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Abstract

The biocompatibilityand osteoconductivity of hydroxyapatite (HA) coatings have led to
their use in a wideange of applications identistry and orthopaedics. One such application

is for the uncementefixation of implants, where coatings are commonly applied to
titanium implants using a plasma thermal spraying process. The spraying process is
affected by a large number of parameteeling to highlycomplexprocesd propertyi
structure relationshi In a step forward from orat-a-time analyses, this study used
Design of Experiment (DOE) methodology to investigate the simultaneous effects of key
plasma spray process parameters on hydroxyapatite coaiimigi®medical applications.

The effects of fiveplasma spraprocess parametersufrent,gasflow rate, powderfeed
rate,spraydistance andarrier gasflow rate) ontheroughnessgrystallinity andpurity of
hydroxyapatite coatingwas determined usingfractional factorial designThe results of

this studyenabled identification of consistent and competing influences within the process
and thadentification of some first order interactioms.particular, the diffise particle size

of the HA feedstock powder was found to influence the responses observed within the
parameter range investigatéithe roughness of HA coatinggas found torelate to the
particle velocity and the degree of particle meltiegurring withhighercoatingroughness
resuling whencurrent was tgh, gas flow rate was low anpowder feed rate was high
Highestcoatingcrystallinity resultedat highcurrent, lowspray distance and lovearrier

gas flow rate. Under these conditions deposition of larger Hicfee resulted leading to
higher amounts of bulk gstalline material andhe low spray distance increased the
substrate temperature allowing amarphk material to recrystallis€oatingpurity relates

directly to thermal decomposition of the particles within the plasma jet with a high purity
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coating resulting tlow particle emperaturei.e at the lower nages ofpowder feed rate,
spray distance anchrrier gas flow ratelhis study thusrings greater clarity on the effects

of plasma spray process parameters on the propertiesutfantydroxyapatite coatings.

Keywords

Plasma spraying, hydroxyapatite, Design of Experiment (DOE)

1. Introduction

Hydroxyapatite HA; Caio(PQu)é(OH)2) is a bioceramic with a compibion similar to that

of the mineral component done. It is biocompatible and osteoconductalgwing the
growth on bone cells on its surfaike 2 3, 4, §. As a result of its favourable biological
propertiesit has been used successfully for many applications in dentistry and
orthopaedicsOnesuchapplication is aa coating applied tbip implants, where it provides
implant fixation.The most commonly used method for the productiokiAfcoatings is

the atmospheriplasma sprayingAPS) proces$6, 7]. This is a thermal spray process in
which powder particles are melt&a a plasmget and propelled towards the substrate
material.The process involves passing a readily ionised gas through an electric arc, formed
between a cathode and an anode, resulting in the formation of a pédsifiae plasma
formed is unstable and quigkiecombines releasing a large amount of thermal energy.
Particles are fed into this high temperatjge melted and propelled at high velocities
towards the substratdemperatures involekecan potentially ben excess 0fl5,000°C

depending on the selected process param@&&4.q. The process hdgeen used for many



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

yearsto apply of a variety of coatings used to protect surfaces from severe harsh

envionmentssuch aswear, corrosion anthermal effects

Atmospheric (air) plasma sprayin§RS) is a complicategrocessaffected by a many as

50 parametersand for this reasotihe process propertyi structure relationshipre still

not fully understood11,17. Clinically, HA coated implants have been found to remain
functionalin vivofor up to 15 year§l3]. HA coatingsarenaturally resorbeth the body,
releasingcalcium and phosphosuions needetb enable replacement of the coatimg
ingrowing bone tissuever time; however, delamination or rapid dissolution due to coating
instability can lead tshortterm implant failurd2, 14,15]. The stability of HA coatings

has been shown to be largely affected by its crystallinity and puritidi{@hly amorphous
coatings dissolve more quickly leading to the rapid weakening and disintegration of the
coating[3,16]. Coatings witha high degreef crystallinity have lower dissolution rates and

are thus more stabia vivo[11]. The production of HA coatings using APS haksled
complexities relahg to the decomposition of HAat high temperatureteadingto the
formation of less stable calcium @phatephass |, sud¢hiaal Ji um phospha
TCP},r ibc al ci u mTCphtetragaltitentpleosphabe (TTCP) aattiumoxide
(CaO)[17-20]. Control over the phase purity of HA coatings is thus critically important.

