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The change of phase, morphology and bond strength of plasma sprayed hydroxyapatite
(HA) coating and ZrO,/HA composite coatings immersed in simulated body fluid (SBF) for
various periods of time was studied. X-ray diffractometry (XRD) and scanning electron
microscopy (SEM) were used to identify the phase and observe the morphology of the
coating surface before and after immersion. In addition, inductively coupled plasma
emission spectroscopy (ICP) was used to measure the ion release rate of coatings in SBF for
various periods of time. Observation of the morphology by SEM shows that the composite
coating with the addition of ZrO, in HA significantly reduced the dissolution rate of impurity
phases in simulated body fluid. The argument was supported by measurement of Ca?* ion
concentration in SBF. During plasma spraying, less OH ™ ions were lost in a ZrO,-containing
composite coating. This factor, together with the reduced effective surface of the
ZrO,-containing HA coating, were attributed to the reduced dissolution rate of the composite
coatings. All the plasma sprayed coatings degraded after immersion in SBF owing to
dissolution of constituents in the coating, however, the addition of ZrO, in HA improved the

bonding strength of HA coating after immersion in SBF.

1. Introduction

Hydroxyapatite (HA) has received increasing atten-
tion as a bone implant material to promote fixation of
orthopaedic prostheses. In vitro and in vivo tests on
plasma-sprayed hydroxyapatite coated titanium im-
plants have shown that the thin layer of HA coating
(HAC) promotes direct chemical bonding with bone
[1,2] and exhibits bone apposition and satisfactory
biocompatibility [3-6]. Despite this, the long-term
strength and fracture toughness of HA and HAC has
been questioned [3,7]. The poor bonding strength of
HAC is attributed to the following causes: (1) inad-
equate bonding between HAC and the substrate; and
(2) inadequate strength of HA or inter lamellar layers
of HA per se. For the former cause, the concept of
a bond coat to provide a mechanical or chemical bond
between HAC and the bond coat can be exercised, and
for the latter the plasma coating can be reinforced by
a second phase [7,8]. Zirconia, having the attributes
of high strength and stress-induced phase transforma-
tion toughening, is a candidate material to strengthen
the ceramics [9-11]. In a previous paper, it was
proved that the addition of yittria-stabilized zirconia
improved the bonding of hydroxyapatite coatings to
titanium [12]. Continuing the previous investigation,
the present work aims to investigate the effect of
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zirconia on the bonding at the HAC/Ti alloy interface
as a function of the period of immersion in simulated
body fluid (SBF).

2. Materials and methods

2.1. Specimens preparation

As described previously [12], four kinds of plasma
spray powders of the following compositions were
prepared: HA, HA + 5wt% TZ3Y (3-5), HA +
10wt% TZ3Y (3-10), and HA + 10wt % TZ8Y
(8—10), where TZ3Y and TZS8Y denote ZrO,—-3 mol %
Y,0; and ZrO,-8 mol % Y,0s;, respectively. The
granulated powders, sintered at 600°C for 1h and
1000°C for 4h, have a size distribution of
— 120— + 200 mesh (74—125 pm). Two shapes of Ti-
6A1-4V (ASTM F-136) were used as substrate: plate
specimens measuring 1x1x0.3cm were used for
microstructure and phase analyses, and cylindrical
rods measuring 2.54 cm in diameter and 7.62 cm in
length for bonding strength measurements. The
prepared powders were plasma sprayed onto the
ultrasonically cleaned and sand blasted surface
before plasma spraying with the parameters as stated
previously [12]. The coating thickness was about
200 pm.
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TABLE 1 Concentration of ions in simulated body fluid [13]

