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Hydroxyapatite (HA) coating was carried out by plasma spraying on bulk Ti substrates and
porous Ti substrates having a Young’s modulus similar to that of human bone. The
microstructures and bond strengths of HA coatings were investigated in this study. The HA
coatings with thickness of 200–250 µm were free from cracks at interfaces between the
coating and Ti substrates. XRD analysis revealed that the HA powder used for plasma
spraying had a highly crystallized apatite structure, while the HA coating contained several
phases other than HA. The bond strength between the HA coating and the Ti substrates
evaluated by standard bonding test (ASTM C633-01) were strongly affected by the failure
behavior of the HA coating. A mechanism to explain the failure is discussed in terms of
surface roughness of the plasma-sprayed HA coatings on the bulk and porous Ti substrates.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Hydroxyapatite (Ca10(PO4)6(OH)2, hereafter de-
scribed as HA) has been widely used as a bone
replacement material in restorative dental and orthope-
dic implants, due to its chemical and crystallographic
structure similar to that of bone mineral [1–4]. The HA
shows excellent biocompatibility with hard tissues,
skin and muscle tissues, because it does not exhibit
any cytotoxic effects and can be bonded to the bone
directly. Thus, HA has become a promising bioactive
material for clinical use [5–8]. It is well known,
however, that its poor mechanical properties compared
to those of human bone are one of the key issues
for applications to load-bearing implants [1, 2, 5,
9]. On the other hand, the mechanical properties of
some metallic materials, especially Ti and its alloys,
are good enough for load-bearing implants, but their
biocompatibility is inferior to that of HA [10–13]. A
good combination of the bioactivity of HA and the
favorable mechanical properties of metals is predicted
to be a promising approach to fabricate excellent
biomedical materials for load-bearing applications.
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Once HA is implanted, it is bonded to the bone directly
[14], enhancing the fixation in a shorter time and
reducing healing time [15–17].

HA coatings have been carried out by various meth-
ods such as dip coating, electrophoretic deposition, hot
isostatic pressing (HIP), ion-beam sputtering, ion beam
dynamic mixing and plasma spraying [18–20]. Among
them, plasma spraying has various advantages in chem-
ical composition control, bio-corrosion resistance and
process efficiency [3]. Although HA-based composites
of Ti or its alloys have been fabricated by plasma spray-
ing, the long term stability of this integration is still
questionable. Despite the strong bonding between the
Hp coating and bone, it has been recognized that the
mechanical stability of the interface is a problem dur-
ing a surgical operation or after implantation [21, 22].

The bond strength between the HA coating and sub-
strate could be improved by using porous substrate be-
cause its porous structure contributes to an increase of
contact area with HA. Recently, Oh et al. [23] have
reported on Young’s modulus of porous Ti compacts,
which were fabricated by different sintering conditions,
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as a function of porosity. They found that Young’s mod-
ulus of porous Ti compacts is close to human bone at
porosities from 32 to 36 vol.%, minimizing damages to
tissues adjacent to the implant.

The purpose of this study is to fabricate HA coatings
by plasma spraying on porous Ti substrate having simi-
lar Young’s modulus to human bone, and to investigate
the microstructures and bond strengths of HA coatings.

2. Experimental procedures
2.1. Porous Ti substrate
Commercially pure Ti powders with different particle
sizes were prepared by the plasma rotating electrode
process (PREP) and the gas atomization process in an
argon atmosphere. The PREPed powder was produced
from pure Ti (grade 2), and the operating conditions of
PREP were described elsewhere [23]. The powder was
sieved to about 300–500 µm with a mean diameter of
374 µm, and its purity was analyzed to be 99.9%. Gas
atomized Ti powder with a high purity of 99.9% (Sum-
itomo Titanium Corp.) was also sieved in the range of
about 45–150 µm with a mean diameter of 65 µm. In
this study, the porous Ti substrates were fabricated by
hot pressing. Each powder was filled between two ZrO2
disks in a graphite die of 25 mm in diameter. BN lu-
bricant was sprayed on the graphite punches and inner
wall of the die to avoid the reaction between graphite
and Ti powder during sintering. In order to attain uni-
form compaction, the filled powder was pre-pressed at
70 MPa for 0.6 ks before sintering at 1573 K for 7.2 ks
for 374 µm powder and at 1373 K for 7.2 ks for 65 µm
powder, and then cooled in a furnace in a vacuum of 1
× 10−3 Pa.

