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Influence of Powder Characteristics on Plasma 
Sprayed Hydroxyapatite Coatings 

P. Cheang and K.A. Khor 

Phase transformations, particle breakdown, and partial decomposition occur in hydroxyapatite (HA) 
powder feedstock during plasma spraying. The biological responses of the coatings consequently change 
from the bioactive nature of the starting material to a less biocompatible one. This paper investigates the 
influence of powder characteristics on the phase composition and microstructure of plasma sprayed HA 
coatings. The raw HA was prepared by chemically reacting calcium hydroxide with orthophosphoric 
acid. Subsequently, HA was either calcined and crushed, flame spheroidized, or spray dried. These three 
types of HA powders were plasma sprayed on steel substrates to form coatings. A previous study showed 
that the calcined HA powder suffered from particle breakdown in the plasma. The plasma sprayed HA 
powders contained other calcium phosphate phases (amorphous and crystalline) apart from hydroxya- 
patite. The flow properties and stability of spheroidized HA were better than calcined HA and spray- 
dried HA. Standard metallographic preparation of the cross sections of the coatings revealed different 
microstructural features among the coatings. The HA coatings prepared from calcined HA were highly 
porous and lacking in intimate lamellar contact. The spheroidized HA powders produced the coating with 
the lowest porosity. Characterization of the powders and coatings was carried out using x-ray diffraction 
(XRD), scanning electron microscopy (SEM), and optical microscopy. 

I Keywords hydroxyapatite, microstructure, phase composition, 
plasma spray, powder morphology 

1. Introduction 

HYDROXYAPATITE (HA) is emerging as an important biomate- 
rial for numerous medical applications, such as orthopaedic and 
dental implants (Ref 1-6). It has favorable osteoconductive and 
bioactive properties that promote rapid bone formation and 
strong biological fixation to bony tissues (Ref 7, 8). Its chemical 
similarity to natural bone is aptly suited for musculo-skeletal 
bone substitution and reconstruction (Ref 9). There have been 
no adverse reports concerning cytotoxicity effects of HA (Ref 
10). Although certain limitations in its intrinsic properties have 
restricted high stress or load bearing applications, recent devel- 
opment involving revolutionary concepts in prosthetic design 
and advanced surface technology are creating new ways and 
possibilities of incorporating HA to be used in conjunction with 
high stress metallic members to enhance osseointegration (Ref 
11, 12). 

HA coatings can be applied in several ways, but deposition 
via thermal spraying is the preferred choice (Ref 13-17). Al- 
though HA coating was conceived as a simple technique, wide 
variability in operating parameters often can induce unfavorable 
physiochemical transformations that can alter the biocompati- 
bility and mechanical behavior of the HA coatings. Past studies 
have found undesirable phenomena, such as formation of amor- 
phous calcium phosphate (ACP), tricalcium phosphate (TCP), 
and tetracalcium phosphate (TFCP) with concomitant reduction 
of the crystalline HA phase, deviation of the Ca/P stoichiometry, 
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residual stresses, and occurrence of dehydroxylation (Ref 18- 
23). These detrimental consequences will reduce the potency 
of the HA coatings on the implants. The reduction of crystal- 
line HA and deviation of the Ca/P stoichiometry would likely 
reduce the bioactive property and biocompatibility of the 
coatings while residual stresses could lead to premature me- 
chanical failure of the coatings. A recent study showed the de~ 
pendence of the crystalline HA phase and impurity phase 
amounts when different plasma forming gases were used 
(Ref 24). Another study suggested that loss of structural 
water during plasma spraying results in the formation of an 
OH-depleted hydroxyapatite. At high plasma power, P205, is 
lost, and the coatings contain increasing amounts of CaO and 
Ca4P209 (Ref 25). Good cohesive and adhesive coating prop- 
erties generally necessitate adequate melting of the powder to 
generate a consistent deposition of smooth and well-flattened 
lamellar splats. Present thermal spray processing techniques 
show that this is related to the formation of the more soluble 
amorphous phases. On this basis, a crystalline coating would 
be highly porous and mechanically weak because of poor co- 
hesion between unmelted particles. 