In terms of requirements for biomedical applications, ISO standards for hydroxyapatite
coatings specify a requirement for a crystallinity of > 45 % and a purity of% [24]. In
addition, aerly biological responses to HA coatings are influenceithéguface roughness

of the coatingvhich affectsosteoblast cell attachment and thus bone growth on the coating

once it is implanted into the body. Whereas fibroblasts and epithelial cells prefer smoother
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surfaces, osteoblasts attach and proliferation bettepagh surfacef22, 23). It is thus
clear thatm order to improve implant lifethetayloring of theproperties of HA coatings
is necessary24, 25] This can only be achieved through a clearer understanding of the

spraying process.

Numerous studieBave investigated the effects of varyimgpcess parameters on various
properties of HA coating$6, 2537]. Contradictions exist within the literatyréor
example, iereased power or current was foundTsuiet al [30] and Suret al [28] to
lead to a decrease in the purity and crystallinity of HA coatidgsever, Yanget al.[31]
found crystallinity to increase with increasing spray currBiyshlovenkoet al [38-39]
and Cizek and Khdgr(Q] reportnet power to have the greest influence on crystallinity.
One method that has been successfully used in order to esthbligtatonship between
process parameters and the properties of a resultant coating is the DdSiperament
(DOE) technique DOE gudiesof a variety ofplasma spragd coatings have been carried
out,includingalumina[11, 41], titanium dioxide #2, 43, zirconia[44, 45], titanium nitride
[46] and alumingitania[11, 47. DOE experimental techniques have also been applied in
the investigaion of the complexprocessrelationshipsinvolved in plasma sprayed
hydroxyapatite coatingf39-40, 4853]. While these studies havieroughtabout some
clarity to therelationships between the spray processmatears and resultant HA coating
propertiesfurther understanding of these relationships is requirettis study a Design

of Experiment (DOE) methodology has been useatder to gairadditionalunderstanding
of parameterinteractionand desirable parameter ranges ptesma spraying of HA

coatings.The specific objectives dhe studywere to assesthe effectsof varying five
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process parameteurrent (A),gasflow rate (B),powderfeedrate (C) spraydistance (D)
andcarriergasflow rate (E), on th crystallinity, purity androughnes®f plasma sprayed
hydroxyapatite coatingskey properties that influence coating stability and cellular

responseipon implantation

2. Experimental Methods

2.1. Materials

Titanium alloy, Ti6AI4V, was selected as the substrate materisthis studyas it is
typically used in femoral implants as the receisngstrate for HA coating®iscs, 10nm
in diameter with a thickness of Bm, were used. The discs were gplidsted prior to
sprayingat apressure of Sars and an angle of incidence of 7&ising pure white
aluminium oxide Al20s) grit with a particle size 0500 pm(mesh 36)selected due to its

biocompatibility After grit blastingloose grit particles were removed using high pressure

air. The discsvere then cleaned for 5 mins in an ultrasonic cleaner. The average surface

roughnes$Ra) of the discs wadeterminedusing the Surftest 402 surface profilometer

beapproximately3.2 um

The HA powder used for the coating process Waptal 601 Thermal $raying HA
powder(Plasma Biotal LtdUK). This powder is reported by tmeanufacturer to havena
averageparticle size of45 um. Particle size analysis was carried out usingNtadvern
Mastersizer particle size analyster determine the particle size distributiodowder
morphology was examined usisganning electromicroscopy (SEM) (LEO 440 Stereo

Scan, Leica, UK)using a current of 15@A, accelerating voltage of 15 KeV and a
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magnification range of 5800 x The surface areaf the powdemwas determined using
Micromeritics GEMINI BET surface area analys@eorgia USA). Powder particle

densitywas determined usirthe Helium PycnometefMicromeritics, Georgia, USA)

