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Abstract

The crystalline phases and degree of crystallinity in plasma sprayed calcium phosphate coatings on Ti substrates are crucial
factors that influence the biological interactions of the materials in vivo. In this study, plasma sprayed hydroxyapatite (HA) coatings
underwent post-spray treatment by the spark plasma sintering (SPS) technique at 500°C, 600°C, and 700°C for duration of 5 and
30min. The activity of the HA coatings before and after SPS are evaluated in vitro in a simulated body fluid. The surface
microstructure, crystallinity, and phase composition of each coating is characterized by scanning electron microscopy and X-ray
diffractometry before, and after in vitro incubation. Results show that the plasma sprayed coatings treated for Smin in SPS
demonstrated increased proportion of f-TCP phase with a preferred-orientation in the (2 14) plane, and the content of §-TCP phase
corresponded to SPS temperature, up to 700°C. SPS treatment at 700°C for 30 min enhanced the HA content in the plasma spray
coating as well. The HA coatings treated in SPS for 5min revealed rapid surface morphological changes during in vitro incubation
(up to 12 days), indicating that the surface activity is enhanced by the SPS treatment. The thickest apatite layer was found in the

coating treated by SPS at 700°C for 5min.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is the main
constituent of hard tissues such as bones, dentine and
enamel [1]. As an implant material HA has been tried,
and tested clinically as a bioceramic with unique
bioactive and osteoconductive properties. It has similar
chemical composition and crystal structure to apatite in
the human skeletal system, which enables and facilitates
the process of bone substitution and reconstruction [2].
Its identical calcium to phosphorous ratio to natural
bone encourages advanced bonding between bony
tissues and the implant surface. The presence of a rich
calcium and phosphorous environment promotes rapid
bone formation within the vicinity of the implant [3]. As
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a result, HA has a wide range of applications, such as
microbial seals in middle ear implants, orbital implants
for artificial eyes, percutaneous devices for drug
delivery, augmentation in maxillofacial surgery [4],
coatings on cylindrical posts for dental implants,
artificial ears and coated stems for hip prosthesis [5].
The wide range in applications in the body clearly
demonstrates its potency as a viable biomaterial for
tissue replacement.

Despite its excellent biocompatibility and efficacious
biological fixation to bony tissues, the poor mechanical
properties of HA with regards to its brittleness and low
fracture toughness restrict its use in load bearing
applications [6,7]. Therefore, incorporating HA as a
coating on mechanically resilient metallic materials to
enhance osseointegration has become the most viable
method to actualize the benefits of this material.

Coating a metal prosthesis with HA offers the poten-
tial of combining the superior mechanical performance

0142-9612/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0142-9612(03)00082-6



2696

23

=

L.-G. Yu et al. | Biomaterials 24 (2003) 2695-2705

3l)

NE 5388388

=
s

=

10

8
6
Il
2
0

1 51

(by Surface morphology

5

10
]
(a) Particle size analysis of HA powder.
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(c) cross-sectional morphology

Fig. 1. Particle size and morphology of starting HA powders: (a) Particle size analysis of HA powder; (b) surface morphology; and (c) cross-sectional

morphology.

Table 1
Plasma spray parameters used for preparing HA coatings

Argon: 1.85m’/h
Helium: 1.64m>/h
Argon: 0.3m>*/h

Plasma gas
Auxiliary gas
Carrier gas

Net energy 12kW

Gun current 6001000 A
Gun transverse speed: 0.25m/s
Stand off distance 0.08-0.14m
Powder feed rate 3-3.5rpm

Table 2

Samples of plasma sprayed HA coatings treated by SPS technique

Sample SPS Duration Heating rate Punch
temperature (min) (K/min) pressure
O (MPa)

H-1 500 5 100 10

H-2 600 5 100 10

H-3 700 5 100 10

H-4 700 30 100 10

H-5* — — — —

#H-5 is heat treated in an electrical resistance furnace at 700°C for
60 min.

of the metal component with the excellent biological
responses possible with the ceramic [8]. HA coatings on
metallic substrates such as titanium alloys are widely
used for dental and orthopedic implants. There are

several advantages of plasma sprayed HA-coated
titanium implants. It promotes excellent adhesion
between the implant and the contiguous bone, and
enhances tissue ingrowth into the pores of HA-coated
metallic implant. It eases the formation of strong
biological bonds with bony tissues with no concomitant
fibrous connective tissue formation. It has excellent
biointegration. It facilitates the early load transfer from
the implant to the bone. It has a low tendency to
evoke cytotoxic responses, and it can protect surround-
ing bone against metal-ion release from metallic
implants [3,9-13].