The short-term postoperative healing properties of HA are 
perhaps the most significant contribution to implant develop- 
ment (Ref 26, 27). The extent of this contribution is particularly 
sensitive to phase composition and crystallinity of the HA coat- 
ing. Any anticipated long-term benefits are expected to depend 
on the adhesive and cohesive integrity of the coating, which are 
strongly microstructural dependent. Furthermore, long-term 
performance is determined by phase content, porosity, and re- 
sidual stress of the coating. 

The critical dependence of powder morphology and spray 
parameters to coating microstructure suggests the need for 
closer control and optimization of the thermal spraying process 
to attain the desired coating functionality (Ref 28, 29). This is 
particularly true for the HA coatings where great variability is 
observed when spray parameters are altered. 
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This study investigates the effect of  powder configuration on 
the deposition behavior, coating microstructure, and phase com- 
position of plasma sprayed HA coatings by using different HA 
powders as feedstocks. 

(a) 

2. Experimental Technique 

Three different types of  powder were used in this study. They 
were calcined HA (CHA), spheroidized HA (SHA), and spray- 
dried (SDHA). All were made from the same starting material 
produced by reacting orthophosphoric acid with calcium hy- 
droxide. The resultant precipitate was dried at 180 ~ calcined 
at 800 ~ for 4 h, and ground to various sizes in mortar and pes- 
tle. The CHA powder was produced to a particle size range of  53 
to 75 Iam. SHA was produced by flame spraying (Miller FP73 
flame torch, Miller Thermal, Inc., Appleton, WI, USA) the cal- 
cined HA into distilled water. The spheroidized powders were 
sieved into two sizes: 20 to 45 lam and 45 to 53 lxm. SDHA was 
prepared by ultrasonically dispersing the uncalcined HA and 
mixing it with a 2 wt% organic binder to form a slurry for spray 
drying (Lab-Plant SD-04, UK). The resultant SDHA powders 

Table 1 Plasma spraying condition 

Main arc gas (argon) 50 psi 
Auxiliary gas (helium) 15 to 50 psi 
Arc current 800 A 
Arc voltage 32 to 35 V 
Spraying distance 120 mm 
Powder feed rate 20 g/min 

(b) 

Table 2 Spray drying conditions 

Spray dryer type 
Nozzle diameler 
Pump speed 
Inlet temperature 
Outlet temperature 
Atomizing pressure 

Two-fluid nozzle, concurrent flow 
2mm 

1.6 x 10 -4 m3/h 
230 ~ 

190to200 ~ 
4bar 

0:) 

Fig. 1 Particle morphology of HA powders: (a) calcined HA, (b) 
spray-dried HA, and (c) spheroidized HA Fig. 2 Polished cross section of a spheroidized HA powder 
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were calcined at 800 ~ for 4 h to produce binder-free particu- 
lates of 5 to 20 lam. 

The HA coatings were deposited using a40 kW plasma torch 
(SG-100, Miller Thermal, Inc.) and powders delivered by a 

(a) 

(b) 

(e) 

Fig. 3 Coating microstructure of plasma sprayed HA' (a) calcined 
HA. (b) spray-dried HA. and (c) spheroidized HA 

computerized closed-loop controlled rotor-feed hopper. All 
spraying conditions (Table 1) were similar, except in the amount 
of auxiliary gas (helium). Table 2 summarizes the spray drying 
conditions for production of the spray-dried HA powders. 

Recovery rate of the powder from the spray drying operation 
is approximately 62%. Optical microscopy (Reichert Polyvar, 
Leica, Switzerland) and scanning electron microscopy (SEM) 
(Cambridge $360, Cambridge Instrument, UK) were used to 
evaluate the surface morphologies of coatings and powders. 
Polished cross sections of the coatings were prepared using stan- 
dard metallographic procedures where the mounted samples 
were ground and polished with diamond-based pastes (9, 6, and 
1 ktm, respectively). The Philips MHD 1880 analytical XRD 
system (Philips Analytical, Almelo, The Netherlands) was used 
for phase characterization. Phase analysis was performed using 
nickel-filtered copper Kct radiation at 45 kV and 30 mA. The 20 
range from 20 to 80 ~ was covered at a continuous scan speed of 
0.1~ Density measurement was performed by the UI- 
trapycnometer P-1000 from Quantachrome (Quantachrome 
Corp., Boyton Beach, FL), that determined the volumetric dis- 
placement by the Archimedes principle using helium gas. 

