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Abstract

The properties and performance of plasma sprayed hydroxyapatite (Ca;o(PO,)s(OH),, i.e. HA) coatings are closdy related to
their manufacturing process. The objective of the current study is to investigate the phase, structure and microstructure of the
coatings and their formation mechanism due to different processing parameters. Hydroxyapatite powders were atmosphericaly
plasma sprayed (APS) using various process parameters. The phase, structure and microstructure of the coatings were investigated
and their microhardness measured. Both crystallinity and hydroxyl contents decreased with increasing spray power and stand-off
distance (SOD), and increased from the coating interface to the surface. Crystallinity alone cannot reflect coating quality dueto the
exigence of variousforms of HA, i.e. unmelted, recrystallized and dehydroxylated, as well as the gradient structuresconsisting of
theseforms. Coating microstructurevaried from a porous structure to a smooth glassy structureor a typical lamellar structure, and
some newly formed nanocrystalline regionswere revealed. These effects were associated with the temperature—time experiences of
particles, their cooling rates and the heat and hydroxyl accumulation during coating buildup. The coating with highest

recrystallizationdisplayed the highest microhardness.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma spraying has been used as a major technique
in applying hydroxyapatite (Ca;o(PO4)s(OH),, HA)
coatings onto metal implants to improve implant
fixation and bone growth [1-3]. However, due to the
extremely high temperature of the plasma flame and the
rapid cooling rate, the phase and structure of the HA
coatings are greatly changed from those of the feed-
stock. Variations in feedstock and deposition para-
meters can lead to different phase composition, crystal
structure and microstructures[2,4,5], which result in the
alterations of two major coating properties. mechanical
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properties and dissolution behavior. For example,
different phases have demonstrated different solubility
[6,7] and Young's modulus [8]. Therefore, to obtain HA
coatings with predictable properties and performance
for implant application, the phase, structure and micro-
structure of the HA coatings should be designed for
practical purposes. To achieve this, both the spray
parameters and the feedstock HA should be optimally
controlled.

Previous studies in this field usually reported on the
coating crystallinity and its effects on the dissolution
and mechanical property [2,9,10]. However, due to the
existence of different forms of the crystalline HA; i.e.
unmelted, recrystallized and dehydroxylated, and their
variation within the coating, crystallinity alone may not
reflect the coating quality. In addition, microstructural
features such as the sub-microstructure, pores, cracks
and splat boundaries also influence the coating quality,
and these have geldom been investigated. In this study,

highly crystalline HA powders were used as the feed-
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stock. Phase, structure and microstructure of the HA
coatings and their variations with the coating buildup
were investigated with regard to the spray parameters.
The aim is to improve the coating manufacture through
the fundamental understanding of the relationship
between the processing and coating characteristics.

2. Experimental

2.1. Feedstock and plasma spraying

Thefeedstock were calcined spray-dried HA powders,
provided by the Advanced Materials Research Center
(AMRC), Nanyang Technologica University (NTU) of
Singapore[11,121. The powdersare of highly crystallized
pure HA phase and were sieved to less than 100 um to
ensure uniform melting and deposition for the spray
process. The powders were then atmospherically plasma
sprayed (APS) using a Metco 3 MB plasma torch with a
GH nozzle (Sulzer-Metco, Westbury, NY, USA). Three
spray power and two stand-off distances (SOD) were
selected (Table 1). Argon was used as both the primary
gas (at 50 dpm) and carrier gas (at 3.65 dpm), and
hydrogen as the secondary gas. The transverse speed of
the plasmagun was set at 300 mm s~ '. Air-cooling was
used from the back of the substrate. Prior to spraying,
the mild sted substrate was grit-blasted using A1,O5 and
cleaned with acetone. Some substrates were lightly grit
blasted to permit easy coating removal from the
substrate after spraying. Coating thickness varied as a
result of different spray passes and deposition efficien-
cies (DEs).

2.2. Characterization techniques

X-ray diffraction was performed on both the feed-
stock and the surface and interface (in the case of the
ped-off coatings) of the coatings using a Philips PW
1729 X-ray diffractometer with CuKo, radiation; the
operating voltage was 40 kV and current 30 mA. The
goniometer was set at a scan rate of 0.005° s~ ' over a20
range of 20—60°. Some coatings were gradually thinned
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using abrasive paper and then measured using XRD to
understand the phase variation during coating buildup.
The crystallinity of the coatings was evaluated using the
following equation, which was revised from some
previous work [2,13-15]:

. A
Crystallinity (%) =——— x 100%
Ac + Ay

where Ac¢ is the total integrated intensity of al HA
peaks in a 206 range of 25-37". It is calculated by
multiplying the area of the most intensive (211) peak of
the HA by afactor of 3.23, which isthe ratio of the total
intensity of all HA peaks within 25-37" in JCPDS card
(#9-432) to the intensity of the (211) peak. The term
“A,” is theintegrated intensity of the ACP phase, which
was evaluated using the area of the amorphous hump
between 25 and 37°. All peak area calculations were
performed using curve fitting and the relative error was
estimated within +2% of the mean value.