Ton Na™ K* Ca?*

Mg?* cl- HCO; HPO?2~

Concentration (MM) 142.0 5.0 2.5

1.5 148.8 42 1.0

2.2. Change of HA and ZrO,/HA composites
after immersion

The plasma-sprayed plate specimens were ultrasoni-
cally cleaned in acetone, rinsed in distilled water and
then inserted into dry heat (120°C x 8 h) sterilized
culture vials containing simulated body fluid. The
compositions of SBF, shown in Table I, was buffered
at pH of 7.2 with 50 mM tris-hydroxymethyl-amino-
methane and 45 mM HCI [13]. The specimen surface
to SBF ratio was 1 cm?: 1 ml, and the temperature of
SBF was kept at 36.5°C. The as-sprayed specimens,
together with specimens removed from SBF after
1,2,5,10 and 20 days, were examined for variation of
coating characteristics. The phase identity from the
coating surface of as-sprayed and after-immersion
specimens was examined by X-ray diffractometry
(XRD) (Rigaku D/Max III, V) with a scan speed of
4°/min between 20° and 60° (20 angle) using CuK,
radiation. A scanning electron microscope (SEM)
equipped with wavelength dispersive spectrometer
(WDS) was used to observe the morphology change
and examine the Zr element of the coating surface
before and after immersion. In addition, inductively
coupled plasma emission spectroscopy (ICP) (Kon-
tron Plasmakon model S-35) was used to measure the
ion release rate of coatings in SBF over various peri-
ods of time.

2.3. Adhesion test at HA and ZrO,/HA
composites/Ti interface

The plasma-sprayed specimens were used to investi-
gate the changes in bonding strength before and after
immersed in SBF. For as-sprayed specimens, the test-
ing procedures for bond strength has been previously
described [12]. For immersed rod specimens, the
soaking sequences used were similar to those for plate
specimens as described above. The bond strength at
the HA or ZrO,/HA composite /Ti-6Al-4V interface
was also tested using the adhesion test per ASTM
C-633. After 1, 2, 5, 10 and 20 days of immersion, the
HA and ZrO,/HA composite coating rods were re-
moved, washed with distilled water and dried in oven
and then adhered to grit blasted loading rods using an
adhesion bonding glue (METCO EP-15). The couples
cured at 190 °C for 2 h were subjected to tensile tests at
an extension rate of 0.02 mm/s until failure. For each
testing material, five specimens were used, and the
bonding strength data is reported as the average
values.

3. Results and discussion
The results of XRD analysis of HA coating and
HA + 10wt % TZ8Y (8-10), HA + 5Swt% TZ3Y
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Figure 1 XRD analyses of HA coating immersed in SBF for (a) 0,
(b) 1,(c) 2,(d) 5, (e) 10 and (f) 20 days. A Ca,P,04; 0 TCP; O CaO.
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Figure 2 XRD analyses of 8—10 coating immersed in SBF for (a) 0,
(b) 1,(c) 2,(d) 5, (e) 10 and (f) 20 days. A Ca,P,0,; 0 TCP; O CaO.

(3-5)and HA + 10wt % TZ3Y (3—10) composite coat-
ings, immersed in simulated body fluid for 0, 1,2, 5, 10
and 20 days, are shown in Figs. 1,2,3 and 4, respec-
tively. Observation of the HA coating, as shown in
Fig. 1, reveals that impurity phases such as Ca3(PO,),
(or TCP), CayP,04 and CaO disappeared gradually
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Figure 3 XRD analyses of 3-5 coating immersed in SBF for (a) 0,
(b) 1,(c) 2, (d) 5, (e) 10 and (f) 20 days. A Ca,P,0,; 0 TCP; O CaO.

(d)
(c)
(b)
O
Wh, ©
(a) |
| : : : :
20 30 40 50 60
20 (degrees)

Figure 4 XRD analyses of 3—10 coating immersed in SBF for (a) 0,
(b) 1,(c) 2,(d) 5, (e) 10 and (f) 20 days. A Ca,P,0,; 0 TCP; O CaO.

as the period of immersion increased; e.g. CaO dis-
solved after 1 day, and TCP and Ca,P,0, dissolved
after 10 days. The performance of the 810 composite
coating (Fig. 2) is slightly different from the HA coat-
ing in that the dissolution rate of impurity phases was
slower. As indicated in this figure, the CaO impurity
phase disappeared only after 2 days, and residual
Ca,P,0, remained after 20 days; special attention
should be paid to the TCP impurity phase of which
the intensity was similar to the composite before im-
mersion. The argument is confirmed in Table IT which
shows the integration intensity (in arbitrary units) of
the TCP phase of the 8—10 specimen. The dissolution
of 3-5 and 3-10 coatings resembles that of the 8—10
coating as indicated in Figs. 3 and 4.

