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a b s t r a c t

For two hydroxyapatite (HA) powders, containing particles differing in mass by a factor of 20, a set of
optimum deposition parameters was defined, leading to the coatings with high crystallinity (80–90%),
high adhesion strength (60 and 40 MPa for the coating thicknesses of 120 �m and 350 �m, respectively)
and excellent microstructure (coatings were without micro- or macro-cracks, without delaminating on
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substrate-coating surface contact, and possess low porosity, 1–2%). It was shown that higher plasma
power (52 kW) did not necessarily lead to a higher HA decomposition.

© 2011 Elsevier B.V. All rights reserved.
onding strength
hase composition

. Introduction

Currently, the plasma spray process is the most pervasive
echnique used to deposit commercially HA coatings on surgical
mplants. Some of the commercially available plasma spray instal-
ations (Table 1), based on the conventional plasma gun (PG), have
een used for this purpose. Although this PG construction is the
ost prevalent on the market the plasma jet thus generated has

nfavorable dynamic characteristics.
In the conventional plasma gun, the main factors causing high

lasma turbulence are strong voltage and current fluctuations,
hich are a consequence of the specific cathode/anode configu-

ation. Fluctuations of the arc root along the anode canal create
lasma with highly different temperature and speed in both radial
nd axial directions, as described by Fauchais (2004) and Ghorui
nd Das (2004). Barbezat and Landes (1999) pointed out to the
nfavorable turbulent structure of the plasma jet generated by
4 plasma gun (the most frequently used PG by HA deposition,
able 1). These authors also stated that the plasma jet originat-
ng from the PG of the novel construction (Triplex, Sulzer Metco) is
haracterized as “almost laminar flow”.

Moreover, because of the HA tendency to phase transforma-
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

ions at higher temperatures, researchers use very often a lower
lasma power, applying plasma spray deposition process. Table 1
resents an overview of the recent results of the HA coatings pre-
ared by different commercial plasma spray installations. Details

∗ Corresponding author. Tel.: +381 63 8240 735; fax: +381 11 2439 454.
E-mail address: vilotijevic@plasmajet.info (M. Vilotijević).

924-0136/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2010.12.018
of the plasma installation, applied power, as well as the char-
acteristics of the resulting HA coatings are shown, including the
phase composition, porosity and adhesion strength. A wide power
range (12–45 kW) has been used to deposit plasma sprayed coat-
ings (Table 1). If higher power of the order of 35–45 kW is used, a
considerable decomposition of the HA particle occurs, leading to
the increased amounts of amorphous HA (ACP), tricalcium phos-
phate (TCP), tetracalcium phosphate (TTCP) and particularly to an
increase of the exceptionally unfavorable CaO phase as established
by Sun et al. (2003) and Mohammadi et al. (2008).

McPherson et al. (1995) found out that, total melting of the HA
particle can be avoided using the lower power; instead, it is con-
verted to a semi molten state. It is one of the methods used to retain
as high as possible the crystal HA/amorphous ACP ratio, counter-
acting a tendency of the HA ceramics to remain in the metastable
glassy phase upon crystallization from the liquid phase as pointed
out by Gross and Berndt (1998) and Gross et al. (1998). Thus,
the majority of manufacturers of prostheses solve the problem of
decomposition of HA particles by using the lower power of plasma
and the coarser powder. Such an approach, however, has a draw-
back. Deposition of the HA coating under the low power regimes
and through use of standard commercial anode nozzles (which is
the most common case) results also in the lowering of the plasma
jet velocity which is proportional to the plasma power as it was
shown by Planche et al. (1998).
tings prepared by a high power laminar plasma jet. J. Mater. Process.

There are several reasons for the turbulent featured plasma jet
being not a suitable one for the plasma spray process. One reason is
due to the fact that turbulence leads to a complex trajectory of the
particle in the plasma jet, and consequently influences the heat and
velocity transfer from plasma to the particles. As Pfender and Lee

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
dx.doi.org/10.1016/j.jmatprotec.2010.12.018
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:vilotijevic@plasmajet.info
dx.doi.org/10.1016/j.jmatprotec.2010.12.018


ARTICLE IN PRESSG Model

PROTEC-13052; No. of Pages 9
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Table 1
Overview of used plasma installations, power ranges and characteristics of the deposited HA coatings including phase composition, porosity and adhesion strength.

