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ABSTRACT

Plasma spraying process was employed to produce HA coating on Ti6A14V alloy for the
development of a dental implant. The goal of this research was to find optimum spraying
conditions for HA coating on Ti6Al4V. This study was thus designed carefully to evaluate
how spraying parameters affect various physical properties of a HA coating layer, such as
phase composition and bond strength. In plasma spraying, spraying parameters such as
hydrogen flow rates and spraying distances were varied systematically to change the degree
of the melting of starting HA powder in plasma jet. It was revealed that the deposition effi-
ciency increased with increasing a hydrogen flow rate, and the bond strength between the
HA-coated layer and Ti-alloy substrate increased with hydrogen flow rate, but decreased
with spraying distance. Therefore, the hydrogen flow rate and the spraying distance should
be carefully controlled to obtain the reasonable bond strength simultaneously.

INTRODUCTION

Hydroxyapatite or simply HA, Cal0(P,0s)s
(OH),, has been a very promising bioceramic
material which can be used for prostheses to
replace damaged parts of a human body.
The main reason for the commercial success
of this material lies in the firm and fast fixa-
tion to the bone!. Since bulk HA possess a
low tensile strength, HA has been widely
used as a coating material on metal implants
by plasma spraying®~®. The performance
HA coated implant largely depends upon the
characteristics of the HA coating such as

coating thickness, surface roughness, porosity,
bond stréngth, and phase compositions!~ %,
All these characteristics are affected by plas-
ma gas composition, plasma spraying condi-
tions, and starting HA powder, and so on.
However, it is very difficult to find the best
spraying procedure to get a high quality of
the HA coating. It was noted in many litera-
tures*~® that controlling the degree of melt-
ing of starting HA powder is of primary im-
portance to cope with this problem. When Ar
-H, gas mixture is used in plasma spraying,
the problem can be accomplished by control-
ling the hydrogen flow rate and the spraying
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distance. Therefore, this study was designed
how these two parameters affect the coating
quality. The goal of this study is to find opti-
mum spraying parameters for commercially
available HA powder.

EXPERIMENTAL PROCEDURES

Ti6A14V alloy rod having 16mm in diame-
ter was sliced into discs having 6mm thickness.
For plasma spraying coating on Ti-alloy
discs commercial HA powder was used. The
average particle size was 120um and particle
size distribution was between 47 and 180/m in
diameter. The several Ti-alloy discs were at-
tached to a steel plate and-sand-blasted with
46 mesh alumina grit. The plasma spraying
of HA powder was carried out by simultane-
ous rotating the steel plate and traversing the
spraying gun across the discs.

The plasma spraying system used, so called
Hexaplasma which has a maximum 80kW
power. The feed rate was 15g/min, the pri-
mary gas, Ar, flow rate 70L/min, the current
600A, and the powder carrier gas Ar. As
shown in Table 1, the hydrogen flow rate and
the spraying distance were controlled to
change the degree of melting of HA powder
in the plasma jet.

In order to measure the HA film thickness,
HA-coated alloy discs were separated form
the steel plate, then an alloy disc was sec-
tioned by a diamond impregnated saw, and
mounted in the bakelite. The film thickness
was measured under a light microscope after
polishing a mounted sample. The deposition
efficiency of HA film was calculated by using
the equation 1. The bond strength between
HA-coating layer and Ti alloy disc was mea-

sured two to six times using a tensile testing
machine (Sebastian V). The test was done by
attaching 6mm Al stud to the surface of the
coating, curing for 1 hour at 150°C, and then
pulling down the Al stud against the coating
surface.

The morphology of HA-coating surface
was examined by a scanning electron micro-
scope (Hitachi Co.). The phase composition
of HA-coating layer was investigated by X-
ray diffractometer (Rigaku) with Cu-Ke tar-
get and the scanning rate was 2°/min. In
order to examine the dehydroxylation of HA
powder during plasma spraying, FTIR analy-
sis was done.

Table 1. Spraying parameters for HA coat'ing

Hydrogen Flow Spraying
Rate (L/min) | Distance(mm)
1 85
100
115
130
85
100
115
130
100
100

Specimen
Number
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RESULTS AND DISCUSSION

Deposition Efficiency

When particles having a certain size distn-
bution are fed into a plasma jet, each particle
takes its own trajectory. Therefore, each par-
ticle may acquire the different degree of melt-
ing and the different velocity at impact. Only
a small portion of particles fed into the jet
will be accumulated on the surface of a sub-
strate. The deposition efficiency can be define
d as the ratio of coating weight and the total
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weight of sprayed particles. However, the dif-
ferent method was used to evaluate the depo-
sition efficiency under a given spraying con-
dition in this study. Neglecting the presence
of pores in each coating, the deposition effi-
ciency (D.E.) can be estimated as follows.