2.2. Experimenal Design

The experiment was designed using the statistical software, Bespert 7.0(StatEase
Inc., Minneapolis, USA)A Y. fractionfractional factorial desig(2>2 design)was used to
investigate the effect of various process paramdfacdors)on the properties of HA
coatings. Fivdactorswere investigatedsurrent(A), gasflow rate (B), powderfeedrate
(C), spray distance(D) and carrier gasflow rate (E). Two levels wee selected for each
parameter, based on parameters levels that are cumgpigedn literature(N1-N8) [26-
31, 39, 50, 54]. In addition,threecentre point experiments were includiedprovide a
measure of process stability and inherent variability while also checking for cur¢is@re
N11). The parameter ranges selected are detailed in Tableeldesign consist of 11
experimentsdetails of which are given imable 2. The experimets were carried out in

random order t@nsure thasystematic errordid not influence the results

A polynomial equationwas used to describe the relationship between the experimental

factors andeachresponseHEquation 1):

5
Y=bo+Q b X
= Eéééééééécececeeeéeéeéeeceéeceeecécéé [Egnl



160 where Y is oibBethesmemaneyvabue of the response
161 of the variable Xi.

162

163 The results obtained from the study were analysed tiseigesign Expersoftware The

164 main affects on each response were modelled using the backward selection method to
165 elimate insignificantterms (2 a | u e TheahalyBislof variance (ANOVA) test was

166 used to determine thstatistical significance of the developedquations Statistical

167 measures, R Adjusted R, Predicted RandAdequate Precisigrwere used to determine

168 the adequacy of the resultaguations The most important of these measures isRhe

169 value, which is a number between 0 and 1 and shomupteater than 0.6 in order to indicate

170 an adequatequation55].

171

172 2.3. Plasma Spraying

173 Plasmahermalspraying was carried ousinga Sulzer Metco 9MBolasmatrofitted with
174 a3M7-GH nozzle(Sulzer MetcoWinterthur, Switzerland High purity argon was used as
175 both the plasma forming gas and the powder carrierN@msecondary gas was uséd.
176 traverse speed of 38 mm/s and a spray time of 35 s were used for all coasolmg in
177 15 passes of theogy gun Coatings weresprayed accordintp the experimental matrix
178 describedn Table 2

179
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2.4. Coating Characterisation

Three responses were measuredghnessgrystallinity, and purity. Surfaceroughness,

Ra, was measured using the Surftest 402 surface profilorfiditertoyo, Michigan, US)

Four measurements were taken for each sgmth the sample orientation changed

between each measuremehhe surface morphology of each coating was also examined

using theLEO 440 Stereo Scan Scanning Electron Microscogiag a current of 1504,

accelerating voltage of 15 KeV and a magnification range e2@D x. The crystallinity

and purity of HA coatings were determined frémray diffraction patterns, obtained using

the Bruker D8 Advance DiffractometefCoventry, UK with acopperanode A locked

coupl e scan

of 5 sec/step werapplied

The% crystallinity was calculatedy comparing the crystalline area of the XRD pattern to

was carried out bet ween

20

the total XRDpattern areajsingEquation2 [28, 30, 56, 57]. The % purity was calculated

by comparing the impurity area to the total crystalline ansmgEquation3. The areas

used for the crystallinity and purity calculations watentified andmeasuredisingthe

curve fitting function inthe Bruker Diffract Plus EVAsoftware (Bruker AXS, UK).

Crystallinity andpurity measurementsere repeated three times for each coating.

Crystallinity (%) = % x100

,,,,,,,,,,,,,,,,,,,,

and
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whereAr is theareaunder the total diffraction pattern aAd is area under the diffraction
pattern once the amorphous part of the pattern has been remmrgdhe curve fitting

function in theBruker Diffract Plus EVAsoftware BrukerAXS, UK)..

Purity(%) = - X100
C66bee66666666666666666. . . PBEqN.

whereAc is the crystalline area from the diffraction pattern &nds thetotal impurity
area,i.e. the sum ofhe areaof the peaks betwee?®J 2d and the base of

peak @ 1 1peak).