Plasma installation Net power (kW) Phase characteristics Porosity (%) Adhesion (MPa) Reference, year

Metco, USA 37.7 n.a. high ACP, CaO (XRD) n.a. 13 pure HA 17.3
HA + 60%Ti

Zheng et al. (2000)

PT M1100C, Switzerland 40.2 n.a. 3.5–4.0 2.7–9.2
2.1–8.7

Yang and Chang (2001)

SG-100 Praxair, USA 12 Strong CaO peak, high ACP 18.9 18.5 Khor et al. (2003)
Metco 3MB, USA 27.5–42 Strong CaO peak at 42 kW (XRD) 12–7 n.a. Sun et al. (2003)
PT M1000, F4 gun 28 65% cryst. HA 35% ACP (XRD data) “very large pores” n.a. Heimann et al. (2004)
Sulzer Metco, F4 gun, VPS 45.2 n.a. except by XRD: low: cryst. HA;

high: ACP, TCP, TTCP, CaO
n.a. 4.5–6 (diff. sub.) Oh et al. (2005)

Metco 3MB 35 HA, TTCP, TCP, ACP, CaO n.a. 18.1–24.1 Mohammadi et al. (2007)
Metco 3MB 28–36.4 70–55% HA

10.7–13.9% TCP
4.1–6.9% TTCP
4.7–10.9% CaO

10.7–9.1 (low to high
power)

n.a. Mohammadi et al. (2008)
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in terms of plasma velocity. The PJ-100 plasma velocities, measured
at its very end in the zone of 60–70 mm from anode nozzle exit,
were 1500–1800 m/s (Vilotijevic et al., 2009). At the same distance
from the anode nozzle exit, the plasma jet velocities of the conven-
10.7–13.2%
ACP (low to high power)

T—plasma technik, n.a.—not analyzed, VPS—vacuum plasma spraying.

1985) argued: “The heat and momentum transferred to particles
s the integrated time history of all eddies encountered”. On the
ther hand the turbulence is also the cause of the increase of the
externally entrained air and consequently a rapidly decrease of
he plasma velocity” (Pfender et al., 1991).

It was shown by Bisson et al. (2003a) and Vardelle et al. (2006),
hat the plasma turbulence in such PGs is the cause of a high dis-
ersion of particle velocity (of the order of 200 m/s), as well as of
article temperature (of about 600 ◦C). Bisson et al. (2003b) showed
xperimentally (with Al2O3 powder) that an increase of plasma jet
urbulence drastically lowered microstructure quality coating (60%
igher porosity, five times higher number of unmelted particles)

ollowed by the considerably lowered deposition efficiency, from
3% to 48%. Due to the low HA density, all this effects may play a rel-
tively significant role even in the case of larger particles. In the case
f HA coatings this may lead to a particle overheating followed by
ehydration and by higher thermal decomposition leading in turn
o increased ratios of ACP, TCP, TTCP, and in particular CaO phases
Table 1).

As a consequence, the HA coating obtained by plasma jet with
urbulence properties has often a poor micro structural character-
stics (increased porosity, poor cohesion between splats, cracks),

hich results in poor cohesion/adhesion strength. The problem of
osing the cohesion/adhesion strength directs the manufacturers
owards the thinner coatings (about 50 �m), because these coat-
ngs have proved themselves to be more resistant to delamination.
n the other hand, Heimann (2006) indicated an advantage of the

hicker coatings (>150 �m) is indicated, because the “thicker coat-
ng will be needed to stimulate the bone reconstruction over a
onger time”. Table 1 shows a wide range of porosity (4–20%) and
dhesion (2–24 MPa) of the HA coatings obtained.

An essential requirement for the HA coating is long term sta-
ility after implantation. To reach the long term stability (in vitro
nd in vivo), Yang et al. (1997) proposed that it is more impor-
ant to have a good coating microstructure (low porosity and high
dhesion strength) than crystallinity or absence of impurity phases.
sui et al. (1998) concluded that a perfect HA coating for implants
would be one with low porosity, strong cohesive strength, good
dhesion to substrate, a high degree of crystallinity and high chem-
cal purity and phase stability”. With a conventional plasma gun,
hese properties are hard to achieve because of the unfavorable
ynamic characteristics (a very turbulent plasma jet with distinctly
eterogeneous distribution of temperature and speed in radial and
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

xial directions) of the plasma jet.
Within the last few years, attempts were made to overcome

he problems of poor coatings microstructure by using different PG
onstructions in the plasma coating process. Using the originally
developed technology, gas tunnel type plasma spraying, Morks and
Kobayashi (2006) showed that in ranges of plasma power from
about 19 to 22 kW, changing the argon flow rate in the range of
100–170 L/min, it is possible to reduce the porosity from 40% to
around 4%. The coating’s crystallinity is improved at the same time.
Kou et al. (2008) got HA coating of good microstructure by using the
originally designed PG of a “forced constricted type”. Working at a
low power within the range from 4 to 6 kW, the significant decom-
position of HA particles, with 30 �m powder granulation, could
not be avoided. At higher powers, exceeding 5 kW, the strong XRD
reflection of the CaO phase was recorded, followed by the increased
coating adhesion.

The present paper presents the HA coating characteristics
obtained by the atmospheric plasma spray procedure using a PJ-100
plasma installation. Vilotijevic et al. (2009) documented that the
plasma jet generated with this installation has considerably better
characteristics of flow laminarity, temperature homogeneity, and
higher plume velocity than that generated by the conventional PG.
Fig. 1 shows the shape and texture of the plasma plume generated
by PJ-100 installation. The picture was obtained using an ultrahigh
speed camera (Imacon 760 with a speed of 106 frames/s).