A Nicolet MAGNA-IR 760 spectrometer (Thermo
Nicolet, Madison, WI, USA) was used to record the
infrared spectra of the feedstock and coatings. Feed-
stock HA and four pulverized coatings were finey
ground in the pestle and mortar, and then mixed with
KBr at aweight ratio of ~ 1:20 and pressed into pellets.
The spectra were acquired in the transmission mode
over the range of 400-4000 cm ™', In addition, both the
surface and interface of the ped-off coatings were
scanned in the reflective mode (i.e. the "diffuse reflec-
tion infrared Fourier transform™, DRIFT, technique)
over the range of 700-4000 cm ~".

Solid state *'P MAS nuclear magentic resonance
(NMR) experiments were performed with a double-
tuned Chemagnetics 4 mm probe on a Bruker 600
spectrometer (magnetic field of 14.1 T) at an operating
frequency of 242.94 MHz and a spinning speed of 15
kHz, with pulse width of 2 ps (~60°) and delay of 6 s.
The technigue of magic angle spinning (MAS) was used
to eliminate the effects of *'P-3'P dipolar interactions
and *'P chemical shift anisotropy, so as to reduce signal
broadening. The reference material was (NH4)H,POy4,
with (PO4)’~ at 0 ppm. The samples include feedstock
HA, OHA (prepared by heat treating the HA powder at

()

Table 1

Plasma spray parameters

Sample® Current (A) Voltage (V) H; (sim) Power (kW) SOD (mm)
Al/Alp 500 55 5.6 275 80
A2/A2p 500 55 5.6 275 160

A3 500 70 11 35 80

A4 500 70 1 35 160
A5/ASp 600 70 1 42 80

A6/A6p 600 70 1 42 160

4 "p" refers to peel-off coating; i.e. a coating that was removed from the substrate so that analyzes could be performed on the back side of the

sample, as well as porosity measurements.
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900 °C in vacuumfor 48 h) and four pulverized coatings.
All powderswere finely ground and then tightly packed
into rotors.

The morphology of feedstock HA, coating surfaces
and the cross-sectional microstructures of the coatings
were examined usng a LEO 1550 scanning electron
microscope (SEM) and an optical microscope. The
coatings were sectioned on a diamond cut-off whed
and mounted in epoxy resin under vacuum. The samples
were then ground and polished, and 0.05 ym alumina
was used for the final polishing step. All samples were
made e ectric conductive by coating with a thin layer of
gold prior to the examination.

Microhardness tests were performed on the polished
cross-section of the coatings using a Tukon Microhard-
ness Tester (Instron, Canton, MA, USA). Theload used
was 50 ¢f and the load time was 15 s. The results were
the average of 15 readings. The porosity of the coatings
was measured with the ped-off coatings by using the
Archimedian method.

3. Results and discussion
3.1. Phase analysis using XRD

3.1.1. Phase variations with spray parameters

Fig. 1 shows the XRD patterns of the HA coatings
sprayed at different powers and SODs. At the same
SOD, when the spray power increased, the overall
intensity of HA peaks decreased and the amorphous
hump became more obvious, especialy for the SOD 160
mm case. Meanwhile, the peaks of al impurity phases
(calcium phosphate (Caz(PO4),, aTCP, B-TCP), tetra-
calcium phosphate (Ca4P,0s, TTCP) and calcium oxide
(Ca0)) also increased. On the other hand, at the same
spray power, the intensity of al HA peaks decreased
appreciably and the amorphous hump became signifi-
cant when the SOD increased from 80 to 160 mm. The
impurity peaks did not exhibit uniform change with
increasing SOD (little change for TCP and TTCP peaks
while obviousincreasefor CaQ peak). In addition to the
effects on the phase composition, when the SOD was
increased from 80 to 160 mm, the deposition efficiency
(DE, measured by the coating thickness per spray pass)
was ~ 60% of the former. The change of spray power
did not show any distinct influenceon the DE.

The crystalinity of the HA coatings is shown in Fig.
2. The crystallinity decreased with increasing spray
power and decreased significantly when the SOD
increased from 80 to 160 mm. Due to the high
temperature of the plasma flame, the HA particles will
likely melt either wholly or partially. The melt could
either (i) solidify to ACP, (ii) recrystalize, or (iii)
decompose to impurity phases. In addition, the melt
may be dehydroxylated and become OHA [6,16,17].