3. Results

3.1. Powder Characterisation

Theinitial HA powder was found to have amegular morphology, as can beesefrom

the micrograph in Figl. The particle size analysis resulshown in Fig2, indicate that

the size of the particles fall withinwo separ ate clusters, one bet

t he ot her bet welbemedn Partialesize df hhdHAgpomvder was found,
from the laser particlsize analysisto be 38.3 umThe average density of the powder
sample was found using heliupycnometry to be 3.28 gh®. The surface area of the
powder was found using BET surface area analysis to be 0.46¢0TineHA powderhad

a crystallinity of 99.96%. From analysis of the XRD patterthe powdercontaired 99 %
pure HA(JCPDS9-0432 with a trace amount of tetracalciurhgsphatg TTCP,JCPDS

25-1137)

1C
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3.2. Measured Responses

Following spraying, each of the resultant coatings nwsgectedThe measured responses
for each experimental ruN11 N11) are given in Tabl8. The coating from run N1 was
very thin with the substrateisible throughthe coatingand thus crystallinity and purity
measurement®r this samplecould not be obtained. In additicgine measuredoughness
values verevery low andwerenot included in the angdis. The crystallinity and purity
measurements fooating N10were much lower than those of all other cog$ and itvas

thus deemed to be an outlier and was not included in the analyss.centre point
experiments (N9 and N11) showed good process relialility.surface roughnessgpof

the coatings was found to vary between 6.2 + 0.7 um (N3) and 13.4 £ 0.7 um (N6).
Micrographs of the coatings with the lowest (N3) and highe§) Rbughness are shown

in Fig. 3. The % crystallinity ranged from 65% (N5) to 87.6% (N2). The XRD patterns

for coatings with the lowest (N5) and highest (N2) crystallinity are shown in Figure 4.
Micrographs of coatings N5 and N2 are shown in Figui and (b) respectivelffhe %
purity was found to rangbetween 95.5 %N8) and 99.4% (N2). The XRD patterngor

the coatings with the lowest (N8) and high@$2) purity are shown in Fig. Overall,all
coatings met the > 45 % crystallinity and > 95 % purity requiredSity 137792:2000

(Implants for surgeryHydroxyapatite. Coatings of hydroxyapatif21].

11
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3.3. Roughness

Roughnessvasfound to besignificantly affected by three factorscurrent(A), gasflow

rate(B) andpowderfeedrate (C)(P-v a | u e ,with Bighestbyghnessesultingat high
current,low gasflow rate and higlpowderfeedrate. The regressiorquatiorfor roughness

is presented iable4, expresseah terms of coded factors in Equation 4 and actual factors

in Equation 5The coded factorequationuses the coded low and high levels &nd 1)

from the experimental designvhereas thectual equationincorporatesthe numerical
differences betweethe factors inthe equationlt can be seen from the coded factors
equation (Equation 4), that current has the greatest affect on roughness, follogaed by
flow rate and powder feed rate. The predicted vs. actual graph (Fig. 7a), shows that the
actual experimental values closely fits the values predicted by the equetimsented as

a straight line in the graph. The statistical measures, summarised in Table 5, indicate the a

good fit of the data to the equation.

3.4. Crystallinty

Statistical analysis of the results showed that ¢hestallinity of the coating was
significantly affected by theurrent(A), spray distance(D) andcarrier gasflow rate (E)

(P-v al ue .OheQeg@skiprequationfor crystallinity is presented imable 4,
expressed in terms of coded factors in Equa@ and actual factors in Edian 7. Current

was foundto have the greatest effect, followed by carrier gas flow rate and then spray

distance with highestcrystallinity at highcurrent,low spraydistance andow carriergas

12
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flow rate. The statistical measures summarised in Table 5meadicted vs. actual graph

for crystallinity, (Fig. 7 b), indicate a godii of the data to thequation.

3.5. Purity

Statistical analysis of the results showed thatpiléty of the coating was significantly

affected by th@owderfeedrate,spraydistance andarriergasflowrate (Rv al ue O 0. 01)
The regressiorquationfor purity is presented immable 4, expressed in terms of coded

factors in Equatin 8 and actual factors in Edian 9 Powder feed rate was found to have

the greatest effect, followed by spray distance and carrier gas flow rate, with the highest

purity reportedat low powder feed rate, low spray distance and low carrier gas flow rate.

The statistical measures summarised in Table 5 and predicted vs. actual graph for

crystallinity, (Fig. 7 c), indicate a good fit of the data to the equation.