Specific characteristics of this plasma are its unusually long
plume (70 mm; i.e. twice the plume length of the conventional PG),
high radial and axial plasma temperature homogeneity (evident
from the brightness distribution), as well as the laminar plasma
flow along 2/3 of its length from the anode nozzle exit. The first
difference between the plasma jet which is generated by PJ-100
installation and the one derived by the conventional PG can be seen
tings prepared by a high power laminar plasma jet. J. Mater. Process.

Fig. 1. Shape and texture of the plasma plume exiting the PJ-100 anode nozzle.

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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ional PG were determined to be about 200–400 m/s for the power
ange of 11–24 kW, respectively, as reported by Dyshlovenko et al.
2004).

In this study the most important characteristics of the
A plasma coating (phase composition, porosity, adhesion and
icrostructure) have been measured for a range of deposition

arameters. This has been done for two different granulations cho-
en so that their mean particle mass differs by a factor of 20.

. Materials and methods

The plasma installation PJ-100 (Plasma Jet, Serbia) was used for
he plasma spray process. Basic parameters of the installation used
or the coating deposition are presented in Table 2.

Two commercially available HA powders with different gran-
lations were used: HA powder, XPT-D-703 (Sulzer Metco, USA),
ith a mean particle size, ca. 33 �m (hereinafter referred to as

he “finer powder”), and HA powder Captal 90 (Plasma Biotal, UK),
ith an average granulation of 90 �m (hereinafter referred to the

coarser powder”). Data on the granulation of the powders used
ere obtained from the manufacturer’s specifications. The coatings
ere deposited on plates (25 mm × 50 mm × 3 mm) and specimens

or mechanical testing (∅ 25.0 mm × 70 mm) were made of SS AISI
16 LVM material. Both plates and specimens were mounted on a
isk ∅ 200 mm rotating at 3.7 rev/s. The complete coating process
as performed in two to three short intervals from 7 to 10 s each,
ith the brake rate of few minutes between the cycles. A standard
rocedure of sand blasting with corundum particles of 2 mm pre-
eded the deposition. The realized surface roughness (Ra) was in
he range from 4.72 to 5.28 �m (Perthen Perthometer).

Optical microscopy examination was performed using a Zeiss
xiovert microscope. After cutting, specimens were mounted in the
old-polymerizing mass (PMMA). The specimens were first ground
ith sand paper, granulation # 80, 220, 360, 600, and then were pol-

shed with a diamond paste (granulation <2 �m). The final polishing
as performed with Al2O3 polishing paste (granulation 0.25 �m).

Adhesion strength was measured according to the ASTM C 633
tandard using an Instron 1185 machine for mechanical testing
ith bridge velocity of 2 mm/min. Usually five specimens were

ested, except for a few experiments in which deposition was made
n six specimens, as discussed below. We used the Klebbi adhesive
Metco, USA) polymerizing for 2 h at 180 ◦C. Our measurements
ave the adhesive strength of 86.1 ± 3.4 MPa (n = 10).

X-ray diffraction (XRD) patterns were recorded in the range
0–60◦ 2� on a Siemens D500 diffractometer using Cu K�1 radia-
ion (angular steps 0.02◦ with step time of 1 s). Quantitative analysis
as made by the external standard method, according to the ASTM
2024-00 standard. The RIR and Irel coefficients were experimen-

ally determined. RIR was assessed from 50:50 mass mixture of the
nitial HA powder and �-Al2O3 standard as a mean value of three

easurements. The amorphous phase (ACP) ratio was obtained
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

y subtracting the sum of all the detected crystalline phases from
00%. The estimated relative error of the quantitative XRD method
as ±7%. The crystallinity index (Ic) was estimated from the ratio

f intensity of all crystalline peaks and the total surface area of the
-ray pattern within the 20–40◦ 2� range.

able 2
arameters of the PJ-100 installation during the HA deposition process.

Power (kW) 52.0 ± 1.5
Voltage (V) 120 ± 2
Current (A) 430 ± 5
Argon flow (L/min) 38.5 ± 1.2
Nitrogen flow (L/min) 28.2 ± 1.0
Powder carrier gas, air (L/min) 8
Powder mass input (g/s) 2.0 ± 0.1
 PRESS
essing Technology xxx (2011) xxx–xxx 3

The coating porosity as well as the ratio of partially melted par-
ticles was estimated from the respective micrographs using VIDAS
software. Five micrographs with magnification 500× were used for
each porosity determination.

3. Results

The results of the analysis of the cross-sectional morphology of
coatings together with the results of quantitative analysis of phases
present in coatings are reported, as well as measurements of bond
strength of coatings obtained using “finer” and “coarser” powders
in the process of plasma spraying.