Young’s modulus of porous Ti substrates was evalu-
ated in the compression test using a rectangular-shaped
samples with the size of 9 × 9 × 25 mm3. Electri-
cal resistance strain gages (base width: 5.2 mm/base
length: 16 mm) were mounted on two lateral surfaces
to measure longitudinal elastic strain in compression.
The test was performed in an elastic range of defor-
mation up to a maximum 1000 N with an applied load
of 0.5 N per step. The total porosity of porous Ti sub-
strates was measured by calculating the weight and ap-
parent volume of the specimen. To observe the cross-
section of HA coatings, the porous Ti substrates were
cut using an electro discharge machine before plasma
spraying.

2.2. Plasma spraying of HA
HA powder with a high purity of 99.9 mass% (Sulzer
Metco Corp.) was used for plasma spray coating. Disks
of porous Ti and bulk Ti with the size of 1 inch in diame-
ter and 5 mm in thickness were prepared as substrates.
The bulk Ti disks were cut from the rod of pure Ti
(grade 2) used for the PREP. Prior to plasma spraying,
the bulk Ti substrates were the blasted with Al2O3 grit to
roughen the surface, while the porous Ti substrates were
coated without blasting treatment. A F4-6 mm (Sulzer
Mecto Corp.) was used to realize HA coating. The HA
coating was carried out under Ar atmospheric condi-

TABLE I Plasma spraying parameters employed for preparation of
HA coatings

Primary gas (Ar) flow rate (slm) 50
Secondary gas (N2) flow rate (slm) 6
Current (A)/Voltage (V) 750/58
Spraying distance (mm) 22
Gun transverse speed (cm/min) 2000
Chamber pressure (torr) 200

tion. In plasma coating, HA powder was carried by
high-purity Ar gas flow to the plasma and sprayed on the
substrates by the conditions described in Table I. The
bond strength between the HA and substrate was mea-
sured using a standard bonding test (ASTM C633-01).
The HA coated specimen and jig were bonded using a
bonding glue (araldite, Ciba-Geigy Corp), and kept sta-
tionary in air for 24 h. Tensile tests were conducted to
evaluate the bond strength (Autograph DSS-10T, Shi-
madzu). The tensile test was carried out at a cross-head
speed of 1 mm/min. Five samples were measured to
obtain the average bond strength. The surface rough-
ness of the substrates was determined by averaging
10 measurements on each specimen. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were
used to observe surface morphology and determine con-
stituent phase(s) of HA coatings. Element mapping of
HA coatings was carried out by SEM-EDX.

3. Results and discussion
3.1. Microstructures and properties

of porous Ti substrates
Fig. 1 shows SEM micrographs of Ti powders pro-
duced by PREP (a) and gas atomization process (b),
respectively. The PREPed powder is entirely spheri-
cal in shape and possesses a smooth surface. On the
other hand, the gas atomized powders have small ad-
hering satellites. Also, the porous Ti compacts sintered
at 1573 K using 374 µm powder (c) and at 1373 K using
65 µm powder (d) is shown in Figs 1(c) and (d), respec-
tively. The number of interparticle contacts in the com-
pacts in Fig. 1(c) is significantly less than in Fig. 1(d).
These features could be attributed to the surface energy
per unit volume, since it depends on the particle diame-
ter. The compact of fine powder possesses high surface
energy due to high specific surface area, so that it could
be sintered in a short time in spite of a low sintering tem-
perature. The large number of pores in the Ti substrates
is considered to be three-dimensionally interconnected.

The properties of bulk Ti and porous Ti substrates
used for HA coating were summarized in Table II.

TABLE I I Properties of Ti substrates used for HA coating

Surface Total Young’s
roughness (mm) porosity (%) modulus (GPa)

Non-porous Ti substrate 3.7 0 110
Porous Ti substratea 9.3 32.4 25.0
Porous Ti substrateb 33.7 35.6 .1

aSubstrate sintered with 65 mm powders.
bSubstrate sintered with 374 mm powders.
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Figure 1 SEM micrographs of starting Ti powders (a, b) and sintered porous Ti compacts (c, d). (a) 300–500 mm (PEEP), (b) 45–150 mm (gas
atomization), (c) 1573 K with mean particle 374 mm and (d) 1373 K with mean particle 65 mm.