4. Discussion

Theplasmahermalsprayingprocess isiffected ly a large number of parametansiuding
current, gasflow rate,powderfeedrate, spray distance ancarrier gasflow rate While
there are a range of factors influencing the process, mechanistics level, each bése
parameters ultimately influent@o keyaspectsthe degree of particle melting within the

plasmajet and thevelocity at which particles impacthe substrate surfac&hus the

13
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influence that each procegmrameterhas on particle melting and particle velocity
ultimately determineseproperties of the coatings produc&tie plasma spiyed coatings
produced at the parameter range®stigatedn this study resulted in coatings with widely
varying roughnesspurity andcrystallinity results.Overall, the study showed thathie

good quality coatings, with suitable roughness, crystgll and purity values were
achieved in experiments N2 to NilBe process settings for experiment N1 did not enable
deposition of a coatinghat fully covered the substrat&hus for further studies it is
recommended that the parametangebe modified to ensuradequatemelting of the
particles within the plasma jet.

The roughness of HA coatings produced here ranged betwéenahd 13.4 msimilar

to those reported by Cizek and Khor [40]. Roughness is known to relate to the particle
velocity and the degree pfrticle melting occurring. In this study it was found that high
roughnessesults when the current is high, gas flow rate is low and powder feed rate is
high, with tie overall effect of these parameters for the high roughmesstion leading

to increased particle temperature and decreased particle velocity (TaRiee&)and Khor
reported a similar occurrence with rougher coatings demonstrating individual splat
morphologies being formed when particle temperatures were H#dleHowever, these
results were contrary to findings reported in other stuU@8s58], where conditions that
generally lead to increased particle temperatures were seen to result in lower coating
roughnesslt was observed from particle size analyisit the size of the HA patrticles fall
within two separate clusters, one between
100 em. Thus at the | ow roughness condit]

larger particles remain unmelted and boa off the surface of the substrate rather than

14

on

0



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

being deposited onto it. At the higbughness condition all particles are melted and thus
the larger particles are incorporated into the coating rather than bouncing off it, resulting
in a greater degreef coating roughness. Low particle velocity resulting at the high
roughness condition leads to increased dwell time within the plasma and thus allows
melting of the larger particles, and the lower velocity at which particles impact the substrate
leads to ésssplat flattening thus the overall result isa rougler coating. The SEM
micrographs (Fig. 3) confirm this, demonstrating a visible difference in the size of the
particles present with smaller particles observed in the low roughness coatings (Fig. 3 a)
than the high roughness coatirfgig; 3 b). While, the effect of powder feed rate on the
temperature and velocity of the plasma flame is known to be mir{#® higher
roughness at higher powder feed rates may be due to greater numbers of overlapping

paticles and reduced particle spreading.

Coating cystallinity is determined by the degree of particle melting and the particle cooling
rateand was found to be highest at higlrrent, low pray distance and lowacrier gas

flow rate. The crystalline fraction of a HA coating consists lmilk crystalline material
resulting fromthe unmelted centralbres of he HA particles and amorphous material that
has recrystallised followingpraying[28, 60] The overall expected effects of the high
coating crystallinity spraying conditions (N2) are a high coating temperature and low
particle cooling rateTable7). Thus for this condition, the highurent causes an increase

in particle melting and an increase in substrate temperature, leadingpwo article
cooling rate. The quantity of larger particles deposited at higlemt is greater, leading to

the presence of a greater amount of bulk crystalline material within the coating, leading to

15
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a high % cystallinity. The low pray distance caes particle melting to be low due to
reduced residence time in the plasma jet and the substrate temperature to be high as it is
closer to the plasma jet, thus leading to a low particle cooling rate which enabled
recrystallisation of the amorphous phaske Tarrier gas flow rate determines the entry
positions of particles into the jet; at low flow rates particles do not enter the center of the
plasma jet and thus underigss melting. This was confirmed by the observed differences

in coatingsplat morpholgy between the highest crystallinity coating (Kig. 5 a) and the

lowest crystallinity coating (NSFig. 5 b). The powder particles visible in the low
crystallinity coating retain their spherical shape, indicating that only partial melting of the
particlesoccurred, whereas greater particle melting was observed in the high crystallinity
coating. Coating crystallinity was found to be reduced significantly compared to the
starting HA powder, although all coatings met the >45% crystallinity ISO requirement
[21]. The highest coating crystallinity achieved was 87.6% and thus coatings sprayed using

these spraying conditions would thus be highly stabiityivo.