This dehydroxylation creates a barrier to the nucleation
of the HA or OHA from the melt [18,19] and promotes
the formation of the amorphous phase. The degree of
both particle melting and dehydroxylation increased
with the plasma temperature and their residence timein
the plasma flame. The decomposition of the HA during
the spray process can be explained using the related
Ca0-P,0;-H,O phase diagram [20] with the
temperature-time exposure experiences of the HA
particles and their cooling rate [21-23]. For example,
at higher spray power, more HA powders melted and
decomposed as the plasma temperature increased. Also
the powders were more dehydroxylated, which could
enhance the formation of impurity phases since the
decomposition temperature decreased [20]. Since the
impurity phases can be controlled to be very low by
varying the feedstock and processing conditions [18], the
current work will focus on the formation of amorphous
and recrystallized phase.

The phase formation upon the droplet deposition
depends on (i) both the hydroxyl state and the cooling
rate of the droplet during the solidification process, and
(i) the heat/hydroxyl accumulation during coating
buildup. A droplet can be viewed as a three-layered
structure; i.e. unmelted core, stoichiometric melt inter-
layer and dehydroxylated melt shell, Fig. 3. This model
is revised from some previous work [24,25] with the
intent to investigate the recrystallization mechanismsin
the plasma sprayed HA coating. It is assumed that a
critical cooling rate exists such that the stoichiometic
melt recrystalizes (path a in Fig. 3) while the dehy-
droxylated melt transforms to amorphous phase. The
impurity phaseswere not considered for simplicity. Two
pathways can lead to greater recrystallization; i.e. path b
shows recrystallization of the dehydroxylated melt due
to a decreased cooling rate, and path c indicates
recrystallization of the amorphous phase in the prior-
formed splat due to heat and hydroxyl accumulation
during coating buildup. The substrate temperature can
be in excess of 1000°C (determined by the spray
parameters) [26] due to the heat transfer from both the
plasma flame and the droplets and this will decreasethe
cooling rate of the droplet. In addition, the heat
accumulation may promote the recrystalization of the
prior-formed amorphous phase in the coating since the
recrystallization temperature of the amorphous phase
has been reported to be 500-700 °C [15,24]. As well,
since the timeinterval between the droplets covering the
same spot of the substrateis as long as 0.1 s, about 10°-
times the solidification time of the droplet (10~°-10""
9 [18,24]; the prior-formed amorphous phase in the
coating may incorporate hydroxyl from the surrounding
air; i.e. the particle may be re-hydroxylated and promote
the recrystallization of this portion of the splat. The re-
hydroxylation usually happens at above 400°C and
increased with the temperature [15,24]. The experimen-
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Fig. 1. XRD patterns of the HA coatings sprayed at different power and SOD. “«” is «-TCP, “p” is B-TCP, " TisTTCP, “*” is CaO. All other

peaks belong to HA.

tal evidence on this rehydroxylation process will be
revealed later.

In this study, when the power increased from 27.5 to
42 kW, the temperature of both the plasma flame and
the particleincreased, therefore, there was more particle
melting (dominant) and dehydroxylation, as stated
before. In addition, the heat accumulation from both
the flame and the incoming droplets increased, which
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Fig. 2. Crystalinityof the HA coatingssprayed at different power and
SOD.

increased the substrate temperature, and, thus, de-
creased the cooling rate. This decreased cooling rate
led to more recrystallization from the melt. The
increased heat accumulation and re-hydroxylation also
led to more recrystallization of the prior-formed amor-
phous phase. All these factors led to the higher ACPin
the coating, and the crystalline HA phase consisted of
more recrystallized components.

On the other hand, as the SOD increased from 80 to
160 mm; i.e. the substrate was further from the plasma
flame, the HA particles suffered more dehydroxylation
(the dominant phase change process, which is verified by
FTIR as described later) and melting due to longer
residence time. However, the substrate temperature
greatly decreased in this case due to less heat accumula-
tion from both the plasma flame and the arriving
droplets whose temperature decreased with the longer
residence time of the particlesin the plasma flame. The
much higher cooling rate inhibited the recrystallization
of the dehydroxylated melt during the solidification
processand, thus, much more ACP formed. In addition,
as the temperature of both the substrate and the
incoming droplets were lower, the recrystallization and
rehydroxylation of the prior-formed amorphous phase
in the coating also decreased. Another reason for the
decrease of the crystalinity at longer SOD was the
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Under critical cooling rate

(a) Crystallization of the stoichiometric melt

—

Cooling rate decreased

dehydroxylated melt
stoichioinetricmelt
unmelted core

(b) Recrystallization of the dehydroxylated
melt due to the decreased cooling rate during
droplet solidification

Coating buildup

(c) Recrystallization of the amorphous phase in the prior-formed splat due
to the heat from both the incoming droplet and the plasma flame and the
re-hydroxylation during the coating buildup

Fig. 3. Schematic diagram showing three recrystallization paths during droplet solidification (a, b) and coating buildup (c). (The dashed line

separates the amorphous (outer) and recrystallized (inner) phases)

preferential loss of unmelted portions of the particles
during spraying; i.e. some of the unmelted or partially
melted particles were de-agglomerated and blown away
before they impacted on the substrate or bounced away
from the substrate. This phenomenon is evidenced by
the SEM photos shown later as well as the fact that the
deposition efficiency decreased around 40% when the
SOD increased from 80 to 160 mm.

