Journal of Medichand Biological Engineing, 30(2): 91-98 91

The Influence of Plasmaspraying Parameters on the
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Abstract

This study was undertaken to evaluttie effect of plasmssprayng parametersincluding spraying current and
hydrogen contentn the properties of hydroxyapatite (HA) and fluorapatite (FA) coatings. It was found that FA coating
displayed the lesmolten to molten structure by variable sprayparameters, but the HA coatings show the molten
structure in the present range of spmgyparameters. By Xay diffractometry (XRD), FA coatings showed better
crystallinity than HA coatings. The index of crystallinity was found to be in the range of 65.3% to 91.1% for FA coating
and 39.7% to 54.6% for HA coating. The difference of structu@ crystallinity could bettributed to the thermal
properties of HA and FA material. It is generally believed that amorphous pheakiim phosphate coating would
easilydissolve and lose loagerm stability in clinical use. Theesuls suggest th&A coating has the potential to show
stability in longterm clinical use, and we can modify the characteristics afd@ing by variable sprayg parameters.
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may occur in the high velocity and tempdéure (as high as
1. Introduction 30,000 K) of the plasmaprayng process. Longerm stability

is still the major concern about the use of plasmayed HA

Calcium phosphate ceramics are generally used as andoatings [4]. Owing to the resorption addgradabilityof HA

considered to be bone substitute materials. For example, densspatingin a biological environment[5], the disintgration of
or porous hydroxapatite (GAPO;)s(OH),; HA) is successfuy the coating willdecrease the mechanical properties sesdilt
used for jaw augmentation and bone substitutio clinical in loss of the firm fixation between the implant and
application.In vivo, owing to having the same chemical and surrounding bone tissue.
crystallographic structure as the main inorganic component Fluoride can beincorporate into HA to form chemicaly
(apatite) of living bone, HA can bond physicochemically to homogenous distributions and stable crystatshiwibone and
bone with no fibrous tissue at the interface Hbwever the tooth enamel, respectively. For example, 0.04 %tto 0.07
brittleness, poor tensile strength, and poor impact resistance oit. % of fluoride in apatite protects tooth enamel against the
HA materials limit their application as loadidgearing aggressive attack of oranvironment[6]. The low solubility
implants. Using HA as a coating on metallic substrate canand acid resistance could improve stability of fluorapatite
combine the good biological properties of the HA layer while (CaoPOy)eF2; FA) by replacing the hydroxyl ion with a
retaining the mehanical superiority of the metallic substrate. fluoride ion in biologicalenvironments Severalresearchers
Various coating techniques have been used to depbSit  have reported histological studies of FA coatings implanted
coatingon Ti-alloy substrateThe weltknown plasma spraying into the femora of adult goats [7,8]. Direct bone apposition was
technique ishe mostcommonlyused. Excellent clinical results  obviously obseved at the interface of F@oatings[8], and the
were reported for plasmgprayed HAC on Tialloy substrate  FA coatings did not show signs of degradation compared to the

[2,3]. However, compositional and structudangs of HA partial resorption of HA coatings after 12 and 25 weeks of
implantation. By pustout test, the FA coating also showed
* Corresponding authoftzerMin Lee similar bone bonding strgth compared to H&oatings

Tel: +8866-2353535 ext. 5361; Fax: +8852359885

) > Several studieseported that the structural characteristics
E-mail: tmlee@mail.ncku.edu.tw

of HA coatingssuch as microstructure and crystallinity in the
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coating vary with the spraying parameters, such as gasfablel.Plasma spraying parameters employed for preparing
combination and flow rate, spiag power, andstandoff hydroxyapatite and fluorapatite coatings.

distance [5,9]. It was found that the biological responses of HA Spraying parameter Measurements

coating in vivo were dominantly affected by phase purity,  Primary gas (Ar), flow rate (I mih) 41

crystallinity, and microstructure of HA coatings [10]. Similarly, =~ Secondary gas @i flow rate (I mirt) 3,6,9

the different plasmaprayng parameters would possibly Powder carrier gas (Ar), flow rate (I min 5

influence the characteristics and biological responses of FA Powder feed rate (g mifh 25

coatings. The aim of the present study was to vary two major SPraying current (Amp) 400, 500, 600

parameters, spraying current and flow rate of secondary plasma Standoff distance (cm) 7.5

gas, to modify the microstructure and crystallinity of FA _lranserse speed (mm sée 10

coatings. In vitro, an osteobladtke cell line, ATCC

CRL-1543, was cultured on the -gprayed FA coatings to 2.3Material characterizations

evaluate the relation between coating characteristics and

cytocompatibility in the early stage. The phases of the powdand plasmasprayedcoating
were identified by Xray diffractometry(Rigaku D/MAX Il

2. Materials and methods V), using CuK radiation, operateat 30 kV, 20 mA with scan

speed of ¥min and stepige 0.02. To evaluate the degree of

FA crystallinity, therelative index of crystallinity (IOC) was
2.1Powder preparation defined fromthe ratio of the main peak intensities of &
coatings (Ic) and the FA powder (Ip) by the relation of
10C (%) = (Ic/lp) 100%.This method ssumes that the 10C of
the FA powder is 100%.The surface morphology of FA
coatings was examined using a secondary electron image of a
scanning electron microscope (SEM, Philips-XQ FEG). The
specimens were coated with a conductive layer of gold in a
sputer coater to avoid charging effects.

