in the coating, while HAP coatings tend
to become more crystalline with immersion time, as a result of loss of
the non-crystalline HAP phases. Nevertheless, this increase in the

3.4. X-ray diﬀraction analysis
After observation of Figs. 2 and 8, in which the ﬁrst two plot lines

Fig. 7. (a), (b), (c), (d) Optical micrographs of the cross-sections of Coating 1, 2, 3 and 4, respectively, after immersion into the SBF solution.
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Table 5
Average coating thickness (in mm) of the samples, before and after immersion
into the SBF solution.
Coating

1
2
3
4

Type of powder

XPT-D-703
PYRO 4
XPT-D-703
PYRO 4

Average coating thickness (mm)
Before immersion into
SBF

After immersion into SBF

0.273
0.215
0.354
0.417

0.232
0.214
0.296
0.428

Fig. 9. (a), (b), (c), (d) XRD spectra of Coating 1, 2, 3 and 4, respectively. All of
the identiﬁed phases are also depicted. X-ray diﬀraction patterns of the asproduced coatings: ●: HAP [PDF 00-009-0432], °: α-TCP [PDF 00-009-0348], *:
TTCP [PDF 00-025-1137], ◊: CaO [PDF 00-037-1497], +:β-TCP [DF 00-0090169], ᴾ: CPP [PDF 00-003-0605], w: Ca3(PO4)2 [PDF 03-0713], u: CaH2 [PDF
86-0723].

3.5. Microhardness
Vickers microhardness test resulted into the microhardness values
presented in Table 3. All four coatings practically have the same microhardness value. This value is lower that the values measured in
previous study [24], for commercial and nano hydroxyapatite powders
that were thermally sprayed onto stainless steel, but at the same time
higher than microhardness values for male and female hip bones [25].

Fig. 8. XRD spectra of hydroxyapatite coatings produced with (a) commercial
XPT-D-703 powder and (b) PYRO 4 powder.

refer to the HAP powders and the second two plot lines to their respective coatings, it is denoted that both types of powders tend to lose
their crystallinity during thermal spraying, while amorphous phases are
developed on the coating. Loss of crystallinity can be explained, as
hydroxyl groups are removed from the crystalline HAP during plasma
spraying [23], hence the crystalline HAP phase is decomposed into
other apatite phases and amorphous calcium phosphate is formed, as
well.
Loss of crystallinity is also evident by the low intensity of the diffracted X-rays on the above spectra, corresponding to Coatings 1, 2 and
3, where the highest peak hardly surpasses 500 counts (Fig. 9a, b and
c), in contrast with the highest peaks formed on the powder graphs
(Fig. 2). Nevertheless, Coating 4 sprayed with PYRO 4 hydroxyapatite
powder remains fairly crystalline, as the highest peak of intensity of the
diﬀracted X-rays on the relative spectra almost reaches 900 counts
(Fig. 9d), which is really close to the approximately 940 counts of the
powder (Fig. 2).
All four spectra (Fig. 9) are characterized by sharp and uneven
peaks in the 2θ range of 10–20°. The hydroxyapatite powder, during
plasma spraying is sprayed in a certain direction (angle) and therefore,
occupies a speciﬁc orientation upon the substrate. In this way, the
scattered intensity of the X-ray beam is more contained, while this is
not an issue with powder particles.
Finally, in X-ray spectra of all the coatings, other calcium phosphate
compounds were identiﬁed, apart from synthetic HAP. Amongst them,
phases that were identiﬁed were calcium oxide (CaO), α-tricalcium
phosphate (α-Ca3(PO4)2 or α-TCP), β-tricalcium phosphate (βCa3(PO4)2 or β-TCP), tetracalcium phosphate (Ca4(PO4)2O or TTCP),
calcium pyrophosphate (β-Ca2P2O7 or CPP) and whitlockite
(Ca3(PO4)2). Additionally, another substance was detected on Coating
3, possibly calcium hydride (CaH2), as conﬁrmed by the reference
patterns available.

3.6. Adhesion strength test
The measured values of the adhesion strength test comply with the
expected range that is referred at ISO Standard 13779-2 [26] (adhesion
strength shall be ≥15 MPa) and are presented in Table 6. The adhesion
strength was generally greater for the PYRO 4 coating, in all ﬁve
measurements and it ﬂuctuated from 0.38 times the adhesion strength
of the XPT-D-703 coating during the fourth measurement to 0.85 times
during the second and the third measurement. According to the relative
responses of each type of material, it is noted that PYRO 4 coating
seems to be more adhesive than the XPT-D-703 coating, which comes in
agreement with the absence of detachment crack at the coating-substrate interface of Coatings 2 and 4, as it has already been discussed.
4. Conclusions
Four coatings were produced through plasma spray process onto
stainless steel 304 with diﬀerent combinations of plasma spray parameters and powder feedstock. The obtained coatings were characterized, in reference with their roughness, porosity, morphology, thickness
Table 6
Adhesion strength test results (in MPa) of commercial and nanostructured hydroxyapatite.
No. of measurement

1
2
3
4
5
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Adhesion strength (MPa)
XPT-D-703

PYRO 4

12.37
14.45
13.89
16.77
15.28

21.44
26.76
25.69
23.12
24.81
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range for future cell proliferation. In particular, Coating 4, sprayed
with PYRO 4 powder, presented the highest values for both roughness parameters, Ra and Rmax.
Measured pore radii in all the coatings are presumed suitable for
biomolecule incorporation. Speciﬁcally, Coating 4 bears the greater
amount of porosity, compared to the rest of the samples conﬁrmed
by both image analysis (34.8%) and Mercury Porosimetry (0.6%).
Therefore, Coating 4 is appropriate not only for biomolecule incorporation, but even for cell adhesion and proliferation.
The coatings are also characterized by homogeneity in their thickness with mean values of 0.273 mm, 0.215 mm, 0.354 mm and
0.417 mm for Coatings 1, 2, 3 and 4, respectively.
All the coatings presented bioactivity behavior after immersion into
the SBF solution, for seven consecutive days at 40 °C. A noticeable
thin layer of reaction products was detected on top of the coatings
and the formation of new apatite phases on the surface of the
coatings was conﬁrmed. Overall coating thickness of the samples
was decreased, except for Coating 4, in which it was increased. In
addition, nanosized apatite particle agglomerations with diameter
of < 2 μm are formed on the surface of the coatings.
Moreover, Coating 4 maintained satisfying crystallinity after plasma
spraying, in relation to the crystallinity of the starting PYRO 4
powder. This characteristic also contributes to the increase in the
overall coating thickness of the coating, as lower dissolution rates
are noted on account of the high level of crystalline HAP present on
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Microhardness values ranged between 231 and 278 HV 0.3 and were
practically very close for all the coatings.
Coatings 2 and 4 managed better adhesion results than the ones
prepared with the commercial HAP powder. During SEM examination the coating-substrate interfaces of the coatings appeared to be
clear with no precipitated impurities left from either the cutting or
the grinding process. Both these coatings, were also characterized by
homogeneity in their thickness and consistency in their thickness
and in their length, as well. Adhesion strength of the PYRO 4 coating
was as much as 0.85 times greater the adhesion strength of the XPTD-703 coating.

Therefore, the coating produced with decreased plasma energy,
greater stand-oﬀ distance and with the use of nanostructured PYRO 4
hydroxyapatite powder presents the most promising characteristics for
the incorporation of biomolecules into the coating, amongst the four
coating types that were produced. Although all the coatings are characterized by suitable pore radii, Coating 4 is characterized by the
greatest porosity content for cell proliferation.
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