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Cross-sectional analysis on microstructure of plasma sprayed
HA+ TiO; composite coatings on titanium substrate
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Abstract: The cross sectional analysis on hydroxyapatite (HA) coating and HA+ TiO, composite coating was conducted by using

electron probe microanalyser (EPMA) . The results reveal that annealing at 650 C leads to the cracking within the HA coating or

along the coating/ substrate interface. The ribborr like regions in HA coating are verified to contain less PO3™ groups resulted from

the high temperature melting of HA particles in plasma flame. From the viewpoint of microstructural observation, it can be conr

cluded that the addition of TiO, into HA coating can effectively strengthen and toughen the whole coating system with a shift of the
wellk bonded interface from the THA (top HA) coating/ HTBC (HA+ TiO; bond coat) interface in the as sprayed THBC ( top HA-
HTBC) coating to the HTBC/Ti substrate interface in the heat treated THBC coating. The THA coating bonds well to Ti substrate
perhaps via its TiO, hobnobbing with the Ti oxides formed on the Ti substrate.

Key words: cross sectional analysis; hydroxyapatite; composite coating; plasma spraying

CLC number: R 318. 08

Document code: A

1 INTRODUCTION

Hydroxyapatite(HA) has been extensively studied and
clinically applied, especially as a bioactive coating on met-
al implants. The positive effect of HA coating on implants,
such as more rapid and stable fixation of the implant to
bone, stronger bonding between the bone and the implant,
increased uniform bone irrgrowth at the bone-implant in-
terface and decreased release of metal ions from the implant
to the body, has been widely reported. However, there is
controversy as to its long-term effectiveness and perfor-
mance. Therefore, many studies have been carried out in
order to improve the interfacial bond strength and coating
duration of the HA-titanium implant materials system.
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Thermally sprayed gradient coatings!™®, composite coat-
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corporation of Ti, titania(Ti0,) and zirconia( ZrO,) as re-

I and bonding interlayer' ™ ' were adopted with in-
inforcing additives. Most researches show that the adhesive
and cohesive strengths can be further increased. In the
case of TiOs selected to be incorporated, its favorable bio-
logical effects and high corrosion resistance were usually
considered "™ > ! In reality, TiO, should substantially
possess a mechanical advantage over other materials in in-
corporating into HA coating.

HA coating endows the implant not only with bioac-

tivity but also with a protective layer against the release of

metal ions. In order to increase the coating duration after
implantation, it is necessary to perform heat treatment to
restore the crystallinity and OH™ content of as sprayed
HA coating with amorphous and decomposed phas
s 1t was reported that HA coating with a lower
crystallinity had a higher bioactivity ' and its initial dis-
solution was a part of the events leading to bone tissue
growth enhancement and bone tissue bonding'” . On the
contrary, the studies in vitro and in vivo showed that HA
coatings with higher crystallinity yielded higher rates of
cell proliferation' ™| and there was no difference in the
percentage of the as-deposited and annealed coatings, to
which bone was found to be apposed by ESEM imaging af-
ter 3 and 10 days'*.
trabecular or cancellous bone would require coatings with
a very high crystallinity! > .

In  this
microstructure of plasma sprayed HA coating and HA +

It was suggested that implants in

study, crosssectional analysis on

Ti0, composite coating on titanium substrate before and
after heat treatment has been conducted. Attempts are
made to probe into the effects of heat treatment and addi
tion of TiO; on structure of the HA coating.

2 MATERIALS AND METHODS

2.1 Specimen fabrication
Fully crystallized 10 =20 Hm (fine) and 60 ~ 80 Pm
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(coarse) HA powders ( Sichuan University, China) and
50 ~ 60 Hm rutile TiO, powders ( Sherr yang Grind Wheel
Plant, China) were obtained commercially and were used
as the starting materials. The composite powders consist-
ing of 50% (volume fraction) HA (60~ 80 Pm) + 50%
TiO; for forming the interlayer were prepared through a
mechanical-mixing process in a ball mill pulverizer. Com-
mercially pure titanium buttons, with a diameter of 13 mm
and a thickness of 2 mm, were used as the substrate ma-
terials. Prior to plasma spraying, all the substrate sur
faces were sandblasted with Al,O3 grit of size 500 Pm.
Under the same spraying condition, two kinds of speci-
mens, i. e. the pure HA coating and the two-layer one
consisting of the HA top coating and the HA+ TiO; inter-
layer (THBC coating) on titanium, were produced by
plasma spraying using a Sulzer Metco 9 M equipment. Ar-
gon and hydrogen were used as the plasma arc gases and
argon as the powder carrier gas. The arc current and volt-
age were 500 A and 60 V respectively. The powder feed
rate was 30 ~ 40 g/ min and the spray distance was 100
mm. The post-heat-treatment of the coatings was carried
out in air at 650 C for 120 min.