3.1.2. Phase variations in HA coatings

As shown in Fig. 4, in al four extreme spray power/
SOD combinations, the intensity of the overal HA
peaks is evidently lower while the amorphous hump is
more obviousin the XRD patterns of the interface than
that of the coating surface. For the impurity phases, the
CaO pesk (indicated with a “*") is higher in the XRD
pattern of the interface, while the peaks of TCP and
TTCP are lower; possibly due to the more pronounced
amorphous hump. The XRD pattern along the coating
thickness (Fig. 5) displayed an internal gradient struc-
ture from an amorphous base to a crystalline surface.
No obvious difference was found when the coating
thickness exceeds 60 um. Since the thickness of the HA
coatingsin clinical use (especialy for the femoral stem)
is usudly around 50 pm, this gradient phase structure is
expected to affect the coating properties and perfor-
mance.

Fig. 6 compares the crystallinity between the coating
surface and interface. The crystallinity was significantly
lower at the coating interface in all four cases. This
result is consistent with previous studies [24,27]. During
the spray process, the cooling rate of the first lamellais
controlled by rapid heat dissipation to the metallic
substrate. With the coating buildup, the cooling rate
becomes smaller because the thermal conductivity of
HA (0.72-2.16 W m~! K =) [28] is much lower than
that of metals (in our case, mild steel ~20-60 W m ™!
K ). Another reason for the decreased cooling rate
arises due to the concentration of heat on the substrate
during the spray process. The decreased cooling rate and
heat accumulation result in more melt recrystallization
upon the HA particles striking the substrate and the
recrystallization of the amorphous phase in the prior-
formed splats; as explained before for the spray power
and SOD. This recrystallization process was aso
accompanied with the re-hydroxylation, as will be
shown in the FTIR spectra

As discussed previously, the crystaline HA in the
coating is composed of two parts, i.e. unmelted and
recrystallized portions, which cannot be reflected by the
crystallinity. These two crystalline components can have
different properties, especidly when the feedstock is
agglomerated particles, as used in this study. So it is
necessary to distinguish these two crystalline forms of
HA. Some previousreferences{18,29] have reported that
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Fig. 4. XRD patterns of the surfaceand interface of the HA coatings. (aisaTCP, B is p-TCP, T is TTCP, * is CaO and all other peaks belong to

HA).

the recrystallization caused HA peak broadening in the
XRD pattern. However, no peak broadening was found
in this study after spraying; possibly because the grain
sze of the feedstock is aready very fine.

An estimation of the recrystallization at the coating
surface can be made by comparing the difference of the
crystalinity at the coating surface and interface. Thisis
based on the fact that the HA particles exhibit similar
melting and dehydroxylation states before striking the
substrate for the same coating, and only the differencein
the solidification and coating buildup processes ac-

counts for the different recrystalization. It is observed
that for the two crystalline coatings (Alp and ASp,
SOD =80 mm), the crystalline HA of the coating
sprayed at higher power (42 kW) is dominated by the
recrystallized portion while the coating sprayed at lower
power (27.5 kW) is dominated by the unmelted portion.
Such responses lead to different microstructures and
properties, as will be shown later. The estimation
method, however, is very conservative with the assump-
tion that the crystaline HA at the interface arisesfrom
the unmelted HA and with no consideration given to the
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impurity phases. The actual recrystallization percentage
should be higher since the recrystallization could happen
in the first layer of lamellas (at the coating—substrate
interface).

3.2. Sructural analysisusing FTIR

3.2.1. Structural variations with spray parameters

FTIR is another characterization method for HA
coatings since it can provide information concerning
structural features such as the structural distortion and
dehydroxylation state, which cannot be obtained readily
using XRD methods. The spectra of HA powders and
coatings are shown in Fig. 7. The 961 cm ™' band,
characteristic of non-degenerate symmetric stretching of
the PO4 group (v;) in HA, disappeared in al coatings.
The doubly degenerate O-P-O bending band (v,) at
434 and 471 cm ™! in some references [30,31] were not
visible in the spectra of both HA powders and coatings,
but there were two weak peaks at 409 and 426 cm ! in
the spectra of HA powders. The original asymmetric O-
P-O stretching band (v3) at 1040 and 1096 cm ' still
existed in the coatings, while the splitting of these two
bands decreased with the crystallinity of the HA coat-
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Fig. 6. Comparison of the crystallinity between the surface and
interface of the HA coatings (the difference between surface and
interface is due to the recrystallization).

ings. The triply degenerate asymmetric O-P-0O bending
band (v,) at 609 and 563 cm ~! also existed and their
splitting exhibited the same trend with respect to the
coating crystallinity, as reported previously [32]. All the
structural changes were associated with not only the
existence of the ACP phase, but also the distortion of
the crystal structure due to dehydroxylation phenom-
enon.