3.1. Cross-sectional morphology

The results of cross-sectional morphology of coatings obtained
using “finer” (Section 3.1.1) and “coarser” powders (Section 3.1.2)
are presented in this chapter.

3.1.1. The microstructure of the “finer” powder coating
Fig. 2 shows microstructure of the coatings (and the corre-

sponding XRD pattern) deposited using finer powder (33 �m) at
substrate temperature (Ts) 15 ◦C and two stand-off distances (SOD),
SOD = 80 mm and SOD = 150 mm. The substrate temperature in this
study is the initial substrate temperature.

According to the XRD patterns presented in Fig. 2, an increase of
SOD is followed by an appearance of the ACP (amorphous hump)
and a slight increase of the CaO phase. The same tendency was
established by Sun et al. (2003) and Mohammadi et al. (2008).

According to the micrographs, both coatings have similar struc-
tural characteristics. There are no macro cracks, and the coatings
have low porosity and consist of a matrix (light zone) in which
“grey” zones are relatively homogeneously distributed. On the
magnified detail of the coating, Fig. 3a, it is clearly seen that the grey
phase (G) is neither a pore nor a non molten particle, but rather the
core of an incompletely molten particle, somewhat deformed by
hitting the substrate. Therefore the contact of the grey zone with
the matrix is excellent, without micro cracks. There is also a slight
porosity (P) formed primarily due to captured air pockets on the
boundaries of the splats (Fig. 3a). The size of the visible pores is of
the order of a few �m2.

Fig. 3b shows the microstructure of the coating, shown in Fig. 2a,
etched in 1% HNO3 for about 4 s. A laminated structure of the
coating is visible, with excellent boundaries between the splats,
without micro cracks or pores. No globular structure is visible in the
etched coating, suggesting that there are virtually no non molten
particles, although a high mass input of the powder (2 g/s) was
used.

Quantification of the partly molten particles (grey phase) ratio
and of the porosity in the coatings deposited at different SOD was
made, Table 3.

For all the investigated SODs, the partly molten particle ratio
tings prepared by a high power laminar plasma jet. J. Mater. Process.

is practically constant, about 9%. Coating porosity is about 1–2%,
while at a distance of 80 mm minimal porosity of about 0.5% was
found.

The fact that the partly molten particle ratio is practically
constant in the investigated SOD range could be probably the con-

Table 3
Partly molten particle ratio and porosity as a function of SOD for the coatings pre-
pared from finer powder.

Standoff distance (mm) Partly molten particle ratio (%) Porosity (%)

80 9.7 ± 1.3 0.4 ± 0.1
100 6.5 ± 2.6 1.5 ± 0.8
150 9.0 ± 1.3 1.4 ± 0.4

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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Fig. 2. (a) Optical micrographs of the coatings prepared using finer powder at

Fig. 3. (a) SEM detail of the “grey” phase (G) presented in Fig. 2a (the arrow shows
spraying direction), (b) microstructure of the coating deposited at SOD = 80 mm,
after etching with 1% HNO3.
SOD = 80 mm and (b) SOD = 150 mm with the respective XRD patterns.

sequence of the used constant power level and of the constant
powder mass input. Although microstructures of the coatings pre-
pared from the finer powder in the SOD range of 80–150 mm are
very similar to each other, their phase compositions are quite dif-
ferent, as follows from the XRD patterns (Fig. 2a and b).

3.1.2. The microstructure of the “coarser” powder coating
The micrograph of the coating obtained from the coarser pow-

der at SOD = 80 mm is presented in Fig. 4a, while Fig. 4b illustrates
the etched coating. The estimated grey phase ratio in these coating
amounts to 13.6%, and its porosity is 1.1%. The coating has a very
compact structure with minimum porosity, without macro cracks,
and with an excellent boundary layer between the coating and the
substrate, without any delamination.

The micrograph of the etched coating shows exceptional sta-
bility towards 1% HNO3. While the coating/substrate boundary
for the finer power was strongly etched (Fig. 3b), the micrograph
of the coating prepared from the coarser powder does not show
any increased solubility in the coating/substrate boundary zone
(Fig. 4b). Moreover, this coating remained almost unchanged after
etching. The zones where etching is faster correspond to the zones
with phase impurities, especially those with ACP. The micrograph
of the etched coating prepared from the coarser powder indicates
a low ACP phase content, even on the surface of the molten particle
in the jet, which is suggested by the fact that the etching can hardly
outline the contour of the splats. The exceptional stability of the
coating prepared from the coarser powder in the etching process
indicates it’s high crystalline HA phase content.

Fig. 5 shows that the XRD patterns of the coarser particles and
of the corresponding coatings are practically identical, except for
the minor peaks arising from the new phases formed during the
tings prepared by a high power laminar plasma jet. J. Mater. Process.

deposition. The quantitative analysis of the phases presented in
the coatings obtained with the finer and coarser powder (Table 4)
shows that the coating prepared from the coarser powder contains
predominantly HA in crystal phase with low amount of amorphous
phase.