2.2 Microstructural characterization

Considering the brittleness of the coatings, the cross-
sections of the as-sprayed and heat treated coatings were
gently polished to prepare the metallographic samples. A
JXA-8800R electron probe microanalyser (EPMA) with a
Link ISIS300 energy spectrum analyser was used to give
the back scattering electron ( BSE) image and determine
element composition of the coatings. The surface of sam-

ples was sputter- coated with carbon.
3 RESULTS

3.1 Effect of heat treatment on coating and inter-
face microstructure

Fig. 1 shows the cross-sectional observation on coarse

HA coating before and after annealing at 650 C. It can
be seen that the polished section of the as-sprayed HA
coating is smooth with some pores, fine cracks and rib-
bon-like regions (Fig. 1(a)). From Fig. 1(b) it can be
clearly found that the heat treatment induces the cracking
of HA coating and the broadening of original cracks.
Fig. 2 shows the cross-sectional observation on coarse HA
coating/ titanium interface before and after heat treatment.
Similarly, the heat treatment causes the HA coating to be
separated from the titanium substrate (Figs. 2(a = d)).
From both Fig. 1 and Fig. 2, it is shown that the heat
treatment can eliminate the ribborrlike regions appearing
in the as-sprayed HA coating to a great extent. To under
stand the formation and composition of the ribborr like re-
gions, we conducted the element analysis on them as be-

low.

3.2 Chemical inhomogeneity of HA coating

Fig. 3 shows the BSE image of the assprayed fine
HA coating and the corresponding plane distributions of
Ca, P and O. The HA coating made of fine powder con-
tains more ribborr like regions, compared with the coarse
HA coating (see Fig. 1(a) and Fig. 2(b) ). The detailed
element analysis (Figs. 3(b = d)) indicates that the HA
coating exhibits chemical inhomogeneity, i.e. less P and
O content in the composition of the ribborr like regions, is
different from the other regions, which may be caused by

the more loss of PO}~ groups.

3.3 Microstructure of HA+ TiO, composite coating

Fig. 4 shows the cross sectional pictures of the as
sprayed THBC coating with EDS analysis. It can be seen
that the HA+ TiO, bonding interlayer (HTBC) very well
adheres to the top HA coating (THA coating), but there
exists a separation between the HTBC and Ti substrate
presumably due to the damage during preparation. Within
the HTBC, BSE images from the polished cross sections
clearly demonstrate the HA and TiO, phases lay

Fig. 1 Cross sectional observations on coarse HA coating before (a) and after (b) annealing at 650 C
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Fig. 2 Cross sectional observations on coarse HA coating/ titanium interface before

(a, b) and after (¢, d) annealing at 650 C

Fig. 3 BSE image of assprayed fine HA coating (a) and
corresponding plane distributions of Ca(b), P(c¢) and O(d)
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ered in an alternating pattern ( Figs. 4(b) and (c¢)). EDS
analysis indicates that the dark gray area in the HTBC is
HA and the bright gray area is TiO;. The EDS spectra
shown in Fig. 4(d) also indicate the coexistence of Ca, P
and Ti in some micro- regions. It is found that there are a
few cracks in the THA coating, in which HA is continu-

ous with that in the HTBC (Fig. 4(b)). In addition, HA
and TiO» splats bond to each other very well within the
HTBC.