In addition to PO; * groups, the two characteristic
OH- bands of HA aso changed after spraying. The
bending band at 633 cm ! disappeared for all coatings.
The stretching band at 3570 cm ~ ' decreased in intensity
for the coatings sprayed at 80 mm and almost disap-
peared for the coatings sprayed at 160 mm. This
response is more obvious in the spectra obtained by
DRIFT (Fig. 8). As mentioned before, during spraying,
the HA was partially dehydroxylated and transformed
into OHA [6,17]. Due to the similar structure of HA and
OHA, this difference cannot be identified easily by
XRD. Therefore, it can be inferred that the previously
identified HA by XRD is actually OHA. Hydroxyapa-
tite was subjected to more dehydroxylation at longer
SOD; thus, the 3570 cm ~ ! band was almost invisiblefor
the coatings sprayed at 160 mm. X-ray diffraction also
indicated that the coatings sprayed at 160 mm were
much more amorphous than those sprayed at 80 mm;
therefore, the FTIR results also verified that the
amorphous phase has very little (if any) hydroxyl group
incorporated within its structure.

In addition to the above two OH- bands, a new
OH- band appeared at 3641 cm™! after spraying,
which is not derived from the HA structure, but related
to the surface Ca(OH), phase [33]. This band is distinct
in the spectra of the two coatings sprayed at 42 kW and
is consistent. with the XRD results since these two
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Fig. 7. FTIR spectra of the (a) feedstock HA powders and (b) HA coatings obtained in transmission mode and (c).

coatings demonstrate higher decomposition and CaO
contents.

3.2.2. Sructural variations in HA coatings

Fig. 8 displays the spectra obtained from the coating
surfaceand interfaceby DRIFT. Asthe depth of the IR
penetration into the ceramic sample is very small
(around several micrometers), the spectra reflect the
structure of the near surface and interface of the
coatings [31]. The O H band at 3570 cm ! is smaller
for the coating interface than the surface, especialy for
the two crystalline coatings (SOD = 80 mm). As stated
before, the HA particles have similar melting and
dehydroxylation states before striking the substrate for
the same coating. It can, thus, be deduced that some re-
hydroxylation occurred during coating buildup while
the initial lower substrate temperature and fast cooling
rate could hinder the re-hydroxylation effect. Re-hydro-
xylation may occur in the areas with heat accumulation
in the already formed amorphous phase, which is
important for the recrystallization process.

Although fast cooling rate is critical for the formation
of amorphous phase, the crystal structure of a material
determines if the material will retain the amorphous
phase or transform to metastable phases. Hydroxyapa-
tite has a complex structure, and the loss of OH-
groups during plasma spraying leadsto lattice distortion
and vacancies, which makes the diffusion and recon-
struction of atoms very difficult. Therefore, amorphous
phase is unavoidable in the HA coatings [18] and
increased with increasing dehydroxylation. This beha
vior also suggests that the O H group isimportant for
the recrystalization of HA and the recrystallization
during coating buildup is closaly connected to the re-
hydroxylation effect.

In addition to the structural OH- band, the OH -
band at 3641 cm ™! (due to the existence of CaO) is
higher for both the surface and interface of the coating
sprayed at higher power (42 kW) as a result of higher
decomposition. The splitting of the PO;* v, band at
1040 and 1096 cm ™' also decreased for the coating
interface due to lower crystallinity. These results are all
consistent with the XRD results.
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3.3. Structural analysis using solid state NMR

Solid state NMR spectroscopy was used as another
technique to investigate the structure of the HA coating
owing to its high sengitivity to the short-range interac-
tion. The *'P spectra were used to determine the position
and environment of the phosphate group. Fig. 9 shows
the *'P NMR-MAS spectra of the feedstock HA, OHA
and four HA coatings. The spectrum of feedstock HA
shows only a single sharp line at 1.7 ppm, which
corresponds to the equivalenceof the phosphate groups
in the hexagonal structure of wel crystalized HA. In
contrast, the spectrum of the OHA exhibits two major
peaksat 1.7 and 5.1 ppm and two small peaks at 0.5 and
3.2 ppm, indicating four phosphate environmentsin the
OHA. The difference between the structure of HA and
OHA is that linear chains of O H in HA are replaced
by chains of O?~, OH- and vacancies. Thus, the two
linesin OHA may be related to the different distortions
of (PO,)*~ units depending on their positions relativeto
theionsin the central chains[15].