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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Fig. 4. Microstructure of the coating prepared from the coarse powder, as-deposited
(a) and etched (b).

Fig. 5. XRD patterns of the coarse powder (a) and coa
 PRESS
essing Technology xxx (2011) xxx–xxx 5

3.1.3. The phase composition of the “finer” and the “coarser”
powder coatings as a function of SOD and Ts

Analysis of the XRD patterns reveals that crystalline phases HA,
�-TCP and CaO are detected in the coatings, along with a cor-
responding ratio of the amorphous HA phase (ACP). The latter
being indicated by the broad and rather symmetrical band centered
around 31◦ 2�. According to the literature, the crystallinity index
was estimated for different 2� ranges, from 20–37◦ 2�, McPherson
et al. (1995), to 25–40◦ 2�, Auclair-Daigle et al. (2005). The 20–40◦

2� range was chosen here because in the XRD pattern indicat-
ing maximum ACP phase content for the “finer” powder coating
(Fig. 2b), the amorphous band appears in this range. Gross et al.
(1998) also used the same range. Table 4 presents results of the
quantitative analysis of the XRD patterns for the coatings prepared
at different SODs.

Table 4 shows the estimated crystallinity index (Ic), and con-
centrations of the crystalline phases and ACP phase for the coatings
prepared from the two investigated powders.

Changes in the phase composition of the coatings prepared
from both granulations, is mostly reflected in the crystalline HA
phase/ACP phase ratio, while concentrations of both TCP and CaO
phases are practically constant in the experimented SOD range. The
HA/ACP ratio for the coating prepared from the finer powder is par-
ticularly sensitive to SOD. Even during the short time needed for
passing the additional 20 mm, namely from SOD = 80 to SOD = 100,
a coating of considerably lower crystallinity was formed, while the
ACP phase ratio increased.

The coating from the “coarse” powder has considerably more
tings prepared by a high power laminar plasma jet. J. Mater. Process.

stable composition within the experimented SOD range, showing
a very small change in the HA and ACP phase content. There is a
considerably higher content of the crystalline HA phase, too. Even
at SOD = 150 mm the coating made of the coarse particles has excel-

ting (b) deposited at SOD = 80 mm, Ts = 200 ◦C.

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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Table 4
Phase composition of the coatings as a function of SOD for finer and coarser particles (Ts = 200 ◦C).

Powder SOD (mm) Ic (%) HA (%) �-TCP (%) CaO (%) ACP (%)

Finer 80 78.9 53.3 15.0 1.7 30.0
100 59.1 41.3 7.3 1.1 50.3

34.1 7.8 2.0 56.1

82.6 7.3 0.7 9.4
71.5 7.8 0.7 20.0
69.4 4.9 0.7 25.0
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Fig. 6. Fractographs of specimens, SOD = 80 mm, Ts = 200 ◦C. (a) Finer powder,

T
P

150 37.0

Coarser 80 83.2
100 80.5
150 78.6

ent phase purity with a considerably higher crystalline phase ratio
han the coating prepared from the fine powder at SOD = 80 mm.

Increasing substrate temperature is of particular interest for the
A coating, because it is one of the techniques for diminishing
article cooling rate upon collision with the substrate. Diminished
ooling rate should lead to an increase of the HA/ACP ratio, due
o the longer time available for HA phase re-crystallization from
CP. We have followed the effect of substrate temperature (Ts) in

he range from 15 to 200 ◦C on phase composition of the coatings
eposited at SOD = 80 mm for finer and coarser powders, respec-
ively, Table 5.

Effect of substrate temperature on the coating phase compo-
ition is practically negligible, in the case of the “finer” powder
within the margin of measurement error). In the case of the
coarser” powder, at the temperature range from 15 to 200 ◦C,
he crystalline HA phase decreases and ACP phase grows, while
he TCP and CaO phase ratios remain practically constant. In both
ases, collision of the particle with the hotter substrate results in a
iminishing particle cooling rate and prolongation of the recrystal-

ization process. This process is not much affected in solidification
f the melted particle of the “finer” powder in range of substrate
emperatures (Ts) researched.

However, behavior of the coarser particle during its solidifica-
ion may seem somewhat surprising because prolongation of the
rystallization process leads to an increasing amorphous phase
atio. An analysis of these results, followed by a possible expla-
ation will be presented in Section 4.

.2. Bonding strength measurement

.2.1. Bonding strength of the “finer” powder coating
We measured the adhesion of the coatings prepared using finer

owder at SOD = 80 mm. Within this SOD range, phase composition
s suitable for preparation of implants, i.e. crystalline HA ratio > 45%
according to the ASTM F 1185-03 standard). Due to high powder

ass input (2 g/s) and oscillatory movements of the plasma gun
about ± 25 mm with respect to the specimen centre) the greatest
hickness during deposition is invariably obtained in the middle of
he specimen. We therefore produced coatings 400–500 �m thick
hich, when sanded flat, were reduced to a uniform thickness

f 300 �m. The grinding was done with sandpaper #80 and a
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

ool which keeps the ground surface at 90◦ with respect to the
pecimen axis.