3, Results 

The particle morphology of the different powders is shown in 
Fig. 1. The calcined HA (CHA) powders were irregular in shape 
and formed from an agglomeration of fine particles. They were 
porous and were in the size range from 53 to 75 lam. These ag- 
glomerated powders were structurally weak with a high ten- 
dency to break down in the plasma flame. The flowability of this 
angular powder was poor. The SHA and SDHA powders were 
mainly spherical in shape. In SHA powders, the main size distri- 
bution was between 20 and 53 ~tm. They were significantly 
smaller than the initial 53 to 75 ~tm feedstock used for spheroidi- 
zation. The surface texture of these spherical particles was 
smooth and glassy. The internal particle structure was dense 
(Fig. 2). Particles above 45 I.tm were predominantly crystalline. 
whereas those below 45 I.tm were mainly amorphous. Their flow 
properties were extremely good. Tests conducted on the Hall 
flowmeter with SHA showed a flow rate of 0.45 g/s. This value 
is better than the values obtained in an earlier work with spray- 
dried hydroxyapatite powders where the flowability ranged 
from 0.11 to 0.27 g/s (Ref 30). SDHA powders were also spheri- 
cal in shape but had rougher surface texture with a porous inter- 
nal structure formed by the agglomeration of finer particulates. 
In addition, many porous cavities were created by the removal of 
the organic binder during debinding. SDHA powders ranged be- 
tween 5 and 20 lam and had reasonably good flowability but 
poor strength. Table 3 lists the density of the powders used in this 
study. Results showed that the SHA powders have the highest 
density, and among the SHA powder size ranges, the 5 to 20 l.tm 
powders are the densest. 

The cross-sectional microstructures of calcined, spray-dried, 
and spheroidized HA coatings are shown in Fig. 3(a), (b), and 
(c), respectively. There were considerable variations in the coat- 
ing coherency between powders. The CHA coatings was highly 
porous and lacked intimate lameilar contact. The amount of po- 
rosity was lower in the spray-dried coating and lowest in the 
spheroidized HA coating. Image analysis of the coating micro- 
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structure showed that the highest coating defect density was in 
the CHA coating followed by the SDHA and SHA coating. SEM 
observation of the SDHA coatings showed evidence of incom- 
plete melting among the particles that resulted in "pockets" of 
spherical particles (Fig. 4). 

SEM images of the surface morphology of HA coatings are 
shown in Fig. 5. They revealed interesting features in splat for- 
mation and coating microstructure. With the SDHA powder, the 
irregular splat formation (Fig. 5b) produced an intricately po- 
rous microstructure (Fig. 3b). Coatings formed by the deposi- 
tion of  smooth and uniform SHA powder (Fig. 5c) produced a 
denser microstructure with the distinctive lamellar profile (Fig. 
3c). 

Figures 6(a), 6(b), and 7 show the respective microstructure 
of the SDHA and SHA coating sprayed at lower helium content. 
The lower helium gas content produced a less coherent micro- 
structure of  the SHA coating containing higher amounts of par- 
tially molten droplets in the form of unflattened splats of 
semicircular solids compared to Fig. 3(c). 

Figure 8 shows the effect of  particle size on coating micro- 
structure. Both porosity and the amount of  unmelted or partially 
melted particles were significantly higher using larger particles 
(45 to 53 p.m) for the same spraying condition. The typical la- 
mellar structure was less defined. Therefore, the larger size of 
the CHA powders, compared to SHA and SDHA, could in part 
explain the lower coating quality. 