The spectra of al coatings exhibit two broad over-
lapping lines (respectively, at ~1.7 and = 5.1 ppm)
with considerably decreased intensity, indicating two
dominant phosphorusenvironmentsin the coatings. The
line broadening in the spectra arises due to the existence
of both the amorphous phase and the structural distor-
tion as aresult of quenching effectsduring spraying, and
the line width increased with the decreasein the coating
crystallinity.

The spectra of the coatings imply that the coating
structure is similar to that of OHA by just considering
the phosphorus environment; except for the line broad-
ening due to the existence of amorphous phase and
structural distortion in the former. This matches the
FTIR results. No resonancedue to a-TCP (four peaks at
0.5 (58%), 1.8 (20%), 3.3 (12%), 2.2 (9%) ppm, with the
numbers in the brackets being the relative peak inten-
sity), B-TCP (three peaks at 0.3 (67%), 4.3 (22%) and —
0.5 (11%) ppm) and TTCP (three peaks at 3.2 (50%), 3.1
(42%), and 4.3 (8%) ppm) [34] can be resolved because of
the line broadening and overlapping. The line broad-



L. Sun et a/. / Materials Science and Engineering A360 (2003) 70-84 79

5.1 3.2 0.5 Feedstock HA
OHA
S Al:27.5kW/80 mm
- ki/" S e
,/’
N AS: 42 KW/80mm
e /r’ N -
e . e
,/"// ‘
AN A2:27.5KW/160 mm
// N s o o
/ \\
) A6: 42 KW / 160 mm
- ‘ ]
10 5 0 -5 PPM

Fig. 9. *’P MAS NMR spectra of the HA coatings

ening effect also renders difficulty for quantitative
analysis of the crystal structure of the HA coating,
which still requires further investigation.

3.4. Microstructural investigation

The SEM morphology (Fig. 10) of the feedstock HA
powders shows that all particles are quite spherical, and
each particle isagglomerated by many rod-shaped nano-
particles. The size of a single nano-particle is ~ 50-200
nm long with a cross section of ~ 50 x 50 nm.

3.4.1. Surface morphology

Surface morphologies of the coatings are shown in
Fig. 11. The morphology of the coating A1 (27.5kW per
80 mm) was dominated by unmelted and partially
melted particles over a small amount of flattened splats.
These particles were quite large with a partially melted
skin or have been crushed into fine particles that spread
on the splats. This result is consistent with the previous
XRD results since this coating exhibits the highest
crystalinity. Despite the remains of some partially
melted particles, the morphology of coating A2 (27.5
kW per 160 mm) was mainly composed of glassy phases
including spheroidized particles, accumulated splats and
flattened splats due to alonger melting period and rapid

Signal A=SE2  Dete 28 Feb 2002
EHT = 750KV  Time :13:36:42

Signal A = (nLens Dwte :29 Feb 2002

Fig. 10. Morphology (&) and microstructure (b) of the feedstock HA
powders.

cooling rate. No large particles existed in this morphol-
ogy. Such morphological features agree with the ex-
planation for the XRD results presented previously; i.e.
some of the unmelted or partially melted particles were
de-agglomerated and blown away before they impacted
on the substrate at longer SOD. Both coatings A5 and
A6 exhibited enhanced particle melting and spreading
due to a higher plasma temperature. Coating A5 mainly
consisted of flattened and accumulated splats as well as
some spheroidized and partially melted particles, while
the major characteristics of coating A6 were flattened
and accumulated glassy splats and some spheroidized
particles. In addition, some pores but no microcracks
were observed on the surfaces of the four coatings.

3.4.2. Cross-sectional microstructures

The cross-sectional microstructures of the coatings
are shown in Fig. 12. The particles/droplets may be
subjected to high densification due to high flame
temperature and low surface tension, and subsequent
compaction and coaescence upon striking onto the
substrate during spraying process; thus the thermal
spray coating usually exhibits a lamellar structure. In
Fig. 12, no typical lamellar structure can be identified
for coating Al (27.5 kW per 80 mm). Instead, a large
amount of pores (porosity is ~ 12%) were distributed
throughout the coating matrix. While the small pores
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Fig. 11. Surface morphology of the HA coatings (a) Al: 27.5kW 80 mm, (b) A2: 27.5kW 160 mm, (c) A5: 42 kW 80 mm, (d) A6: 42 kW 160 mm.

were produced during spraying due to solidification
contraction and splat filling effects, the large pores
represent the pullouts of unmelted particle cores during
the grinding and polishing process. Very few crackswere
observed for this coating. The microstructure as viewed
by optical microscopy (Fig. 12b) shows the partialy
melted particles (with a melted shell and an unmelted
core, asindicated by the arrow) embedded in the coating
Structure.