TABLE II XRD diffraction intensity (in arbitrary units) of TCP
phase of the 8-10 specimen as a function of time in SBF

Time 0 1 2 5 10 20
(days)

TCP 2328 2277 2094 2003 189.6  200.7
intensity

The SEM surface morphologies of the HA coating
and 8-10, 3-5 and 3-10 composite coatings before
and after immersion in simulated body fluid for vari-
ous periods of time are shown in Figs. 5,6,7 and 8§,
respectively. Examination of the HA coating, as in-
dicated in Fig. 5, shows that the constituents on the
surface were partially dissolved after 2 days (as in-
dicated by the arrow in Fig. 5c). The dissolution be-
came severe as the period increased, and the surface of
the coating became flat after 20 days of immersion in
SBF (Fig. 5f). The results of dissolution from observa-
tion of surface morphologies are apparently consistent
with the findings from the XRD analyses, namely that
the impurity phases in the HA coating dissolved stead-
ily with time into the SBF. The display of the ZrO,-
containing 8—10 composite coating (Fig. 6) is signifi-
cantly different from that of the HA coating, and the
coating underwent little apparent change of morpho-
logy after 20 days of immersion. The morphological
examination supports the previous XRD measure-
ments concerning the dissolution of impurity phases
in the 8—10 composite coating. Figs. 7 and 8 show that
the evolution of morphology with time for the 3—5 and
3-10 ZrO,-containing coatings can be catagorized
with the 8§-10 coating.

Fig. 9 shows the ICP chemical analysis of the cal-
cium ion concentration in simulated body fluid for the
HA coating and for §-10, 3—5 and 3—-10 composite
coatings after 0,1,2,5,10 and 20 days. During initial
periods of immersion, the calcium ion increased
rapidly in the SBF owing to the higher content of
more soluble impurity phases in the coatings [14];
thereafter the dissolution rate decreased and the
concentration of Ca®* came to a steady state value.
The ZrO,-containing coatings exhibit similar trends
to the HA coatings, but the kinetics of dissolution
were more moderate and it took a much longer
time for the dissolution of impurity phases to take
place.

In general, various causes, such as phase, crystallin-
ity, grain size, porosity, specific area and thickness of
materials might affect the dissolution of ions in bio-
ceramics [ 15]. The factors that affect the dissolution of
HA due to the addition of ZrO, are qualitatively
analysed as follows.

(1) Phases: Addition of ZrO, increased the impurity
phases significantly as described previously [12], and
these phases dissolve faster than HA [14]. Therefore,
the fact that composite coatings degraded slower than
the HAC, as shown by comparing Figs. 1-9 in this
work, cannot be rationalized by the higher content of
impurity phases. Secondly, ZrO, accounts for 5 to
10wt % in the composite coatings, and this phase does
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not dissolve in SBF; with an increased ZrO, content
3-10 dissolved slower than the 3-5 specimen, as
indicated in Fig. 9. Yet the explanation is complicated
by the affect of ZrO, on the OH ™ ions associated with
the stretching mode at 3570cm ™' [14] detected by
FTIR spectrometry (FTIR Nicolet 800). After plasma
spraying, the OH ™ ions remaining in ZrO,-containing
hydroxyapatite coatings were shown to be more nu-
merous than in pure HA coating, as measured by

FTIR in Fig. 10, but the reason for this was not
understood. Since HA becomes more soluble as more
OH" ions are lost [16], the slower dissolution behav-
iour of the composite coatings might also be explained
by their ability to preserve OH™ ions during plasma
spraying.

(2) Porosity: Since the addition of ZrO, induces
more porosity in the composite coatings [12], and
porosity in the coating will accelerate dissolution,

Figure 5 Morphology of HA coating immersed in SBF for (a) 0, (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 days.
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Figure 6 Morphology of 8-10 coating immersed in SBF for (a) 0, (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 days.

the slower dissolution rate of ZrO,-containing
hydroxyapatite coatings cannot be attributed to the
variation of porosity content.

(3) Effective HA surface: As HA dissolves, the un-
dissolved ZrO, remaining on the coating may hinder
contact between the HA and the SBF, which in turn
will reduce the dissolution rate of ZrO,-containing

hydroxyapatite coatings. Fig. 11 shows the WDS
analysis of the variation of Zr on the surface of coat-
ings after various periods of immersion in SBF; it is
indicated that Zr increased rapidly on the surface of
coatings, and this is thought to be a factor which
hindered contact between HA and SBF and reduced
the dissolution kinetics.
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Figure 6 (continued).

The quantitative contribution of the various factors
to the dissolution of HA as affected by ZrO, cannot be
established from this study. However, the factors lead-
ing to retardation of the dissolution as affected by
ZrO, obviously dominates. Moreover, other factors
not discussed above may not be excluded.