Fig. 5 shows the cross-sectional pictures of the heat-

treated THBC coating. Compared with the assprayed

()

THBC coating, the HTBC in the heattreated THBC coat
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Fig.4 BSE images of cross-sections of as-sprayed THBC coating with
different magnifications (a~ ¢) and EDS line analysis profiles (d) for (c)

Fig.5 BSE images of cross-sections of post-spray heat-treated THBC coating at
different locations and magnifications
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ing adheres more tightly to the Ti substrate and the local
separation takes place along the THA coating/ HTBC in-
terface rather than along the HTBC/ Ti substrate interface.
At the same time, more cracks approximatively perpendic-
ular to the interface appear in the THA coating ( Figs. 5(b
~d)). However, less cracks form in the HTBC ( Fig. 5(b

—d)).
4 DISCUSSION

Cross-sectional analysis is a more useful method to
examine the inner structural changes of coating than sur
face analysis. Fig. 1 and Fig. 2 indicate that the heat
treatment causes more pronounced cracking within HA
coating and at coating/ substrate interface. This is caused
by an additional increment of tensile stress resulting from
the transformation of various nomrHA phases, including
amorphous phase, to the crystalline HA with a volume
shrinkage' "' .

The element analysis shown in Fig. 3 indicates that
the ribborrlike regions contain less P and O, which
means the loss of PO} group resulting from HA trans-
forming into amorphous phase and other norHA phases
caused by the high temperature melting of HA particles in
plasma flame. These nomrHA phases may have negative
effect on coating performances and the heat treatment can
restore the HA structure by transforming nomHA phases
into HA. The finer HA particles can be melted more suf-
ficiently than the coarser ones, so that more ribborr like
regions exist in the fine HA coating than in the coarse HA
coating ( see Figs. 1~ 3).

Fig. 4(a) and Fig. 5(a) show that in the assprayed
THBC coating, the HTBC adhering well to THA coating is
completely separated from the Ti substrate, while in the
heat treated THBC coating the HTBC adhering well to the
Ti substrate is partially separated from the THA coating.
As mentioned by other researchers, this separation is pre-
sumably due to the damage during preparation. In any
case, where the separation occurs indicates where a rela-
tively weaker interface is located. As a result, it can be
deduced that there is a shift of the relatively tighter bond-
ing from the HAT coating/ HTBC interface in the as
sprayed THBC coating to the HI'BC/Ti substrate interface
in the heat treated THBC coating. Generallv. the cross
sectional analysis shows that the addition of TiO; strength-
ens the HTBC, perhaps resulting in strengthening the
THBC coating system. This is more pronounced for the
heat-treated THBC coating (Fig. 5) .

According to a previous research!™ | except its

strengthening effect on HA, the reasons why TiOs is em-

ployed in the present study as an addition into HA coating
are as follows. (1) TiOs is biocompatible and it is thought
to endow Ti implant with good biocompatibility. (2) The
melting point of TiO; is much lower than that of Al,O3,
710,, Y203, etc, which are also biocompatible and have
already been used to enhance HA. (3) TiOs is expected
to integrate with Ti substrate through a thin TiO, film
which can be naturally formed on the surface of Ti sub-
strate.

The toughening and strengthening mechanisms for
the THBC coating and its constituent parts are hence sug-
gested to be due to the following aspects. (1) In the HT-
BC, the elongated TiO; particles along the direction paral-
lel to the interface act as the obstacles for pinning the
cracks or deviating the crack path from its original direc-
tion. Meanwhile, the stress-induced microcracking gener-
ated by thermal expansion or elastic mismatch would con-
tribute to the reduction of the near-tip stresses. (2) TiO;
of the HTBC is suggested to enhance the bonding between
the HTBC and the T1i substrate through its affinity with the
Ti oxide on the surface of Ti substrate. (3) In comparison
with pure HA coating on Ti, the THA coating of THBC
system is thought to be toughened by the interposition of
HTBC with an irrbetween CTE of HA and Ti0,, by which
the CTE mismatch between HA and Ti and the residual

tensile stress in the HAT coating can be reduced.
5 CONCLUSIONS

The cross-sectional analysis on HA coating and HA
+ TiO2 coating shows that annealing at 650 C leads to
the cracking within the HA coating or along the coating/
substrate interface. The ribborrlike regions in the HA
coating are verified to contain less PO3™ groups resulted
from the high temperature melting of HA particles in the
plasma flame. The addition of TiO; into HA coating may
strengthen and toughen the whole coating system. The
cross-sectional observations confirm that there is a shift of
the well bonding interlayer from the THA coating/ HTBC
interface in the as-sprayed THBC coating to the HTBC/Ti
substrate interface in the heat treated THBC coating. The
THA coating bonds well to Ti substrate perhaps via its
TiO; hobnobing with the Ti oxides formed on the Ti sub-

strate.
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