Plasma spray is widely used to deposit HA coatings,
and clinical trials have been conducted to evaluate the
capability of these coatings [14]. Yet, owing to the
extreme temperatures in the plasma flame (> 5000°C),
and the rapid cooling of the particles upon impingement
on the substrate, the resultant properties of the HA
coatings are inadvertently inferior to those of bulk HA
[15,16]. The coatings have non-uniform density, and
inconsistent adhesion strength. Most importantly, there
is uncontrolled decomposition of HA during plasma
spray, resulting in significant loss of crystalline HA in
the coating. It is well known that the plasma-sprayed
HA coating is a mixture of phases such as crystalline
stoichiometric HA, amorphous calcium phosphate
(ACP), oxyhydroxyapatite (OHA), calcium oxide CaO,
o- and f-tricalcium phosphate (TCP) and tetracalcium
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phosphate (TTCP) [15,17]. The degree of crystallinity
must be controlled, because the crystallinity controls
the dissolution/precipitation behavior of the coating.

Fig. 2. SEM of As-sprayed HA coating.

4000

Ideally, a bioactive material should have a controlled
reactivity that leads to the establishment of a chemical
bond with the surrounding tissues [18]. The solubility of
a coating must not lead to fast resorption nor should a
low reactivity increase the time for bonding to occur.
But the crystallinity and the phase composition of
plasma sprayed HA coatings are difficult to be
controlled by solely controlling the plasma spray
processing parameter [19]. Apt post-spray heat treat-
ment is required.

Spark plasma sintering (SPS) is a rapid sintering
method, using self-heating phenomena within the
powder. It is capable of sintering ceramic powders
rapidly to its full density at a relatively lower tempera-
ture compared to the conventional furnace sintering
method [20-24]. The direct heating of the graphite mold,
and the large spark pulse current provide a very high
thermal efficiency.

A common characteristic of bioactive ceramic materi-
als is the formation of an apatite layer on their surface
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(b) SPS and conventional heat treatment at 700°C for 30 minutes.

Fig. 3. XRD of HA coating samples SPS post-treated at different temperature, holding time and SPS cycle: (a) as-received and SPS at 500°C, 600°C
and 700°C for Smin; and (b) SPS and conventional heat treatment at 700°C for 30 min.
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Table 3
Phase composition of selected HA coatings under different post heat
treatment”

Phases Samples

H-1 H-3 H-4 H-5

Phase composition of various phase detected in the XRD
HA 0.5684 0.3629 0.6857 0.8934
Whitlokite
(p-TCP) 0.4004 0.6370 0.2211 0.0448
o-TCP — 0.0544 —
CaO 0.0147 — 0.0387 0.0618

#The result have not taken the amorphous phase and the preferred
orientation into consideration.

2400 ——As-received
—— 2Day
2000 o o v ® gq¢ —1mm
1600
) Yy
o
O 1200
800
400
0
20 25 30 35 40 45 50 55 60
@) 20 o.Ha ¥.TTCP
O:ct-TCP  A: Ca0
m: B-TCP
2800
2400
2000
Ef 1600
8}
1200
800
400
0

20 25 30 35 40 45 50 55 60

(© 20 ®:HA ¥.TTCP
O: a-TCP A: Ca0o
m: B-TcP
400 —70030
L J
2000
wn
@ 1600
(@]
1200
800
400
4]
20 25 30 35 40 a5 50 55 60
(e) 20 ®: HA ¥:TTCP
Q: o.-TCP A: CaO
m: B-TCP

L.-G. Yu et al. | Biomaterials 24 (2003) 2695-2705

when immersed in simulated human blood fluid (SBF)
for a period of time [15,17,18,25-28]. The formation of
this apatite layer on the surface of the material is an
essential requirement for bone bonding, and is related to
the solubility of the biomaterials. Both TCP and HA are
believed to induce formation of an apatite layer, but the
former requires a shorter time to form the film.

In this article, SPS is applied as a post-spray
treatment for plasma sprayed HA coating, and the
subsequent changes in crystallinity and microstructure
are investigated. The in vitro behavior of plasma
sprayed HA coating before and after SPS is evaluated.
The effect of preferred orientation and crystallinity on
the in vitro behavior of the SPS treated coating is
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Fig. 4. XRD of HA coating samples SPS post-treated at different temperature, holding time and SPS cycle after in vitro: (a) as-received HA coating;
(b) SPS at 500°C for 5 min; (c) SPS at 600°C for 5 min; (d) SPS at 700°C for 5 min; (¢) SPS at 700°C for 30 min; and (f) conventional heat treated HA

coating.
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(b) 2 days incubation

(c) 12 days incubation

(d) cross-section of (c)

Fig. 5. SEM micrograph of as-sprayed HA coating before and after in vitro: (a) as-received HA coating; (b) 2 days incubation; (c) 12 days

incubation; and (d) cross-section of (c).

studied. Also discussed is the possible underlying mecha-
nism responsible for the empirical in vitro behaviors.