The surface roughness of porous Ti substrates is higher
than that of bulk Ti, and also the roughness of porous
Ti substrate is higher in sintering with 374 µm pow-
der than in sintering with 65 µm powder. It is found
that the porosities of porous Ti substrates are larger
than 30 vol.%. Porous Ti compacts with high porosi-
ties of 30–36 vol.% were fabricated by controlling sin-
tering conditions and powder sizes, which meets re-
quired properties such as Young’s modulus and 0.2%
offset yield strength for biomedical applications [23].
It is found that the Young‘s modulus of porous Ti sub-
strates sintered with smaller particles is higher than that
of lager particles. This young’s modulus difference is
attributed to the surface energy per unit volume, as dis-
cussed above. Young’s moduli of the present porous
Ti substrates with porosities in the range of 32.4 and
35.6 vol.% are almost the same as that of human bone
(10–30 GPa) [24–26].

Figure 2 (a) SEM micrograph and (b) size distribution of HA powder used for plasma spraying.

3.2. Microstructures of HA coating
Fig. 2 shows a SEM micrograph and size distribution of
HA powder before spraying. The HA powder is nearly
spherical in shape with a rough surface (Fig. 2(a)) and
has sizes in the range of about 1–77 µm with a mean
diameter of 34.1 µm (Fig. 2(b)).

Fig. 3 shows the cross-section views of plasma
sprayed HA coatings on the bulk Ti (Fig. 3(a)) and
porous Ti substrates (Figs 3(b) and (c)). The surface
of porous Ti substrates is roughened depending on the
shape of the Ti powder. It is clearly seen that the HA
plasma spraying is successfully performed on the three
Ti substrates without cracking at the interfaces between
the HA and the substrate. The thickness of HA coatings
is in the range of 200–250 µm, and there is no signifi-
cant difference among the three samples. In the porous
Ti substrate sintered with 374 µm powder, the melted
HA powder penetrates to about 500 µm through pore
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Figure 3 SEM cross-sectional microstructures of HA coatings on (a) bulk Ti, (b) porous Ti substrate sintered with 65 µm powder and (c) porous Ti
substrate sintered with 374 µm powder.

Figure 4 High magnification view (SEM) of a HA coating on porous Ti substrate sintered with 374 µm powder. (a) surface and (b) cross-section.

channels, as shown in Fig. 3(c). From Fig. 3(c), it is
considered that the HA penetrating into the porous Ti
substrate accelerates a proliferation of body tissue. In
other words, when the HA penetrates into the substrate
interior, a large amount of bone ingrowth into the pores
is expected, which contributes to tight bonding of the
bone to the porous Ti.

Fig. 4 shows high magnification views of surface
(Fig. 4(a)) and cross-section (Fig. 4(b)) for a plasma-
sprayed HA coating on the porous Ti substrate sin-

Figure 5 XRD patterns of (a) HA powder and (b) as-sprayed HA coating.

tered with 374 µm powder. The SEM microstructure in
Fig. 4(a) consists of well formed splats from melted par-
ticles, micro-cracks and pores, while laminated struc-
tures typical in plasma spraying and unmelted particle
are observed in the cross-section (Fig. 4(b)). The lamel-
lar structures were denser and good interlamellar con-
tact was evident despite the presence of minute amount
of visible voids and interlamellar pores.

Fig. 5 shows the XRD profiles of HA powder
(Fig. 5(a)) and as-sprayed HA coating on the porous Ti
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substrate (Fig. 5(b)). As seen clearly, the HA powder
used in this study has a highly crystallized structure,
while the HA coating exhibits TTCP (Ca4 (PO4)2O),
α-TCP (Ca3 (PO4)2), β-TCP (Ca3 (PO4)2) and CaO in
addition to HA. Moreover, apatite crystallinity in the
as-sprayed HA coating is deteriorated compared with
the raw HA powder. When HA is plasma sprayed, (a)
HA may be converted into other calcium phosphate
phases such as α- or β-tricalcium phosphate, tetracal-
cium phosphate (TTCP) or calcium oxide (CaO) and (b)
crystallinity of HA is lowered due to rapid solidification
[4, 27]. Although no apparent amorphous component
in the HA coating is observed in this study, it may exist
partially in the HA coating due to the rapid quenching
of the droplets during spraying [3, 8, 27].