Figure 9 shows the XRD spectra of the plasma sprayed coat- 
ings. The calcined HA coating was less crystalline compared to 

Table 3 Density of  HApowders in this study 

Powder type Density, g/era 3 
Oven-dried HA, 180 ~ 12 h 2.85 
Calcined HA, 800 ~ 4 h 3.06 
Spray-dried HA, 2 to 20 I.tm 3.11 
Spheroidized HA, 5 to 20 lain 3.21 
Spheroidized HA, >20 lam 3.15 

Note: Theoretical density of crystalline HA is 3.2 t 9 g/cm 3 

the starting material. Additional phases, such as tricalcium phos- 
phate (TCP), tetracalcium phosphate (TTCP), and calcium ox- 
ide (CaO), were also present. Compared with the spheroidized 
(45 to 53 lam) HA coating, the intensity of  the main HA peak was 

(a) 

(b) 

Fig. 4 SEM micrograph of spray-dried HA coating cross section re- 
vealing "'pockets" of unmelted particles 

(e) 

Fig. 5 Surface morphology of plasma sprayed HA coatings: (a) cal- 
cined HA, (b) spray-dried HA, and (c) spheroidized HA 
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essentially the same, but the level of CaO was significantly 
lower. Changing to a smaller particle size (20 to 45 lam) signifi- 
cantly reduced the degree of crystallinity but did not seem to al- 
ter the amount of  CaO with respect to crystalline HA. The CaO 
content was higher in the spray-dried HA coating, but the crys- 
tallinity was intermediate between SHA (45 to 53/am) and SHA 
(20 to 45 p.m). 

4. Discussion 

Examination of the plasma sprayed coatings revealed that the 
coating microstructure was sensitive to spray variables investi- 
gated in the present study, such as particle size range, particle 
morphology, initial powder density, and plasma gas composi- 
tion. Microstructural features, such as porosity, splat profile, la- 

mellar pattern, crystallinity, and phase composition, deviated 
according to powder morphology and plasma condition. 

Coatings derived from agglomerated calcined powder 
(CHA) were incoherent with significant chemical variation (in 
particular the Ca:P ratio) shown by the formation of TCP, TTCP, 
and CaO. A previous study (Ref 19) on the plasma-particle inter- 
action of agglomerated powders showed that the as-sprayed par- 
ticle size distribution was in fact finer than the starting material. 
Agglomerated powders partially explode on entering the plasma 
because of the rapid expansion of  entrapped gas in the pores and 
the thermal shock effect within the plasma environment; thus, 
tremendous stress is exerted on a mechanically weak structure. 
In addition, the phase formation was closely associated with the 
particle size. Particles above 75 lam were highly crystalline; 
those less than 30 lam were predominantly amorphous. Wide 
variations in the size of impacting particles and differences in 

(a) r 

Fig. 6 Spray-dried HA coatings sprayed at lower helium auxiliary gas flow rates' (a) with 15 psi helium, and (b) with 25 psi helium 

Fig. 7 Spheroidized HA coating sprayed at lower helium auxiliary 
gas flow rate (338• 

Fig. $ Spheroidized HA coating from larger particle sizes (45 to 53 
gm) (338• 
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physicochemical states contributed to a highly complex micro- 
structure of micropores, deformed splats, and unmelted or par- 
tially melted particles. The poor powder characteristics of these 
irregular shaped agglomerates also reduced flowability and 
caused erratic and inconsistent deposition of material. 

Using weakly agglomerated angular CHA powders did not 
produce good coating microstructure because of poor flowabil- 
ity and particle instability. Better flow characteristics were 
achieved using the better flowing, spherically shaped powders 
(SHA and SDHA). Spherical particles have good flowability, 
high deposition rate, and good melting characteristics. The 
spherical morphology offers consistent melting (Ref 31). Spray- 
dried HA powders have better flowability than angular CHA 
powders because of their circular geometry. Their higher 
strength compared to CHA also reduced the tendency for fur- 
ther breakdown. Spray-dried powders were structurally po- 
rous because of the binder agglomeration of finer particles. 
Burning off of the binder left behind hollow cavities. Surface 
and cross-section examination of SDHA coating revealed a po- 
rous microstructure (Fig. 3b, 4, 6a, and 6b). Although they are 
physically stronger than CHA, their thermal behavior is expected to 
be similar to agglomerated CHA. Irregularity in the size of impact- 
ing droplet and splat pattern suggests possible destabilization of the 
panicles during spraying. XRD analysis showed that the coating 
was amorphous with a large concentration of CaO. This is cer- 
tainly expected because of the 5 to 20 jam particle size, and it is 
also consistent with previous findings that smaller particle sizes 
generate higher amorphicity and CaO content (Ref 19). 