2. Experimental materials and procedures

The starting HA powders were made through a
wet chemical method and subsequently spray dried to
obtain near-spherical powder [29]. The production
of the powders is based on the following chemical
reaction:

6H3;PO4 + 10Ca(OH), — Cao(PO4)c(OH), + 18H,0.
(M

Heat-treatment at 900°C for 1h is performed to
achieve complete crystalline structure. Fig. 1 gives the
result of particle size analysis and the morphology of the
starting HA powder. The porosity of the HA particle is
evaluated by the digital image analysis software Image-
Pro Plus (Version 3.0, Media Cybernetics L.P., USA)
with the SEM picture of cross-section of the particles,
and it is found to be 19.7%.

Ti rod with a diameter of 10mm is used as the
substrate for plasma sprayed HA coatings. The end of
Ti rod is cut with a diamond saw and sand blasted
before plasma spray to increase the surface roughness in
order to get better bonding. The plasma spray para-
meters are shown in Table 1. The plasma sprayed
samples are subsequently cut into 3-mm thick discs, and
treated by SPS at various temperatures and duration
with a heating rate of 100°C per minute. Table 2 gives
the details of SPS parameters for each sample. In the
SPS process, the graphite die set is filled with the sample,
and placed between the lower and upper electrodes. An
external power source provides pulsed current to
activate and heat the surface of the particles in the
sample for sintering and densification. Charging and
discharging the intervals between particles in the sample
with electrical energy effectively generate intermittent
high temperature spark plasma. The surface micro-
structure before and after SPS treatment is inspected
with SEM. The phase evolution in the HA coating after
SPS treatment is checked by XRD. In order to quantify
the phase compositions in the HA coatings, the Rietveld
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Fig. 6. SEM micrograph of 500°C/5min SPS HA coating before and after in vitro: (a) before in vitro; (b) 2 days incubation; (c) 12 days incubation;

and (d) cross-section of (c).

method is used to calculate the phase compositions of
some of the SPS post-spray treated coatings.

The in vitro tests were conducted to evaluate the
bioactivity of the plasma sprayed HA coating post-
treated by SPS. An SBF solution that had ionic
concentrations close to human blood plasma was
prepared by dissolution reagent-grade NaCl, NaHCOs,
KCl, K,HPO,; (3H,0), MgCl, (6H,0O), CaCl,, and
Na,S0O4, NH,C (CH,OH); in ion-exchanged distilled
water [30]. The solution was buffered at pH 7.4 with 1N
HCI solution at 37°C. The in vitro test was conducted by
incubating the samples into a polyethylene bottle contain-
ing 70 ml of SBF solution. The bottles were immersed in a
continuously stirred distilled water bath container and
maintained at a stable temperature of 37°C for periods of
2 and 12 days. The samples were gently rinsed with 1N
HCI and ion-exchanged distilled water, and then dried at
room temperature after in vitro testing.

SEM investigated the surface morphology and cross-
sectional morphology of the samples after in vitro
testing to disclose the histological changes of the
coatings. The phase evolution is inspected by XRD.

3. Results and discussion

Fig. 2 displays the surface morphology of as-sprayed
HA coating, which is composed of fully melted splats
and resolidified micro-droplets.

The XRD inspection for as-sprayed, and SPS post-
spray treated HA coatings is shown in Fig. 3. In the as-
sprayed coating, the original HA phase apparently
decomposed during plasma spray, and phases such as
p-TCP, a-TCP, TTCP and CaO are present within the
coating. Also, there are large amount of ACP within the
coating, as shown in Fig. 3.