VAd
D.E(%B)——— X 100 ++eerrrrrerrereees 1
( rDF (1)

where V is the traverse velocity of a gun, A
is the area enclosing by two dotted circles in
Fig. 1, d is the theoretical density of HA (3.
155 g/cc), r is the radius of alloy disc, D 1s
the distance from the center of rotation, and
F is the feed rate.

The deposition efficiency for each spraying
condition is illustrated in Fig. 2. It increased
with the hydrogen flow rate from 6.4% at 1L
/min to 23.5% at 12L/min. At relatively low
flow rates, the deposition efficiency increased
rapidly until 5 L/min. After then, it in-
creased gradually with the hydrogen flow
rate. However, the curve of the deposition ef-
ficiency should change more steeply with the

movc;‘hcnt _,f)f
spraying gun

Fig.1 A schematic diagram describing relative
movement of alloy discs and grun

hydrogen flow rate since HA coating is dense
at a high hydrogen flow rate. In Fig. 2, the
deposition efficiency was also evaluated as a
function of spraying distance while fixing the
hydrogen flow rate to 1L/min. The deposition
efficiency dropped slightly at 130mm, but re-
mained constant in the others.

The reason that the deposition efficiency is
related to the heat content of the plasma jet,
which increases with the hydrogen flow rate.
Therefore, the degree of melting of HA pow-
der will increase with the hydrogen flow rate.
The results showed that the number of molt-
en particles attached to the substrate increas-

es rapidly up to 5L/min. In the entire range

~of the hydrogen flow rate, the deposition effi-

ciency was very low since particle size was
relatively large.
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Fig. 2 Deposition efficiency as a function of
hydrogen flow rate and spraying distance
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The deposition efficiency may also depend
upon the spraying distance which it changes
the thermal and kinetic history of a particle.
As the spraying distance increases, molten
particles may resolidify before hitting the
substrate and also the number of particles de-
crease due to the divergent nature from the
center of Cu nozzle. Therefore, this may
result in the reduction of the deposition effi-

ciency as the spraying distance increases.

Surface Morphology

The change of surface morphology of a HA
-coating layer with different hydrogen flow

rates was illustrated in Fig. 3. Results from
various spraying distances were not pre-
sented since there was no signifiant differ-
ence in microstructures in this study.

As shown in Fig. 3(a), the microstructure
of HA-coated layer exhibits a large amount
of unmelted particles, cracks, pores and pan-
cake-~like splats. Although SEM micrographs
obtained from hydrogen flow rates (3 and 5L
/min) were not given here, their microstruc-
tures were similar to that of at 1L/min. The
difference was only that splats were more se-
verely deformed and the number of unmelted
particles decreased with the hydrogen flow

rate. These severely deformed splats had

Fig. 3 Surface morphology of HA coating produced by different hydrogen flow rates

(a) and

(c) : 1L/min,

(b} and (d) 12L/min
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more irregular edges than the others. On the
other hand, the microstructure corresponding
to 12L/min contained little amount of un-
melted particles so that the surface of HA-
coated layer was covered by the solidified
powder. The microstructural difference be-
tween two hydrogen flow rates (1 and 12L/
min) can be seen clearly by comparing Fig. 3
(¢) and (d).

Cracks on the HA-coated layer is usually
found in plasma sprayed coating as a result
of stress relief. And the unmelted particles
can be originated from two sources; one is
purely unmelted in the plasma jet and the
other one is owing to naked particles by pull-
ing off the melted part of partially melted
particles at impact. The pores is due to the
insufficient deformation of molten particles
at impact®.

Phase Composition

X-ray diffraction patterns were obtained
for HA coating on Ti6Al4V discs as well as
the starting HA powder. Fig. 4 illustrated the
XRD patterns for HA-coated layer obtained
by varying the hydrogen flow rate at a con-
stant spraying distance (100mm). Peaks were
analyzed with JCPDS cards of HA, Ca.,P,0,
(TP), a and B-(Ca;P0,), (TCP), and CaO
compounds. The main peaks of these com-
pounds occur when 28 i1s equal to 31.8, 29.7,
30.7, 31.0 and 37.2 °, respectively.