However, the used adhesive had insufficient adhesion to the
oating surface prepared by this procedure. Fig. 6a shows the typical
ppearance of a specimen surface prepared and broken.

able 5
hase composition of coatings prepared from finer and coarser powder at different subst

Powder Ts (◦C) Ic (%) HA (%)

Finer 15 62.0 44.0
100 65.5 44.9
200 67.3 48.8

Coarser 15 92.9 91.0
100 86.0 87.1
200 83.2 82.0
coating surface flattened, coating thickness 280 ± 14 �m. (b) Coarser powder, as-
deposited coating surface, coating thickness 260–290 �m.

For the coatings prepared from both finer and coarser par-
ticles, the left side of the figure shows the coated surface and
the right shows the glued surface. The broken surfaces are
oriented along their axis of reflection. Although the measured
adhesion strength for the coating prepared with the finer pow-
der is excellent (41.9 ± 2.0 MPa (n = 10)), Fig. 6a clearly shows
that the coating remained almost completely on the coated sur-
face, indicating that the separation occurred on the adhesive/HA
boundary.

Adhesion of the coating glued with the as-sprayed surface
gives slightly lower adhesion values from 31.2 ± 5.0 (n = 15). This
is understandable in view of the coating surface “curvature”, and
therefore more unequal allocation of the breaking force, in regard
to the flattened surface. In a total of 25 measurements made on
the “finer” powder coating (flattened + as-sprayed), the real braking
tings prepared by a high power laminar plasma jet. J. Mater. Process.

adhesive mode appeared twice only. The certain adhesion strengths
were 56.1 MPa (for the as-sprayed surface), and 54.4 MPa (for the
flattened surface).

rate temperatures (Ts), SOD = 80 mm.

�-TCP (%) CaO (%) ACP (%)

8.8 1.2 46.0
13.0 2.1 40.1
12.6 2.1 36.5

4.4 1.0 3.6
6.8 0.4 5.8
6.8 0.4 10.8

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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Table 6
Effect of metallization of the HA coating on adhesion strength and breaking mode.

Coating structure Adhesion (MPa) Breaking mode
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HA coating 30.2 ± 6.1 Adhesive/HA
HA coating + Mo 46.5 ± 1.7 Cohesion

.2.2. Bonding strength of the “coarser” powder coating
Adhesion of the coatings prepared from the coarser powder

ndicate a similar problem—the impossibility of separation of the
oatings from the substrate. Fig. 6b shows the typical appearance of
he broken surface of specimens obtained from the coarser powder,
lued with as sprayed surface. Only small, point-like fragments of
he coating pulled by the adhesive occurred in all 15 specimens
lued by this method. At SOD = 80 mm, a mean value of adhe-
ion strength of 33.0 ± 7.6 MPa (n = 15) was obtained for coatings
50–300 �m thick. This value is very close to that obtained for
reaking of the coatings prepared with finer powder, which were
btained by gluing the as-deposited surface (31.2 MPa). This value
s apparently the adhesion limit of used adhesive for the HA surface,

hich is determined by characteristics of the HA coating (rough-
ess, composition) and by wetting characteristics of the adhesive
n the HA surface.

Attempts were made to solve the problem of adhesion of the
lue with the coating surface in an original manner, namely by the
etallization of the HA coating surface; a better wetting of the glue

n the metallic top layer was expected. A thin molybdenum layer
as deposited using the plasma spray process. The molybdenum

Metco 64 powder) deposition was performed in a very short time
f only 4 s, to avoid the undesirable thermal stress of the basic coat-
ng. Nevertheless, it was sufficient to form a molybdenum coating
0–30 �m thick on the HA coating (Fig. 7). Fig. 7 shows that the Mo
op coating adheres well to the HA coating, forming a dense non-
orous coating which completely fills the unevenness of the HA
oating.

The effect of HA surface metallization on adhesion strength is
ell illustrated by a data presented in Table 6. In one experiment,

ix specimens were coated to a thickness of 275 ± 15 �m (mean
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

alue) using the coarser powder at SOD = 80 mm. Three of the six
pecimens were then metallized. The data presented in Table 6
learly show that the effect of the top layer is substantial: breaking
trength is increased by approximately 50%. However, more impor-

ig. 8. Adhesion of the coating prepared from the coarser powder as a function of: (
ess = 120 ± 20 �m.
Fig. 7. The HA coating prepared from coarse powder metallized by depositing a top
Mo layer.

tantly, for the first time, the breaking mode was clearly defined, i.e.
cohesion in this case.