XRD results of samples H-1-H-4 show that with
increasing SPS temperatures, the crystallinity increased
in general, but the phase compositions varies with
different SPS temperatures. In H-1, the augmentation of
HA phase is not clearly evident, but large amount of f-
tricalcium phosphate (f-TCP) with an obvious prefered
orientation of the (2 14) plane was formed. In H-3, both
p-TCP and HA are found to be the dominant calcium
phosphate phases, while decidedly more HA phase was
found in H-4. The content of o-TCP is very low in all of
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Fig. 7. SEM micrograph of 600°C/5min SPS HA coating before and after in vitro: (a) before in vitro; (b) 2 days incubation; (c) 12 days incubation;

and (d) cross-section of (c).

the HA coatings. In order to compare the phase
composition of the HA coatings, the Rietveld method
was applied to quantitatively calculate the contents of
phase within selected HA coatings. The results are
shown in Table 3. Fazan et al. [15] reported that firing
the plasma sprayed coating at 600°C for 1h in
conventional electric resistant furnace increases the
crystallinity of the coatings to almost 100%. The
authors also find that, for HA coating post-spray
treated by conventional heat treatment, the HA phase
composes nearly 90wt% of the crystalized phase
(Table 3) in the coating. But SPS has a different effect
on plasma sprayed coating. For example, H-2 and H-3
do not show fully crystalline HA as the main phase in
the coating, but show the formation of preferred-
oriented B-TCP. Particularly, in H-3 the crystallized
phases mainly composed of S-TCP, which is about
64 wt% (Table 3). This phenomena may be contri-
buted by the unique heating feature of the SPS process.
In conventional vacuum furnance heat treatment,
the heating process is a near-equilibrium heating
process, which ensures the annealing-recrystalization

of meta-stable apatite phases in plasma sprayed coating,
and the stable HA phase is obtained ultimately. In
the SPS process, the large electrical current and the
apparent plasma induced by the discharge at the micro-
gap between graphite punch and coating surafce
produces a nonequlibrium electrothermal effect, which
stimulates the evaporation/condensation of surface
material. The evaporation-condensation of the surface
apatite layer ensures the metastable phases like f-TCP
to growth with its preferred orientation. Because the
growth of apatite layer by evaporation/condensation is
an epitaxial growth rather than a recrystalization or
rapid solidification process, both the stable HA phase
and the unstable amorphous are reduced in the coating.
The plasma effect is only eminent at the beginning of
SPS process. This is because the discharge in the SPS
process is only taking place at the very onset of the SPS
process, and when a stable electric path is established
in the electrode—punch—coating—substrate—punch—elec-
trode route, there is no discharge on the coating surface
any more. The electrothermal effect works just like the
heat effect in conventional vacuum furnace, and the
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(o) 12 days incubation

Fig. 8. SEM micrograph of 700°C/5min SPS HA coating before and after in vitro: (a) before in vitro; (b) 2 days incubation; (c) 12 days incubation;

and (d) cross-section of (c).

annealing/recrystallization will dominate the phase
transformation process. This is the reason why, for
sample H-4, the HA content increase significantly to
approximately 70 wt% (Table 3).

The phase evolution on the surface of HA coatings
induced by in vitro aging were studied by XRD, and
were shown in Fig. 4. For the as sprayed and all SPS
treated HA coatings, the dissolution of TCP, TTCP and
CaO evidently took place during the first two days of
incubation, which is indicated through the eminent
decrease of peak intensity of these phases. After 12 days,
all the samples have an apatite layer grown on the
surface. Yet, for the as-sprayed coating and H-1, the
peak referring to TTCP was still evident after 12 days of
incubation. Similar result is also revealed by H-4. XRD
result shows that in H-4, although there is also
dissolution of TCP, TTCP and CaO, the precipitation
rate of the new layer is sedately gradual, and the peaks
assigned to the HA phase remained sharp and narrow
after 12 days of incubation.

Figs. 5-9 show the surface morphology of SPS treated
HA coatings before, and after in vitro incubation. The

cross-sectional morphology of the HA coating samples
after 12 days of incubation is also presented. The
morphology for the HA coating after conventional heat
treatment at 700°C for 1h is shown as Fig. 10 together
with the in vitro incubation result.

For HA coating SPS treated at a temperature as low
as 500°C, the droplet surface became irregular, indicat-
ing phase transformation took place on the surface, as
shown in Fig. 6. At SPS temperature of 700°C, the
droplet surface becomes even more uneven, and micro-
cracking is found in the coating, indicating further phase
transformations took place after SPS post-treatment at
higher temperature.

