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Biomedical requirements in a prosthesis are often complex and diverse in nature. Biomaterials for im-
plants have to display a wide range of adaptability to suit the various stages of the bio-integration process
of any foreign material into the human body. Often, a combination of materials is needed. The prepara-
tion of a functionally graded bioceramic coating composed of essentially calcium phosphate compounds
is explored. The coating is graded in accordance to adhesive strength, bioactivity, and bioresorbability.
The bond coat on the Ti-6Al-4V stub is deposited with a particle range of the hydroxyapatite (HA) that
will provide a high adhesive strength and bioactivity but have poor bioresorption properties. The top
coat, however, is composed of predominantlg-tricalcium phosphate @-TCP) that is highly bioresor-
bable. This arrangement has the propensity of allowing accelerated bio-integration of the coating by the
body tissues as the top layer is rapidly resorbed, leaving the more bioactive intermediate layer to facili-
tate the much needed bioactive properties for proper osteoconduction. The processing steps and prob-
lems are highlighted, as well as the results of post-spray heat treatment.

morphs ofa-TCP and3-TCP, is a bioresorbable ceramic which
dissolves gradually in body fluid, and new bone will eventually
replace it (Ref 15). The solubility @f-TCP is higher thaif-
) TCP. Harada found that a mixture@{TCP and HA bonds to
1. Introduction bone faster than HA alone (Ref 16). Although the mechanism of
bone formation on HA or TCP surfaces and the resorption proc-

Functionally graded materials (FGM) have a gradient com- ess of TCP is not yet clearly understood, it is reasonable to say
positional change from the surface to the interior of the material. that a-TCP dissolves around HA and provides calcium and
With the unique microstructure of FGM, material for specific phosphate ions which are essential for bone to grow onto the sur-
functional and performance requirements can be designed. Theace of the implant. In vivo testing conducted by Claes et al.
potential value of FGMs has attracted much attention in differ- showed that the volume of newly formed bone on a TCP surface
ent fields such as aerospace, electrical power generation, angs higher than that on an HA surface (Ref 17). However, TCP
biomaterials (Ref 1-3). In the field of biomaterials, several ap- when applied as a thin layer of coating on the surface of implants
proaches exist for the deposition of calcium phosphate coatingscan totally dissolve over time, thus undesirably exposing the
onto the titanium alloy surfaces (Ref 4-6). Ti-6Al-4V is non- metallic surface to surrounding tissues and fluids.
toxic and has low density (4.5 g/mL) and sufficient mechanical A functionally graded calcium phosphate coating (Fig. 1)
strength (tensile strength is ~860 to 895 MPa) (Ref 7). Certainwas designed to provide improved bioresorbability for the coat-
forms of calcium phosphate, such as HA, have good bioactivity ing surface. The top layer could provide calcium and phosphate
and excellent biocompatibility with osseous tissues (Ref 8, 9). materials for accelerated bone formation. The first layer coated
The combination of Ti-6Al-4V and calcium phosphate can be on the titanium substrate is spheroidized HA (SHA) ranging
applied to work in tandem to produce a biomaterial coating with from 20 to 45um. Previous studies revealed that using SHA
excellent mechanical and bioactive properties (Ref 10). Among powder can produce a very dense coating structure which might
different surfacing processes, thermal spray techniques offer atresult in higher bond strength with Ti-6Al-4V substrates (Ref
tractive prospects for the economic and efficient deposition of 18, 19). TCP/HA composite was deposited in the middle of HA
calcium phosphates. Plasma sprayed calcium phosphate coatnd TCP coatings as a transition layer.
ings have been actively studied, and positive results have been
obtained from both in vitro and in vivo tests (Ref 8, 9, 11-14). e et UL L

Calcium phosphates have different phases. Hydroxyapatite TR i
(HA, Cao(POy)g(OH),) has excellent chemical bonding ability
with natural bone and has been widely studied (Ref 11-14). Tri-
calcium phosphate (TCP, §ROy),), known in its two poly-
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2. Experimental Techniques equipped with a computerized closed loop controlled rotor pow-
der feed hopper was used to deposit different layers of coatings