After SBF immersion, the variation of bonding
strength with time is shown in Table III and Fig. 12,
which indicate that the bonding strength decays with
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time. The bonding strength reached minimum values
after 5 days and increased slightly thereafter. The
decay of bonding strength is caused by the dissolution
of coatings which weakens them. The minimum in
bonding strength corresponds to saturation of Ca**
concentration which occurred after 5 days, as shown
in Fig. 9. Dissolution of constituents inside the coat-
ings reduces the cohesive strength of the coatings.
Yang et al. studied the in vitro bond degradation at the



Figure 7 Morphology of 3—5 coating immersed in SBF for (a) 0, (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 days.

plasma-sprayed HA coating/Ti-6A1-4V alloy interface
and found that the bonding strength increased after
decreasing to a minimum [17]. The bond recovery
phenomenon was attributed to the penetration of glue
into cavities in the dissolved coating, which artificially
strengthens the coating. In the present work, a slight
recovery of bond degradation was also observed.

As bond decay corresponds to the dissolution of the
coating, fast dissolution of the coating will result in

more bonding decay at the HA or ZrO,/HA
composite coatings/Ti-6A1-4V interface. Of the four
coatings investigated in this study, the HA coating
dissolved fastest and hence the bond also decayed
proportionally. After SBF immersion for 1 day, as
shown in Fig. 12, the bonding strength of the HA
coating decreased from 28.2 MPa to 19.7 MPa, while
in comparison, the bond strength of the 8—10 speci-
men decreased from 32.5 MPa to 25.3 MPa. The
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Figure 8 Morphology of 3—10 coating immersed in SBF for (a) 0, (b) 1, (c) 2, (d) 5, (¢) 10 and (f) 20 days.

decay became more evident after 2 days for the HA
coating. The slower bond decay of ZrO,-containing
hydroxyapatite coatings is explained by the slower dis-
solution rate as discussed above. After soaking for 20
days, bond recovery occurred in the HA and 3-5 coat-
ings, as shown in Fig. 12, corresponding to the higher
dissolution rates of these coatings as suggested in Fig. 9;
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the bonding strength measurements at 20 days for the
HA and 3-5 coatings are considered invalid tests.

4. Conclusions
The dissolution behaviour in simulated body fluid
and the bonding degradation of plasma-sprayed



Figure 8 (continued)

hydroxyapatite coating and zirconia-reinforced hy-
droxyapatite composite coatings was studied. Obser-
vation by XRD and SEM techniques shows that the
dissolution rate of the ZrO,/HA composite coatings
was slower than that of pure HA coating in simulated
body fluid. Measurement of the concentration of Ca**
ions in simulated body fluid confirms the argument.
Although the addition of ZrO, increased the impurity
phases and porosity in the composite coating, which

should accelerate dissolution, factors such as less loss
of OH"™ ions during plasma spraying and the reduced
effective surface of HA dominated the dissolution rate.
Regarding bond degradation, all the plasma sprayed
coatings degraded after immersion in simulated body
fluid owing to the dissolution of constituents in the
coating, however, the bonding strength of ZrO,-con-
taining coatings was superior to HA coatings for all
periods of immersion in simulated body fluid.
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Figure 9 ICP analysis of the variation of Ca?" ions in SBF as
a function of time; MHA. (0 8-10; ¢ 3-5; < 3-10.
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Figure 10 FTIR spectra of (a) HA and (b) 8-10 coating.
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Figure 11 WDS analysis of the variation of Zr on the surface of
varoius coatings as a function of time immersed in SBF. [J 8-10;
& 3-5; < 3-10.
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Figure 12 Variation of bonding strength of various coatings
as a function of time immersed in SBF. MHA; [0 8-10; ¢ 3-5;
< 3-10.

TABLE III Bonding strength of HA coating and 8-10, 3-5 and 3-10 ZrO,/HA coatings as a function of time in SBF

Bond strength (MPa) after period of immersion (days) of

Coating 0 1 2 5 10 20

HA 282 +3.7 19.8 £22 159 +42 10.8 £2.6 10.7 £ 24 139 £32

8-10 325 +42 253 +41 226 +1.2 16.7 + 4.4 17.8 + 1.7 172 + 4.6
- 299 +25 210+ 1.6 147 +£3.8 142 +1.5 120 £29 144 +29

3-10 320433 244429 20.1 +£3.2 172 + 44 158 +£22 15.6 +3.2
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