Coating A5 (42 kW per 80 mm) exhibited the typical
lamellar structure, with thin layer thicknessand obvious
splat boundaries (Fig. 12). As known before, this
coating underwent high melting and recrystallization;
therefore, the contraction from the recrystallization
process resulted in the distinct splat boundary. The
porosity leved in this coating ( ~7%) is much lower
compared to coating Al as a result of much better
melting, and the pores are usually small due to splat
filling effects. However, many microcracks were ob-
served, mostly perpendicular to the coating—substrate
interface, indicating high tensile stress along the coat-
ing—substrate interface direction in the coating during
the cooling. These microcracks were produced during
either the spraying or sample polishing processes.

Longer SOD usualy reduces the velocity of the
droplets during spraying due to the frictional forces
from air molecules, which resultsin less spreading when
the droplets strike onto the substrate. However, as
indicated before, the two coatings sprayed at 160 mm
SOD (A2 and A6) were mainly composed of amorphous
phase. Amorphous coatings usually result from much
better melting during spraying, and thus better spread-
ing upon solidification compared with the unmelted
portion. As wdl, unlike its crystalline counterpart,
amorphous phase does not have a distinct melting point,
but exhibits a glass transition temperature range. There-
fore, amorphous phase can exhibit a viscous flow at
temperatures much lower than the melting point of its
crystalline counterpart. This helps fill the pores and
voids between neighboring splats. Therefore, these two
coatings exhibit a more smooth and glassy microstruc-
ture without obvious splat boundaries (Fig. 12). The
porosity levelsin these two coatings ( ~ 5% for coating
A6 and ~ 3% for coating A2, respectively) are even
lower than in coating A5, and there are aso some
microcracks observed.

Ancther microstructural feature is also shown clearly
in Fig. 12; i.e. some ribbon-like regions exist throughout



L. Sun et al. / Materials Science and Engineering A360 (2003) 70-84

20um  Fle Name = 022802043.6¢ S L@N Y

Signal A= RBSD Date
EHT=10.00kV Time

BR&SK

81

Wh= {tmm {Cum

Fle Name = 02270200201 STONY
Mag= 500X B

RESK

WD= 1imm  10m e Name = 0227020008f S TE@NY
Mag= 200KX BR&SK

Signal A=RBSD Date 27 Feb 2002_
EHT =2000kV _ Time 112325

©)

(D

Signal A=RBSD Date :27 Feb 2002
EHT =10.00kvV Time :12:11:13

Fig. 12. Microstructure of the cross-section of the HA coatingsby SEM. (a, b) Al: 27.5kW 80 mm, (c, d) A2: 27.5kW 160 mm, (e, f) A5: 42kW 80

mm, (g, h) A6: 42 kW 160 mm.

the coating in coating A6 (smaller amounts in coating
A2, too). A high magnification (Fig. 13) image shows
that these regions exhibit a quite different microstruc-
ture from the surrounding smooth regions and the
boundary between these two regions is smooth. The
ribbon-like regions are composed of many granular
nano-grains with a particle sze of a few to ~ 30 nm;
much less than the sze of nanoparticles in the feedstock
powders. Further investigation found that this ribbon-
like region was not significant in coating Al, but was
predominant in coating A5 (Fig. 13), which was blurred
by the splat-boundary under lower magnification.
However, the boundary between the ribbon-like regions
and the surrounding regions are coarse in coating A5.
This difference may be due to the fact that coating A5 is
much more crystaline than coating A6. A similar
microstructure has been reported previously, and the
ribbon-like regions were found to be crystallinecalcium
phosphate phase and have a Young's modulus of
sintered HA [8]. Thus, most possibly, these regions are
newly recrystallized HA grains. But it is difficult to

establish whether the recrystallization occurred from the
melt directly or from the amorphous phase, which till
needs further investigation. Nanostructured ceramics
have been shown to have better wear, impact and
toughness properties than the traditional micrograined
materials. As well, the dissolution of the HA nanocrys-
tals may become higher compared with well crystallized
HA due to the higher volume of the interface, imperfec-
tions and higher internal energy. Theseare all important
for the HA as biomedical coatings. Thus, it is expected
that the above nanostructure will affect the mechanical,
chemical and physiological properties of the HA coat-
ings.