. on the substrates. The spraying condition is shown in Table 2.
2.1 Powder Preparation After plasma spraying, the peeled off coatings were heat treated

Three types of starting powders were used in this study; thatin the temperature range of ~600 to 1000 °C for 1 h, and some
is, calcined HA (CHA) powder supplied by Kyoritsu Ceramic coatings on Ti-6Al-4V stubs were hot isostatically pressed
Materials Co. Ltd., Japan; commercial spray dried HA (SDHA, (HIP) without encapsulation at 900 °C for 3 h under 150 MPa.
lot No. 16060-004); and calcined-TCP powder (lot No. The HIP equipment used was Kobelco System 5x Series (Kobe,
16024-006) obtained from Taihei Chemical Industrial Co. Ltd., Japan).

Tokyo, Japan.

Calciqed HA and baII.miIIeak.-TCP were spheroiqlized by 2.3 Phase Identification and Morphology Analysis
combustion flame spraying (Miller FP73, Wisconsin, USA).

The combustion gas mixture was oxygen and acetylene. The A Philips MPD 1880 diffractometer system (Almelo, The
flame spheroidized powder was subsequently sieved using d\Netherlands) was used for phase identification. The operating
sonic sieve shaker (Fritsch GmbH, Germany). The particle sizeparameters were CuKradiation (45 kV/30 mA), divergence
ranges of HA andi-TCP used for plasma spray were 20 to 45 slitof 1 degree, receiving slit width of 0.1 mm tas?ep scan rate

um and 1 to 45im, respectively. of 1 degree/min and a step size of 0.015 degree. Determination

A spray dryer (LT-8, Ohkawara Kakohki Co. Ltd., Japan) of the phase ratios of HA to TCP (tricalcium phosphate), TTCP
was used to mix the SDHA with ball milled TCP powder (ap-  (tetracalcium phosphate), and CaO (calcium oxide) phases in
proximately 5 to 4%m), using a binder of 1% polyvinyl alco-  the coatings was performed by comparing the integrated area of
hol. The debinding process was conducted at 400 °C for 2 hthe mostintense peaks of these phases using a profit fitting soft-
followed by sintering at 800 °C for 2 h. Table 1 shows the pa- ware in the XRD system. Table 3 lists the highest diffraction pat-
rameter of the spray drying process. tern lines attributed to the hkl planes in the HA, TCP, TTCP, and
CaO phases.

. A Cambridge Stereo Scan S360 scanning electron micro-
2.2 Plasma Spraying scope (UK) with an energy dispersive x-ray analyzer (EDX) and

Ti-6Al-4V rods and plates were used as the substrates. Priora wavelength dispersive x-ray unit (WDX) was used to study the
to plasma spraying, the surfaces of the substrates were gritnicrostructure and Ca/P ratios of both powders and coatings. A
blasted with silicon carbide grit followed by ultrasonic cleaning Perkin EImer 7 Series (UNIX TGA 7) thermogravimetric analyzer
in acetone. The surface roughnégspf the substrates was ~3.5 was used to perform the thermogravimetric analysis (TGA).
to approximately 4.¢um. The coatings that were peeled off for
the in_vestigation of phase transformation were produced by2l4 Mechanical Properties
spraying the powder on the surfaces of aluminum plates. A 40
kW plasma torch (Miller Thermal Inc., Wisconsin, USA) The tensile adhesion test (TAT) specified by ASTM C 633-79

was used to measure the tensile bonding strength of the coating.
Table 1 Spray drying condition Acthin layer of Araldite glue (Ciba-Geigy Ltd., Switzerland) was
applied. The tensile fracture strength of the adhesive glue is 22

Atomizer ~25 00010 30 000 rpm MPa. After 48 h of curing at ambient atmosphere, the bonding
Exhaust air temperature To=140°C .