In vitro results indicate that, for all HA coatings
including as-sprayed SPS treated and conventional heat-
treated coatings, there is an apatite layer grown on the
surface of HA coating. Yet the apatite layer thickness
for different HA coatings are diverse. Table 4 provides
the apatite layer thickness grown on the HA coatings
after 12 days of incubation. It can be seen that, the
growth of apatite layer on H-3 is the thickest, with a
layer thickness of about 16 um. And the growth of
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Fig. 9. SEM micrograph of 700°C/30 min SPS HA coating before and after in vitro: (a) before in vitro; (b) 2 days incubation; (c) 12 days incubation;

and (d) cross-section of (c).

apatite layer on H-5 is the thinnest, with a new apatite
layer of about 3.5um. It is believed that this behavior
was related to the higher solubility of TCP, CaO and
TTCP, and the lower solubility of the stable HA phase.
As samples H-1-H-3 retained more metastable phases
such as fB-TCP as compared to H-5, the dissolution
process is likely to proceed faster in SPS treated
coatings, and subsequently, the SBF solution attained
supersaturation of Ca®>* and HPOj ions rapidly. This
caused the precipitation of apatite layer to progress
more rapidly on H-1-H-4 than on H-5.

The observed surface structural changes of HA
coatings upon SPS and conventional heat treatment,
and the related in vitro behavior could be explained by
virtue of the Kelvin—Gibbs free energy relationship. The
initial nucleation process, which determines the size,
number, and morphology of the precipitating crystals,
has to create new surfaces. This process requires the
energy provided by the free energy term due to the
tendency of the supersaturated solution to deplete itself
by deposition. Therefore, there is an energy balance
between the formation of the solid phase and the

deposition process. At the point where these free
energies are equal, critical clusters, which have an equal
opportunity to grow or dissolve, are formed. Clusters
larger than the critical size will tend to grow since the
surface energy term becomes less important as the size
increases. Once the critical size has been reached by
aggregation, the super-saturation is rapidly depleted and
these crystallites will tend to grow by a process of crystal
growth. Thus, it is extremely sensitive to super-satura-
tion. Below the critical super-saturation the nucleation
will not happen, but once this value is attained, the rate
increases very rapidly. It is therefore easy to see that the
critical super-saturation is the controlling factor in this
process. Also the critical super-saturation varies accord-
ing to different calcium phosphate crystal structures.
This is because different crystal structures have different
surface energy, and nucleation on a higher energy
surface will generally require a smaller driving force.
In other words, a lower supersaturation is needed for the
induction of nucleation on a low energy surface than
that for the induction of nucleation on a high energy,
such as a well-crystallized surface. According to XRD
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Fig. 10. SEM micrograph of SPS HA coating post-spray treated by conventional heat treatment: (a) before in vitro; (b) 2 days incubation; (c) 12 days

incubation; and (d) cross-section of (c).

Table 4
Apatite layer thickness on different HA coatings after 12 days
incubation in SBF

Sample Apatite layer thickness (um)
As-Sprayed 12.0
H-1 7.1
H-2 12.7
H-3 16.1
H-4 5.3
H-5 35

analysis, the as-sprayed coating, and coatings
SPS treated at 500°C, 600°C and 700°C for 5min
(H-1, H-2, and H-3) are mostly composed of amorphous
or metastable phases with many crystal defects. On the
other hand, HA coatings after SPS at 700°C for 30 min,
and after conventional heat treatment (H-4 and H-5)
contain more HA phase. The higher dissolution rate and
lower supersaturation requirement ensures faster pre-
cipitation of the apatite layer on H-1, H-2 and H-3 than
H-4 and H-5. The aforementioned result shows that SPS
treatment can activate the surface of the plasma sprayed

coating, and make the dissolvation/precipitation of new
apatite layer on plasma sprayed coating during immer-
sion in SBF proceed faster, and ultimately, a thicker
apatite layer.

4. Conclusions

Spark plasma sintering (SPS) post-spray treatment of
plasma sprayed HA coatings yields the following
findings:

1. The crystallinity of calcium phosphate phases in-
creased overall after SPS treatment. Yet, brief SPS
treatment duration (H-1 and H-3) aided the forma-
tion of metastable [-TCP phase with obvious
preferred orientation in the (214) plane, and the
content of f-TCP phase increased with correspond-
ingly with SPS temperature. On the other hand,
relatively prolonged SPS duration (H-4) assists the
formation of HA phase in the plasma sprayed
coatings. Conventional heat treatment at 700°C
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for 1 hour (sample H-5) also helps the formation of
HA phase.

2. In vitro incubation results show that the precipitation
of apatite layer on samples H-1, H-2 and H-3 is more
rapid than that on plasma sprayed HA coatings with
extensive SPS treatment (H-4) and coating with
conventional heat treatment (H-5). The HA coating
treated in SPS at 700°C for 5min (H-3) featured the
thickest apatite layer (16.1 um).

3. The SPS parameters employed in the present study
demonstrated that plasma sprayed HA coating could
be activated for interaction with the SBF, which in
return result in accelerated growth of apatite layer on
the surface.
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