Coating prity relates directly to thermal decomposition of the particles within the plasma
jet with a high purity coating resulting when the spray conditions led to a low patrticle
temperature i.e at the lower rangepoivder feed ratepsay distance andacrier gas flow

rate (Table8). At low powderfeedrate, theplasmatemperature would be higher than at
high powder feedrate, as less cooling of th@asmaoccurs when feer particles are
injected into it. Atlow spray distance, the particles only remairthe plasma for a short
time and thus experience less heating. At lawier gas flow rate the particles do not enter

the central, hottest part of the plasma jet and thus remain at a lower temperature. While

16



356 Cizek and Khor [40] found no distinct relatship between Hilight temperature or
357 velocity and percentage phase change, the findings reported here agree with the finding of
358 Sunet al.[28]. Importantly for clinical translation, thmurity of all coating was > 9% as

359 per ISO guideline$21]. For N2, very low levels of impurity phases were present and a
360 coating purity of 99.4% was achieved.

361

362

363 This study has successfully identifisditable parameter ranges for this spraying process
364 while alsoinvestigating themain effects of process paranseton coatingroughness,
365 crystallinity andpurity. Thetwo-level factorial desigemployed her@rovides avaluable

366 tool for identification of themain effects and some first ordeteractions howeverit

367 imposes some constraints and thus presents a limitation in this $tuglynclusion of
368 centre point experimengsrovided a useful addition idemonstrang the stability of the
369 process Although this study design enabled just linear relationships tevatiated

370 assessmeiwf the centre points indicates that thergasie curvature in the responsésch

371 could bdurther elucidatd throughalargerinvestigation oparameter interactionk order

372 to understand these responsesther assessment of the plasma spray procegriss
373 currently being undertaken within oilab. The study presented here thus presents and
374 important first step in this investigatiof significantfinding in this studyis thatthe degree
375 of powder particle meltinthatoccusis depenént onthe powderparticlesizedistribution

376 of the feedstock powdeFhe powder useith this studyhad a larg@article size distribution
377 which led tothe observation cdlome unexpected effactUse of a sieving process nagy

378 beneficial in order to reduce the particle size rangdufre studiesOverall, this study
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provides a valuableontributon to the understanding of this complex systerdpresents
predictive procesequatiors for the roughnesscrystallinity andpurity of plasma sprayed
HA coatings which provide useful tools forcoating production and fofurther

development and optimisation thiis process

5. Conclusion

A Design ofExperimentstudy has beensed to determine thédfects ofcurrent,gasflow

rate, powder feed rate, spray distance andcarrier gas flow rate on theroughness,
crystallinity and purity of plasma sprayed hydroxyapatite coatingsading to the
identification of consistent and competing influeneesl first order interactions The
results demonstrated tleatitings with higherroughness resulted whenrrent was high,

gas flow rate was low angbwder feed rate was high as under these conditions melting of
larger particles occurred enabling thenb&deposited in the coating and a lower impact
velocity led to lessplat flattening Coatingcrystallinity washighest at higlcurrent, low
spray digance and lowcarrier gas flow rate. Under these conditions deposition of larger
HA particles resulted leading to greater amounts of bulktaljne material and the low
gpray distance increased the substrate temperature allowing amorphouil mate
reaystallise. Coatingpurity relata directly to thermal decomposition of the particles
within the plasma jet with a high purity coating resulting when the spray conditions led to
a low particle temperature i.e at the lower ranggsoweider feed ratespray distance and

carrier gas flow ratelThesepredictiveprocessequationsprovide abetterunderstanding of
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effect of plasma spray properties on theughnas, crystallinity and purity of
hydroxyapatite coatingg.hese findings also demonstrate the effects of a diffuse particle
size range on therocesshowing that increased plasma temperatures are required in order
to ensure melting of larger particldhese results thus bring greater clarity on the effects

of plasma spray process parameters on the properties of resultant hydroxyapatite coatings
and provide the first step mlarge study aimedat further elucidating parameter effects

and interactions
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503 Tables

504 Table 1: Parameterranges selected for the screening experiment

Low Level High Level
(-1) (+1)

A - Current (A) 450 750

B - Gasflow rate (slpmkcth) 3370 61.4130

C - Powderfeedrate (g/min) 10 20

D - Spray distance(mm) 80 120

E - Carrier gas flow rate(slpmécfth) 4.7/10 9.4/20
505
506
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507 Table 2: Plasma spray screening experimentariables and experimental plan