Inlet air temperature T = 200 °C strength was measured using an Instron 4302 tester (10 kN load
Cyclone pressure 75t0 100 Pa cell; Boston, MA) at a crosshead speed of 1 mm/min.

Table 2 Plasma spraying condition 3. Results and Discussion

Main arc gas (argon) 0.28 MPa i

Auxiliary gas (helium) 0.28 MPa 3.1 Powder Preparatlon

Arc current ~800t0 830 A i i

Arc voltage 301035V After flame spraying, HA particles below 8@n have been

effectively spheroidized (Fig. 2). The relatively low flame tem-
perature (3100 °C) of the combustion spraying limits the melt-
ing of large HA particles (Ref 20). On the other hand, the
decomposition of HA was also minimized by the low flame tem-
perature. However, the crystallinity of SHA powders be-
comes progressively lower with decreasing particle size and

Spraying distance ~8to10cm

Table 3 Highest diffraction pattern lines attributed to hki
planes in the calcium phosphates

Chemical hkl of the d-value, it can be increased through further heat treatment at 600 to
Phases formulation highest peak 20° A 800 °C prior to plasma spraying (Ref 21). The SHA particles
HA Cas(PQs)3(OH) 211 31.7638 2815 ranging from 20 to 4pm were used as the feedstock of the
a-TCP Ca(PQu)2 170 30.7558 2.905 first layer of the TCP/HA FGC in this study. The ball milled
_l?_'TTCCPP CC@O('(D%§ (2)4113) gé-gﬁ‘l‘ g-ggg and sievedr-TCP powder ranging from 1 to 46n was also

a 5 . ) S h X e
Cao Ca0 200 37 3377 > 406 iﬁ;(r:%?fu"y spheroidized (Fig. 3) without significant phase
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Fig. 3 Spheroidizedi-TCP powder by flame spraying. (Art has been
reduced to 69% of its original size for printing.)

Fig. 2 Spheroidized HA powder by flame spraying (~20 tqu4%).
(Art has been reduced to 69% of its original size for printing.)
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Fig. 4 Spray driedx-TCP/HA powder. (Art has been reduced to 69%
of its original size for printing.)
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Fig. 5 XRD spectra of spray driemt TCP/HA powder
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Fig. 6 Cross section view of TCP/HA FGC. (Art has been reduced to

Fig. 7 Surface of TCP/HA FGC. (Art has been reduced to 69% of its

original size for printing.)

74% of its original size for printing.)
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Particle morphology and XRD spectra of spray dried HA + previous report that suggested that HA coatings deposited using
a-TCP are shown in Fig. 4 and 5, respectively. Small particles spheroidized powder exhibited better quality than that deposited
are agglomerated to form bigger particles. This powder was sig-using agglomerated powders, such as calcined and spray dried
nificantly porous, and its flowability was inferior to the powders (Ref 19). The cracks are attributed to stresses induced
spheroidized HA and-TCP. by expansion or contraction of the matrix.

3.2 Functionally Graded Coating (FGC) 322 Phase Characterization

Figure 8(a) shows the XRD spectra of the three layers of the
as-sprayed FGC. The first layer generated with ~20 tpm5

The coating cross section (Fig. 6) was relatively dense, con-SHA powder contained crystalline H&;TCP, TTCP, CaO, and
sisting of a lamellar structure without obvious boundaries be- amorphous calcium phosphate (ACP) phases. The high decom-
tween the layers. The porosity of the second layer deposited byposition level is due to the small particle size of the feedstock.
the spray dried TCP/HA powder was slightly higher than that of Small particles could be easily melted during plasma spraying.
other layers. This confirmed the earlier investigation on the ef- Conversely, the rapid quenching of the liquid droplets during
fect of different feedstocks on the characteristics of HA coatings plasma spraying resulted in formation of amorphous calcium
(Ref 18, 19). The coating surface deposited by spheroidized phosphate (ACP) phases. Also, the composition of the hy-
TCP powder reveals well flattened splats with some mi- droxyapatite influences the formation of the amorphous phase.
crocracks (Fig. 7). This coating surface is consistent with the A hydroxyl deficient molten particle will more likely form an