3.3. Bond strength of HA/Ti substrates
The bond strength obtained by a tensile test is shown in
Fig. 6. The HA coating shows the highest strength on
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Figure 6 Bond strength of plasma sprayed HA coatings on three differ-
ent Ti substrates.

Figure 7 Morphology of failure surfaces of plasma sprayed HA coatings on (a) bulk Ti substrate, (b) porous Ti substrate (374 mm) and (c) porous
Ti substrate (65 mm). Schematic illustrations of (d) adhesive failure at HA/bulk Ti substrate and (e) combination of adhesive and cohesive failure at
HA/porous Ti substrates (374 and 65 mm).

the porous Ti substrate sintered with 65 µm powder and
the lowest on the bulk Ti. Moreover, the HA coating is
higher on the porous Ti substrate sintered with 65µm
powder than on the porous Ti substrate sintered with
374 µm powder.

SEM micrographs of failure surfaces and schematic
illustrations of an interface after the test are shown in
Fig. 7. It is obvious that the failure surfaces are different
between the bulk Ti (Fig. 7(a)) and porous Ti substrates
(Figs 7(b) and (c)). According to ASTM C633-01 spec-
ification classifying the failure mode for the plasma-
sprayed coating, the adhesive strength of the coating is
given if failure is entirely at the coating/substrate inter-
face, and the cohesive strength of the coating is given
if failure is only within the coating. Concerning the
failure of the coating on the bulk Ti substrate, a SEM
micrograph and its illustration are shown in Fig. 7(a)
and (d). The sites of adhesive (ad) and cohesive (co)
failure of the coating on the porous Ti substrate are in-
dicated respectively by arrows in Fig. 7(c), which are
illustrated in Fig. 7(e). Apparently, the failure of HA on
the bulk Ti substrate occurred entirely at HA/substrate
interface (Fig. 7(d)), i.e. the bond strength corresponds
to adhesive strength. The poor adhesive strength of HA
coating on the bulk Ti substrate (Fig. 6) is considered
to be due to the difference of thermal expansion coeffi-
cients (C.T.E) between the Ti substrate (8.4 × 10−6/K
and the HA (13.3 × 10−6/K coating. Studies on plasma
sprayed ceramics coatings on metal substrates have re-
vealed that residual stresses remain at the interface be-
tween the coating and the substrate [1, 3, 28]. Con-
sequently, the adhesive strength might be affected by
residual stress due to the difference of C.T.E. between
the Ti substrate and the HA coating. On the other hand,
the surface observation failure of the HA coating on
the porous substrates indicates both cohesive and adhe-
sive failures, suggesting that the bond strength is dic-
tated by weak areas within the coating and at the coat-
ing/substrate interface (Fig. 7(e)). From both Figs 6
and 7, the combined failure implies that the bonding
of the HA coating/porous Ti substrate is higher than
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that of HA/bulk Ti substrate. In contrast, HA coating
on a smooth substrate surface is readily spalled. Thus,
it is concluded that the bond strength increases with
decreasing adhesive failure area, and with increasing
cohesive failure area. The cohesive strength might be
affected by coating structures such as crystallinity, de-
fects, cracks and lamellar structures. Among the present
three Ti substrates, the area fraction of cohesive failure
area of HA coating on the porous Ti substrate sintered
with 65 µm powder is the highest, as shown in Fig. 7(c).
This cohesive failure area of HA coating might be af-
fected by the surface morphology of substrate.

In summary, the bond strength at the interface of
the HA/Ti implant is improved by the substitution of
porous Ti substrate for bulk Ti. It should be remarked
that a good combination of the bioactivity of HA and the
favorable mechanical properties of the present porous
Ti substrate is indispensable to biomedical applications
such as artificial hip joints.

4. Conclusions
Plasma sprayed HA coating on bulk Ti and porous Ti
substrates was studied with respect to the microstruc-
ture and bond strength. The results obtained are sum-
marized as follows:

(1) HA coating on the bulk Ti and porous Ti sub-
strates is successfully achieved by plasma spraying. The
thickness of HA coatings is in the range of 200–250µm,
and no cracks are found at interfaces between HA and
Ti substrates.

(2) Bond strength of a HA coating on a porous Ti
substrate is higher than that on a bulk Ti substrates.
Failure of a HA coating on a bulk Ti substrate occurs
entirely at the HA/substrate interface, while the failure
of a HA coating on porous Ti substrates occurs at the
HA/substrate interface and within the HA coating layer.
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