4. Microhardness

The difference in the phase, structure and micro-
structure is expected to lead to different dissolution
behavior and mechanical properties of the coatings. The
effects on the dissolution behavior have been discussed
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Fig. 12 (Continued)

in a previous work [35], which indicated that the
dissolution of the HA coating was not only affected by
the crystallinity, but aso by the dehydroxylation and
recrystallization states in the coatings. The microhard-
ness of the coatings, Fig. 14, does not exhibit any smple
relationship with either the crystallinity or the porosity
of the coatings. Actualy, both these two factors should
be considered together with the components of the
crystaline HA phase and other microstructural features
existed in the coating. The diagonal length of the indent
was between 13 and 24 um, which have included most of
microstructural features mentioned above and can
reflect the overall properties of the coatings.

The coatings sprayed at higher power levels (A5 and
AB6) exhibited better particle melting and spreading as
well as recrystallization; thus, these two coatings have
much higher microhardness. The presence of porosity
and amorphous phase usually leads to lower hardness.
When comparing two coatings sprayed at the same
power but different SOD, these two factors usudly
contradict; i.e. the coatings sprayed at longer SOD have
higher contents of amorphous phase but lower porosity.

Therefore, the resulting microhardness depends on the
balance of these two factors. Also the coatings sprayed
at lower power and shorter SOD (Al) exhibit the
poorest melting status and highest porosity ( ~ 12%);
which also correlates well with the lowest microhard-
ness.

5. Summary

The current work has concentrated on the HA coat-
ings sprayed under four extreme spray power/SOD
combinations. This focus is important because many
processing parameters are incorporated during the spray
process. An experimental design including al para
meters is complex and unnecessary since their effects
can generadly be attributed to the temperature-time
experiences of the feedstock powders, their cooling rate
and rehydroxylation/recrystallization process during
coating buildup. Since the crystallinity alone cannot
reflect the coating quality, thiswork has emphasized the
effects of spray parameters on the chemica structure



L. Sun et 4/ / Materials Science and Engineering A360 (2003) 70-84 83

File Hame = 022702053, S 1 " Signal A= laLens Date 27 Fab 2002

WD= 3mm 100nm
00K X |~

Signai A= Inl.ens Date 27 Fab 2002
EMT = 5O0KY  Time 114.37:36

i WD= 3m 00nm

Mag e 50,00 K 3 poe]

Fig. 13. Microstructure of the ribbon-like regions in coating A5 (42
kW 80 mm) and coating A6 (42 kW 160 mm).

and microstructure of the coatings. As different spray
parameters sometimes conflict with each other, a
balance shall be reached to obtain an optimal design.
In addition, some techniques shall be considered. For
example, the substrate temperature can be increased to
promote recrystallization for theinitial few layers of the
coating; and water vapor can be induced around the
substrate to prevent the dehydroxyalation of the powder
or promote re-hydroxylation the droplets. To gain a
better understanding of the fundamentals of the deposi-
tion and coating buildup processes for the HA coating,
further systematic studies of various parameters on the
splat morphology, microstructure, phase, hydroxyl state
can be suggested.

6. Conclusions

e Hydroxyapatite coatings demonstrate different com-
position and structure from those of feedstock HA.
Both the crystalinity and purity of HA decreased
after spraying. XRD revealed the presence of crystal-
line HA, ACP and impurities including aTCP, B-
TCP, TTCP, and CaO. FTIR and NMR reflected the
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Fig. 14. Microhardness of the HA coatings

changesof both hydroxyl and phosphate and implied
that the HA identified by XRD was actually OHA.
Phase and structure of the HA coatings varied with
respect to the spray parameters and locations.
Crystallinity and hydroxyl contents of HA coatings
decreased with increasing spray power and SOD, and
increased from the coating interface to surface.
Impurity phase content increased with the increasing
power.

Crystallinity alone cannot reflect coating quality due
to the exisence of various HA structures, i.e.
unmelted, recrystallized and dehydroxylated (OHA),
and the gradient coating structure.

The phase and structural effects were related to
particle melting, dehydroxylation, cooling rate, re-
crystallization and re-hydroxylation, and deposition
efficiency in the plasma spray process.

Surface morphology and the cross-sectional micro-
structure of the HA coatings sprayed at higher power
and longer SOD reveals enhanced particle melting
and spreading, lower porosity and more microcracks.
HA coatings sprayed under different parameters
show distinct microstructures: (i) a very porous
microstructure for coatings with least melting, (i) a
glassy microstructure with no obvious splat boundary
for amorphous coatings, and (iii) a typical lamellar
structure for coatings with high recrystallization.
High magnification SEM revealed the existence of
some newly formed nanocrystalline regions within
the coating, which may affect mechanical, chemica
and physiological properties of the HA coatings.
The microhardness of the HA coatings was deter-
mined by severad microstructural factors; ie. the
particle melting, recrystallization, and volume of
amorphous phase and porosity.
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