3.2.1 Microstructure

Table 4 Ca/P ratio of raw powders and TCP/HA FGC

HA raw TCP raw First layer of FGC Second layer of FGC Third layer of FGC
powder powder (~20 to 45um SHA) (TCP/HA) (TCP)
Ca/P ratio 1.75 1.50 2.10 2.56 2.00
l (A) As sprayed (B) Heat-treated, 800°C, 1hour
H

The third layer

H The third layer of FGC
H

i H
«x *:MVWJ '

The second layer
.
H The second layer of FGC l

‘The first layer
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The first layer of FGC
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Fig. 8 XRD patterns of as-sprayed and heat-treetd@CP/HA FGC. H is HAp isa-TCP; closed diamond is TTCP. Closed circle is CaO.
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amorphous phase comparedto adropletwith a high hydroxyla-the plasma flame, not only the OH group, but also sostg P
tion level (Ref 22). Therefore, the formation of amorphous were lost (Ref 25). Since the particle size and morphology deter-
phases was a result of rapid cooling of molten droplets, as wellmine the melting behavior of the feedstock and affect the coating
as dehydroxylation taking place in the droplets during plasma structure and phase composition, it can be deduced that the Ca/P
spraying. ratios were also affected by the same factors.
The middle layer is composed predominantly of ACP and
CaO. This is due to the weak bonding of the spray dried parti-3.2.3 Heat Treatment of Coatings
cles. When thg agglomerated powder was inje(_:ted iqto the_ high  After heat treatment at 800 °C for 1 h, the XRD patterns of the
velocity and high temperature plasma flame, it easily disinte- jnqjyigual TCP/HA FGC layers show a highly crystallined HA
grated. Since the fragmented powder is very small, it will melt phase (Fig. 8b), the TTCP phase was no longer detected by XRD
completely and the droplets would increase in heat to a high temynaiysis, and only a trace of TCP phase was detected. However,
perature even though the residence time was only several millithe CaO phase still remained. The transformation of TCP and
seconds. It was reported that when the calcium phosphaterTCP to HA was found on the surface of TCP cement when it
ceramic is heated above ~1700 °C, only CaO remains as a soligvas immersed in water or body fluids as Eq 1 and 2 indicate (Ref
(Ref 23, 24). When the droplets that consisted of a mixture of 26). In such a case, TCP and TTCP were called “defective apa-
liquid calcium phosphate and CaO phase were quenched, theite” (Ref 27). The TCP and TTCP phases, as decomposition
CaO and ACP phases become the main components in the coaproducts in HA plasma sprayed coating, were also reported to
ing. Crystallized TCP and ACP were the primary phases in thehave converted back to HA during post-spray heat treatment ac-
top layer which suggests a high bioresorbability. The ACP cording to the XRD patterns (Ref 28).
hase, as mentioned earlier, resulted from the rapid solidifica- _
'Ei)on of the melted particles. P 4Ca(POy(s) ~ CadPO)(OH),(s) + 2C&"+ 2HPO,
WDX results show that the Ca/P ratios of the three layers of
o-TCP/HA FGC changed during plasma spraying (Table 4).
The more extensive the decomposition, the higher the Ca/P ra-
tio. Therefore, as a result of the extremely high temperature of3Ca(PO,).(s) + 3HO - Ca (PO)s(OH),(s) + 2C&*+ 40H

(Eq 1)