In Fig. 4, the starting HA powder was
highly crystalline, but included small amount
of impurity phases. When the hydrogen flow
rate was 1L/min, the background shift in the
XRD pattern was observed, which indicates
the presence of amorphous phase due to the
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Fig. 4 X-ray diffraction patterns of starting HA
and diffraction HA coatings

rapid cooling of molten particles. Also small
amount of TP and TCP phases were detect-
ed. However, CaO compound was not found.
However, as the hydrogen flow rate in-
creased over 5 L/min, amount of impurity
phases such as TP and TCP as well as amor-
phous phase increased significantly. And it
was noted that a peak for CaO compound
was detectable. Mareover, the peak intensity
of Ca0 compound became strong as the
hydrogen flow rate increased.

The FTIR spectra of starting HA powder
and coated HA powder were illustrated in
Fig. 5. O-H absorption bands at 627 and
3572 ecm™' were disappeared in the plasma
sprayed HA. Therefore, it is noted that start-
ing HA is dehydroxylated during plasma
spraying.

In general, the plasma spraying of HA 1Is
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Fig. 5 FTIR spectra of starting HA and different
HA coatings '

conducted at very low deposition efficiency,
and it is very difficult to avoid the phase de-
composition of HA due to a high temperature
during plasma spraying process. The amount
of these impurity phases, especially the amor-
phous phase, should be minimized since it is
much more resorbable in a living body than
crystalline HA.
amount of impurity phases introduced by a

It was shown that the

decomposition of HA was proportional to the
heat amount in which HA powder received
during their flight in the jet. Therefore, it is
necessary to control the degree of the melting
of HA powder so that only the surface of HA
powder may be melt. As shown in Fig. 3, this
was achieved to some extent by minimizing
the hydrogen flow rate.

Beside a resorption problem of impurity
there
as blocompatibility in a living body. It should

phases, is an another issue such
be noted that CaO compound is the most det-

rimental phase since it is not biocompatible at

all®), Therefore, the formation of CaQ during
plasma spraying should be restricted. In this
study, it was avoided by using a low
hydrogen flow rate less than 3L,/min. Howev-
er, the amount of other impurity phases can
be eliminated or minimized by a post heat-

treatment !,

Bond Strength

The bond strength between the HA coating
and Ti-alloy substrate is very important fac-
tor in determining the performance of an im-
plant. Some results showed!®'V that failures
may occur at the interface between HA coat-
ing and Ti substrate rather than between the
bone and HA coating. .

Fig. 6 showed how the spraying distance
affected the bond strength between the coat-
ing and the substrate at different hydrogen
flow rate. Error bars in Fig. 5 denotes the
minimum and maximum values of measured
bond strength and black dots denotes the
average value. In Fig. 5, the bond strength
decreased slightly with the spraying distance.
However, the bond strength increased slowly
with hydrogen flow rate from 22 kg/cm?® for
1L/min to 45kg/cm? for 12L/min.

In plasma spraying process, the bonding be-
tween the HA coating and the Ti-alloy sub-
strate is achieved by flattening molten drop-
lets at impacts and interlocking them me-
chanically to the asperities on the Ti-alloy
surface. It is also possible the diffusion reac-
tion between the HA coating and Ti-alloy
substrate during plasma spraying!'?. A large
hydrogen flow rate will result in a large
amount of heat in the jet so that there will be
more severe deformation of molten droplets

as well as more diffusion in which both ef
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Fig. 6 Variation of bond strength with hydrogen flow rate and spraying distance

fects lead to enhanced the bond strength.

It was mentioned in the previous section
that the phase decomposition of HA became
severe with increasing hydrogen flow rate.
Therefore, the hydrogen flow rate must be
optimized to result in reasonable phase de-
bond
simultaneously. In this regard, the HA coat-

composition as well as strength
ings sprayed under conditions B and F in
Table 1 is under an animal test in which clini-
cal result will be reported later on.

CONCLUSION

1) The deposition efficiency was changed
steeply in the relatively low range of hydr-
ogen flow rate, i.e. between 1L/min and 5L/
min. It can be a useful tool to estimate the
degree of melting and the other physical
properties as well as the effectiveness of dif-
ferent powder size distribution.

2) The bond strength between the HA-
coated layer and Ti-alloy substrate increased
with hydrogen flow rate, but decreased with
spraying distance. However, the results of the
bond strength showed is still low to guaran-

tee a reliable performance.

3) It was is very difficult to avoid a phase
decomposition of starting hydroxya-patite
powder during plasma spraying. But at least
CaQ formation was avoided by lowering the
hydrogen flow rate.
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