The metallization of the HA surface enabled an estimate of the
breaking force for thinner coatings. The ASTM C 633 standard does
not allow adhesion measurements for thinner coatings, of the order
of 50 or 100 �m. However, adhesion measurements described in
the literature are commonly performed in this range. The prob-
lem with adhesion measurements of thin coatings is the possible
penetration of adhesive through pores and cracks in the layer. In
this study, obtained coatings were free of macro cracks and pos-
sessed minimal closed porosity, so that adhesive penetration to
the substrate was not expected. Furthermore, the presence of a
metallic non-porous top coating guaranteed that penetration of the
adhesive had not occurred.

Fig. 8a presents adhesion strength of coatings prepared from
the coarser particles at Ts = 200 ◦C, as a function of mean thickness.
Mean coating thickness was estimated from thickness measure-
ments using the micrographs of the coating cross section, taking
tings prepared by a high power laminar plasma jet. J. Mater. Process.

the mean value from 30 readings. Values of the mean thickness
ranged from 120 ± 15 �m to 350 ± 20 �m.

Adhesion strength decreases with increasing coating thickness
probably as a consequence of residual stresses in the coating.

a) coating thickness, Ts = 200 ◦C; (b) substrate temperature, mean coating thick-

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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or coatings with a thickness of about 120 �m, most often used
or implant applications, excellent adhesion (over 60 MPa) was
btained.

These high adhesion values are a result of the dense non-porous
tructure of the coatings. Upon microscopic examination of the
oating cross sections of plates and specimens deposited in the
ame experimental cycle, no macro cracks or coating delamina-
ion were observed. Therefore, a high bond strength value was
ot surprising, nor was the observed cohesion breaking mode. The
oating made of the coarser powder shows not only phase stabil-
ty, but also constant adhesion strength for SOD of 80–150 mm.
n another series of experiments, undertaken to obtain more data
irectly related to implant application, it was found that adhesion
trength of coatings about 120 �m thick ranges from 63.7 ± 8.7 MPa
o 57.3 ± 8.6 MPa for SOD values from 80 mm to 150 mm.

Substrate temperature dependence on adhesion strength of
he coatings prepared from the coarser powder was also investi-
ated. Fig. 8b shows the results for substrate temperature ranges
f 15–200 ◦C and coating thicknesses 120 ± 20 �m. Within the Ts

ange 15–200 ◦C, an increase of adhesion strength can be noticed
Fig. 8b). Presumably, this increase in adhesion strength is a con-
equence of diminished stresses on the coating/substrate contact
esulting from different thermal expansion coefficient values. It is
nteresting that the authors Yang and Chang (2001) have noticed
he opposite, namely a decrease of adhesion force from 9.18 MPa
o 2.73 MPa, for the range of the initial substrate temperature from
0 to 250 ◦C, respectively. The authors Yang and Chang (2001)
xplained this by the residual stress increase in the coating itself, as
result of the coating overheating (400 ◦C, as the final temperature),
ompared with the initial substrate temperature (Ts).

It is interesting to note that for deposition of coatings from the
oarser powder, a compromise in deposition parameters should
e made, as an increasing Ts leads to adhesion improvement, but

nduces a certain decrease of crystallinity (Table 5).

. Discussion

McPherson et al. (1995) reported that the existing plasma spray-
ng techniques are mainly intended to form a coating made of
emi-molten particles with a considerable ratio of non-molten
articles. A correlation between HA phase crystallinity and the
emi-molten particle content in the coating was documented by
hen et al. (1994).

However, in the present study, such a correlation was not found
n our coatings. The coatings prepared from the finer powder
Figs. 2 and 3b) were formed mainly by fully molten particles.
lthough the semi-molten particles ratio remains practically con-
tant (about 9%) within the investigated SOD range (Table 3), phase
omposition of the coatings (Table 4) clearly distinguishes coatings
eposited at different SOD, with drastically decreasing the HA/ACP
atio with increasing SOD. This result indicates that the crystalline
A phase ratio is not a function of the partly molten particles con-

ent (or non-molten, which have not been detected in our coatings
n a significant amount).

This means that it is possible to get the coating of an excellent
hase composition, with extremely high plasma power (52 kW)
nd even with the use of finer powder granulation (33 �m) (for
OD = 80 mm, Table 4). Characteristically, for the both powder gran-
lations used, the change in the phase composition is primarily
eflected in the crystalline HA/ACP ratio, while composition of other
Please cite this article in press as: Vilotijević, M., et al., Hydroxyapatite coa
Tech. (2011), doi:10.1016/j.jmatprotec.2010.12.018

hases detected (TCP, CaO) remains more or less constant within
he examined SOD range (Table 4). From Table 4, it can be seen that
n increase of the SOD is followed by the increase of the ACP phase,
specially in the case of fine powder. It can be concluded that an
ncrease of the particles time in-flight (increased SOD) as well as
 PRESS
essing Technology xxx (2011) xxx–xxx