(Eq2)
Peak area (arbitrary units)
500 In order to study the phase transformation in powders and
of % coatings during heat treatment, TCP, TCP/HA powders, and
400 peeled off coatings were heat treated under different tempera-
350
300 .
250 Table 5 Phase ratios of the as-sprayed and heat-treated
0 TCP/HA and TCP coatings
p
150 o i TOPHApoude TCP/HA TTCP/HA CaO/HA
100 4 TCP in TCP/HA powder -
—&—TCP in TCP powder TCP/HA Coatlng 1.48 0.13 1.05
% 600 °C 0.04 0 0.16
0 800°C 0.01 0 0.21
As- 3 800 1000 1200 1000 °C 0 0 0.32
s i
pray Heat-treatment temperature(°C) a-TCP coating 7.04 1.68 1.92
600°C 0.16 0 1.68
Fig. 9 Peak area of TCB(+ ) and HA phases in TCP/HA and TCP 800 0(03 0.03 0 0.84
powders post heat treatment 1000°C 0 0 0.22
w450 - 500
‘S 400 p = » ¢
2 S 00
= 350 > HA
© © 350
5% £ 300
a 20 % 250
> 200 HA s
[ g 200
£ 150 £ 150
® 100+ TCP % 100
& 0 & 5 TCP
0 | 0 L e —8
as sprayed 600°C 800°C 1000°C

Heat-treatment temperature (°C)

@
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Fig. 10 Peak area of TCB(+ ) and HA phases in as-sprayed and heat-trdaleHCP/HA coatings an¢b) TCP coatings
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tures. After heat treatment at 800 and 1000 °C for 1 h, no phas& and 4. The decrease in CaO/HA ratio in the heat-treated TCP
change was detected in the TCP powder. After heat treatment atoating (Table 5) also suggested the possibility of the rever-
1200 °C, some-TCP transformed t3-TCP. This is because a  sion of Eq 4. However, the analysis based on the XRD result
high temperature stabte TCP phase (stable temperature range is limited because the difference between the XRD patterns
is 700 to 1200 °C) (Ref 26) transformedXd CP during fur-  of the vacancy state and stoichiometric HA is not obvious. It
nace cooling. As for the TCP/HA powder, heat treatment higheris also difficult to distinguish the phase transformation
than 1000 °C caused HA to decompose, and the amount of TCRnechanism in HA coating and TCP coating only by XRD
(a-TCP and3-TCP) phases increased. Figure 9 shows the peakanalysis.
area of TCPd + ) and HA phases in TCP/HA powder and  The heat-treatment results show that the heat-treated FGC
TCP powders after heat treatment. . was no longer an FGC as in the as-sprayed state. All layers of the
The heat treatment results show that the TCP phase in bothyevious FGC showed similar XRD patterns except in the differ-

TCP and TCP/HA powders did not convert to HA during heat gnce of Ca0 amount. Although post-spray heat treatment im-
treatment. However, when TCP/HA and TCP coatings were heatproved the crystallinity of HA coatings, it seems that in the

treated under 600, 800, and 1000 °C, the TCP peak area de1‘CP/HA FGC system, heat treatment did not provide any addi-

creased with increasing heat treatment temperature. Meanwhlleﬁonal advantage to the coating. The as-sprayed coatings should

the HA peak area increased correspondingly (Fig. 10). Table 5 : ; s - e
shows the change in the phase ratios of the as-sprayed and hebﬁsusg%dsgrgfeﬂ% to test the bioactivity and biocompatibility of

treated TCP/HA and TCP coatings. The heat treatment resulte
in apparent conversion of the TCP, TTCP, and amorphous cal-
cium phosphate phases to crystalline HA. The CaO/HA ratio in
the heat-treated HA/TCP coating increased with the heat treat3-3 Bond Test
ment temperature, although these CaO/HA ratios were smaller . . )
than that in the as-sprayed coating. This is consistent with the ~ 1he average coating thickness of the FGC is {220 The
observation of HA coatings in the previous work (Ref 29). bont_j strength of the as-sprayed coating and hot isostatic pressed
The increase in the CaO/HA ratio suggests that heat treatmen€0ating (at 900 °C for 3 h) was 6.67 MPa and 6.62 MPa, respec-
could result in decomposition of certain unstable calcium tively. The fracture of all specimens occurred at the interface be-
phosphate phases to predominantly CaO due to the high Ca/fween coatings and substrates and suggests that the adhesive
ratio in this coating (Table 4.) However, the CaO/HA ratio in bond strength of these coatings was lower than the cohesive
the heat-treated TCP coating decreased with the heat-treatmeritond strength between different layers. It is reported that the
temperature. HA coating would react with titanium substrate during heat