The coating microstructure can be further improved using 
spheroidized panicles. These powders are both dense and 
spherical with better flowability than SDHA because of the 
smoother particle surface. The spheroidizing process produces 
molten spherical droplets that fuse to a dense and strong body. 
The higher strength compared to CHA and SDHA increases the 
particle stability, which affects flowability during feeding and 
phase formation during plasma interaction. These coatings have 
high structural integrity because the spherical geometry pro- 
vides uniform and consistent thermal treatment to produce fully 
molten conditions prior to impact. Selecting a particular particle 
size range can further minimize the formation of certain undesir- 
able phases. Using a narrow and stable particle size range of 20 
to 45 jam greatly reduced the formation of CaO, but an amor- 
phous coating is inevitable. With larger particle size (45 to 53 
~tm), the crystallinity increases. All coatings generated from 
spheroidized HA were highly dense with very low porosity. The 
characteristic lamellar pattern in the coating verifies the forma- 
tion of well-formed splats. The uniformity and stability of the 
particle size reduces the formation of porous cavities caused by 
uneven deposition. The sensitive relationship between coating 
microstructure and parameters suggests that an optimal spray- 
ing configuration exists for each powder morphology. For a 20 
to 45 jam SHA powder, decreasing the heat content of the plasma 
by decreasing the helium content reduces the melting effect and 
thus promotes the formation of partially flattened sphere or tear- 
drop shapes, which are less coherent. A similar outcome can be 
obtained using larger particles because of the higher heat content 
required for melting. Considerably thick coatings of up to 500 jam 
were successfully generated. Beyond this thickness, residual 
stresses are sufficient to initiate the formation of surface cracks, 

which propagate through the coating. The physical implication 
of such a dense microstructure is the improvement in mechani- 
cal property generated from these spheroidized powders. 

The biological responses from these coating microstructures 
are not yet known. The resorption rate of amorphous coatings is 
expected to be high and to be further augmented by porosity. 
With such coatings, some form of postheat treatment may be 
necessary to reduce the transitional or high-temperature phases 
(TCP and TTCP) and, more importantly, restore the crystallinity 
or bioactive character so vital for postoperative healing (Ref 
32). However, Brossa et al. (Ref 33) showed that heat treatment 
at 950 ~ can introduce mechanical degradation of the HA coat- 
ing although the crystallinity was increased. None of the pores 
generated were within the 100 to 200 pm size required for vas- 
cular bone ingrowth. Therefore its presence is of little value es- 
pecially at the expense of mechanical strength. Efforts instead 
should be directed toward enhancing the structural integrity and 
bond strength by improving the coating microstructure. 

The long-term benefits of a stable HA coating remains unclear. 
/fit should become vital for long-lasting application, then the supe- 
rior microstructural integrity derived using SHA powder may be- 
come important in the effort to achieve the ideal implant. 

5. Conclusions 

This study showed that powder characteristics of the HA 
powder feedstock markedly influence the coating micro- 
structure and properties of hydroxyapatite. The coating micro- 
structure can be improved by using dense spheroidized HA 
powder. Spheroidized HA powder provides better flowability 
and stability, which influences deposition and phase formation 
in the coating. The size of the powder feedstock has a significant 

N 

Fig. 9 

~ltl~[, , [ l~ ] , J  Calcined HA (53-75 ~m) 

20 3O 0 4O 0 50 0 60 c 
2-Theta  Angle  

XRD spectra of HA coatings 
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effect on the phase composition, crystallinity, and porosity in the 
coating. The spherical shape and stability of this powder en- 
hance the effect that particle size has in controlling the coating 
microstructure. The proportion of phase and crystallinity is 
often associated with a particular particle size range. Appropri- 
ate size selection often can be used to refine the resultant coating 
microstructure. However, any increase in crystallinity cannot be 
attained without some compromise in coating integrity with the 
plasma spraying conditions chosen for this work. 
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