Exp Name Variables
Current Gasflow rate Powderfeed Spray Carrier gas
(A) (B) rate distance flow fate (E)
A Slmp Scfh © (D) Slmp &fh)
g/min mm
N1 450 33 (70) 10 120 9.4 0
N2 750 33 (70) 10 80 4.7 (10)
N3 450 61.4 (130 10 80 9.4 0)
Y, Design
e N4 750 61.4(130) 10 120 4.7 (10)
? N5 450 33(70) 20 120 4.7 (10)
(N1-N8)
N6 750 33(70) 20 80 9.4 0
N7 450 61.4(130 20 80 4.7 (10)
N8 750 61.4(130) 20 120 9.4 0)
Centre N9 600 47.2(100) 15 100 7.1 (15)
points N10 600 47.2(100) 15 100 7.1 (15)
(N9-N11) N1l 600 47.2(100) 15 100 7.1 (15)
508
509
510
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511 Table 3: AverageResponse Values for Roughness, Crystallinity and Purity

Exp Name Average Responses
Roughness Crystallinity Purity
€Em % %
N1 4.1 - -
N2 10.55 87.6 99.4
N3 6.15 65.2 97.8
N4 8.65 81.3 98.9
N5 10.48 65.2 97.6
N6 13.4 77.4 97.7
N7 7.28 77.8 98.2
N8 11.03 65.8 96.4
N9 10.65 79.9 97.4
N10 9.48 54.9 95.5
N11 10.6 76.1 97.2
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
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528 Table 4: Coded and actual experimentakquations for Roughness, Crystallinity and Purity

Response Coded and ActualRegressionEquations Eqgn. No.
Roughness  Roughness = 9.45+ 1.4* A7 1.17* B+ 1.10*C Eqn. 4
Roughness = + 4.257 + 9.70410&3 * Currenfi 0.039146 * Ean. 5
Gasflow rate+ 0.21912 *Powder feed rate an-
Crystalinity  crystallinity = +71.83+ 6.2* A 5.16*D i 6.14 * E Eqn. 6
Crystallinity = + 91.25062 + 0.041329 * Currén0.25797 * Ean. 7
Spray distanceé 1.22839*Carrier gas flow rate an.
Purity Purity= +97.93i 0.46* Ci 0.34*D i 0.59 * E Eqn. 8
Purity=+102.81 0.09125* Powder feed rate 0.017187* Ean. 9
Spraydistanceé 0.11875* Carrier gas flow rate an-
529
530
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531 Table5: Statistical Measures ofEquation Adequacy

Statistical Measure Roughness Crystallinity Purity
R? 0.95 0.96 0.91
Adjusted R 0.92 0.92 0.85
Predicted R 0.82 0.81 0.56
AdequatePrecision 17.776 14.902 10.44
532
533
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534  Table 6: Overall effect on particle temperature and velocity for high roughness spray conditions

Factor Particle Temperature Particle Velocity
Current h h h
Gasflow rate i h [

Powder feed rate  h i

Overalleffect h i

535

536
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537 Table 7: Overall effect onplasmatemperature and velocity for high crystallinity spray conditions

Factor Particle Melting Particle Cooling Rate

Current h h [
Spray distance i i [

Carriergasflow rate i i

Overalleffect h i

538

539
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540 Table 8: Overall effect on particle temperature for high purity spray conditions

Factor Particle Temperature

Powderfeedrate i h
Spraydistance i [

Carriergasflow rate i i

Overalleffect i
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542
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543 Figures Captions

544

545 Figure 1:SEM mnicrograph of Plasma Biotal Captal-A0HA Powder

546
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Figure 2:Particle Size Distribution of Plasma Biotal Captatl6BHA Powder Power
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552

553 Figure 3:SEM microgephs showing thewsfacemorphology ¢ a) mating N3andb) N6.

554  Coating N3had the lowest roughness and coatittghad the highest roughness.
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560

561

562

563

Figure 5:SEM micrographs showingifgacemorphology of a) Coating Blandb) N2.

Coating N5 had the lowest crystallinitycanoatingN2 had the highest crystallinity.
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