In the plasma sprayed HA coatings, TCP phase is the decomireatment to generate some chemical bonding at the interface
position product of HA, and the TCP phase in the TCP/HA coat- (Ref 33). Theoretically, the bond strength should be higher
ing came from both the TCP feedstock and the decomposition ofafter hot isostatic pressing. However, when the cooling rate
HA. The equilibrium phase diagram of Ca@ak-H,O shows of the hot isostatic pressing was too fast, the difference of the
that HA decomposed at a high temperature that depends on théhermal expansion coefficients between the coating and the
partial pressure of $O (Eq 3 and 4), and these reactions are re- substrate became the main factor for the reduced bond
versible (Ref 27, 30). The temperature ranges from 1325 to 155Gstrength.

°C in the presence of water (partial pressure fromx@.@ to Another way to improve the adhesive tensile bond strength
1.33x 10" Pa). of calcium phosphate coatings is to reduce overall coating thick-
Ca (PO.) (OH\(HA) < 2Ca(PO).(TCP) + CaP.O(TTCP ness. Previously, it was shown that the tensile bond strength
AdPOYSOH)HA) APOPATCR) + CaP04 ) could be improved considerably when the overall coating thick-
+HO1 (Eq3) ness was decreased approximately 60 far8QRef 29).
110.0
2Ca (PO)g(OH)(HA) ~ 3Ca(PO,),(TCP) + CaO + HO 1
108.0
(Eq4)
S 106.01
The Ca/P ratio is an important quantity for calcium phos- 3; 104.0
phate ceramics, and this changed during the plasma sprayin¢ &
process (Ref 25, 26, 31, 32). As a result, CaO precipitated from .2 102.01
the liquid calcium phosphate. With the precipitation of CaO, the & 100.0-
Ca/P ratio decreased. Within a certain range of Ca/P ratio, the '
stable phase of calcium phosphate will be essentially HA up to 98.0
1200 to 1300 °C from a crystallographic viewpoint (Ref 27).
The Ca/P ratio range within which the HA is stable is affected 500 600 760 800 900 1000

significantly by the partial pressure of water (Ref 31). TGA re-

sults (Fig. 11) show that there is an increase in weight (~5.5%)
of TCP coating during post-spraying heat treatment. It seems
that the conversion of TCP and TTCP to HAis the reverse of Eq Fig. 11 TGA test results ofi-TCP coating

Temperature (°C)
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4. Conclusions

Functionally graded calcium phosphate coatings were pro-
duced on Ti-6Al-4V substrates by plasma spraying. The micro-
structure of the coating was dense and showed the typical
plasma sprayed lamellar structure. The top layer of the coating
was mainly composed of TCP which suggests high bioresor-
bability. However, after post-spray heat treatment, the TCP

phase, from either the decomposition of HA or the TCP feed- 11

stock, and the TTCP phase were no longer detected by XRD,
while the CaO phase still remained. The loss of the OH group
and ROs occurred during plasma spraying. The phase composi-
tion after post-sprayed heat treatment was affected by the

change in the Ca/P ratio. Nevertheless, an appropriate powdet2.

processing procedure and combinations of calcium phosphates

can yield coatings with varying amounts of crystalline HA and 13.

o-TCP. Both are found to be beneficial to accelerated osseo-in-
duction properties. The prevention of CaO formation in the coat-
ing remains to be attained. The cohesive strength between

different layers of the coating was found to be stronger than thel4-

adhesive strength between the coating and substrate.

15.
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