the using the finer powder granulation, lead directly to the lower-
ing in the crystallinity of the coating followed by an increase of the
ACP phase amount. The phase composition of the coating obtained
using the coarser particles powder, presented in Table 4, indicates
a low thermal decomposition of the particles in the plasma. In par-
ticular, it is obvious on the base of the low TCP phase values in the
coating (about 6–7%) and of the particularly low CaO concentra-
tions (<2% for coatings obtained from the finer powder and <1% for
coatings from the coarser powder). Appearance of CaO is a conse-
quence of a high HA decomposition degree, Cihlar et al. (1999).
Mohammadi et al. (2008) pointed out that the presence of the
impurity phases, especially CaO, could significantly influence the
overall solubility of HA coatings. From this point of view the coat-
ing made of the coarser powder is a better choice. This coating has
also very good microstructural characteristics as well as the adhe-
sion strength. The influence of the substrate temperature, in the
range of 15–200 ◦C (Table 5), on the coating characteristics is inves-
tigated. The ACP phase fraction of the coating obtained with the
finer powder decreases with the increasing Ts, what is in the accor-
dance with the results obtained by Gross et al. (1998). The opposite
behavior of the coarser powder coating is found: prolongation of
the crystallization process leads to an increasing amorphous phase
ratio (Table 5). One of the possible explanations lies in the com-
petition between the recrystallization and dehydration processes.
Wang et al. (2004) and Cihlar et al. (1999) confirmed that the first
step in the decomposition process is dehydroxylation, starting at
about 800–900 ◦C thus forming oxyhydroxyapatite (OHA). The loss
of water from the HA is a dominant reaction up to about 1350 ◦C,
when OHA decomposition begins to form TCP and CaO, with fur-
ther loss of water in the range of 1350–1477 ◦C (Cihlar et al., 1999).
Both reactions are controlled by water diffusion through molten HA
particles. So, collision of a particle 20 times larger results in a larger
lateral spreading of the droplet. This, in turn, leads to a considerable
increase of surface area and thinning of the still incompletely solid-
ified particle. The diffusion process is faster, with the diffusion time
proportional to [path]2. As a result, more water is removed before
solidification. Therefore, the ACP ratio increases with increasing Ts

for the coarser powder.
In the paper is shown that there is only small difference in

the microstructure and adhesion strength of the coatings prepared
with both the finer and the coarser particles. Both coatings are
dense, practically non-porous, and are without micro and macro
cracks, while their adhesion strength is exceptionally high.

All the results presented suggest, that in the plasma of about
52 kW power, applied in the coating process, the transfer of the heat
and the momentum to the particles occurs efficiently (the coatings
are formed cooling of the particles molten to a high extent). The
efficient fusion of the particles does not considerably influence the
phase purity and the crystallinity of the coating (for finer powder
coating at SOD = 80 mm and for the coarser powder coating practi-
cally in the whole SOD region from 80 to 160 mm). This implies that
the particle dwell time in the plasma as well as the time in-flight of
the particles to the substrate is short enough to avoid considerable
thermal decomposition.

It could be supposed that the use of the plasma jet applied in
this work, as plasma with homogeneous distribution of tempera-
ture and velocity along both radial and axial directions, with more
laminar plasma flow (Fig. 1), followed by considerably higher veloc-
ity (as discussed in Section 1), enables the formation of the high
quality coating.
tings prepared by a high power laminar plasma jet. J. Mater. Process.

5. Conclusion

Plasma sprayed HA coatings were prepared using the high
power (about 52 kW) plasma jet with laminar flow. The most

dx.doi.org/10.1016/j.jmatprotec.2010.12.018
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mportant characteristics of the HA plasma coating (phase compo-
ition, porosity, adhesion and microstructure) have been measured
or a range of deposition parameters. This has been done for two
ifferent granulations chosen so that their mean particle masses
iffer by a factor of 20. The results obtained are summarized as
ollows:

The coatings obtained from finer and coarser powders are charac-
terized by excellent microstructure (coatings are without micro-
or macro-cracks, without delamination on the substrate-coating
contact surface). Dense coatings having low porosity (about 0.4%
for the finer and up to 1.1% for the coarser powder) have been pre-
pared. An important characteristic of the microstructure obtained
is the high amount of fully molten particles (about 90%).
It is possible to prepare coatings with high crystallinity (>80–90%)
and good phase composition for finer powder at SOD = 80 mm,
and for coarser powder in the whole investigated SOD range. An
increase of the substrate temperature from 15 to 200 ◦C leads to
the decrease of the amorphous phase fraction from 46% to 36%
for the finer powder coating but to the increase for the coarser
powder coating from 4% to 11%.
The adhesion strength obtained was 54–56 MPa for the coatings
300 �m in thickness prepared from the finer powder. For the
coarser powder, dependence of adhesion on the coating thickness
and temperature was also examined. It was shown that for rela-
tively thin coatings (about 125 �m) at the substrate temperature
200 ◦C, adhesion strength was measured at >60 MPa.
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