FA and HA powdes were obtained from commercial
production of Show#Showa, Tokyo, Japah The powders were
prepared by milling and stirring them in a polyethylene bottle with
zirconia balls using ethyl alcohol as dispersant. The resulting
slurry was vacuum dried, crughand ground using a pestle and
mortar. The powders were then granulated with 10%wbf
aqueous poly(vinyl alcohol) (PVA) solution and sieved to the
optimal particle size (16025 m). Finally, the granulated powders 2.4 Cytocompatibility
were heated at 680 for 1 h, to voldlize the PVA binder, and

sintered at 100 for 4 h, to consolidate the particles. Human osteoblastke cells (ATCC CRL:=1543), derived
. from an human osteosarcoma(HOS) were cultured in
2.2 Atmospheric plasma spray Dul beccods modified Eagle mediun

fetal bovine serunfFBS)and maintaied in a humidified, 5%
CO,/balance air incubator at 37°C. Subculturing was
performed with the use of a phosphatdfered saline (PBS)
with 0.05% trypsin solutionAfter sterilization, specimens
(HA69, FA43, FA56, and FA69 coatings) were placed in
24-well culture plates (Nuncldf, Denmark). Osteobladike
cells were also cultured in the tissue culture polystyrene
served as a control group. Bvaluate the cell growth on the
specimens, each specimen was seed with ostedi{aseells
Fl0,000 cells/well) After 3 and 6 hours, medium was pipetted
ut from the dishes, and the samples were washed three times

Two shapes type of bioinert-BiAl-4V alloy (ASTM F136)
were used as substraRate speanens, measuring 22 mr) &
17 mm ) x 3.3 mm (), were used for structural
characterizatioanddisk plates, measungy 12.7 mm in diameter
and 2 mm in thickness, were used for cell culture. Prior to
spraying, their surface were degreased with dilute acid to
remove surface native oxideleaned in acetoneltrasonically
and thengrit-blasted with AJO; to rough the surfaceshe
spraying parameters are shown in TabkleExcept for the
spraying current and secondary plasma gas flow rate, othe

Spraying parameters such as primary gas, powder carier g&2,, oo oo ived with 2.5% glutaraldehyde 3£44% OsQ

flow rate, powder feed rate and staofti distance were fixed. . )
. . . at 37C and 1% tannic acid af@. The sample wadehydrated
High purity argon (Ar) at a flow rate of 5 I/min was used to . . . . .
with a series of graded ethanabligion and immersed in

carry the powder at about 25 g/min from a powder feeder to theh thvidisil MDS SIGMA) for 10 minutes. Finall
plasma torch of a plasma spraying systéPtasmaTtechnik examethyldisilazangH ) for 10 minutes. Finally,

M-1100C) The ®raying current (400, 500 and 600 amperes) after sputte{:oatlng.wnh gold, the specimens were observed by
. . SEM. After culturing for 24 hours, the cell numbers on
and secondary plasma hydrogen gas (flow rate: 3, 6 and 9 I/min . . .
. ; . pecimens were assessed as previously describedri]ef,
served as variables. After six cycles ofYXrobot arm with ) . . .
MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma, UpA

plasma gun movement at constatransverse speed of . . .

. . . solution was working with attached cells. The converted dye
10mm/sec across the specimen surfabe uniform coatings

were depositedonto Ti6Al-4V substrate, and the coating was solubilized |nd|m¢_3thyl sylfomde(DMSO) solution, and
then read byenzymelinked immunosorbent assg¥LISA)

thickness depended on the spraying parameters. During sprayinlg, ) .
eader Analysis ofoneway variance (ANOVA) was used to
the substrates were kept at a low temperature by compressed air

cooling in order to prevent overheating. The BAd HA evaluate the significant difference between cell numbers on

coatings, employed by parameter of 500 A and hydrogen galsollfferent kinds of coatings. Differences were considered

flow rate of 6 I/min, are denoted FA56 and HA56, respectively. significart atp < 0.05.
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Figure 1. Surface morphology of plasrsprayed hydroxyapatitecoatingsby variableparameters
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Figure2. Surface morphology of plasrsprayed fluorapatitecoatingsby variableparameters
3. Results specimen showed a moltenatingwith some unmelted powder.
HA56 and HA59 specimens showed the more molten coatings
The morphology feature of HA coatings with different consisted of accumulated splats, microcrack and gétially
spraying parameters were examined by SEM (Figure 1). Themolten droplets. When the spraying current was enlarged from
surface morpholgies were distinguished as follows: when the 400A and 500A to 600A, HA66 and HA69 specimens
spraying current was 400 A, three kinds of specimen showed dlisplayed the molten coating consisting of wéthttened and
molten coating with somenmeltedpowder. The amount of ~accumulated splat Themajor difference between these nine
molten powder decreased with the increase of hydrogen conterftoatirgs was the extent of molten, attributed to either the heat
The HA49 coating consisted ofceumulated splat and transfer ability or the level energy content exerted by
microcrack, resulting from the thermal contraction during rapid combinations of plasma atmosphere and the power used.
cooling rate. When the spraying current was 500 A, HA53 Figure 2 shows theSEM surfacemorphdogy of FA
coatings We can observthat the spraying parameters changed
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the microstructure. Wen the spraying current was 400 A, there No. 3411). As shown in Table 3, the crystallinity of the
was major distinctive difference in the surface morphology of sprayed FA coatings decreased with increasing spraying
FA coatings sprayed by variable hydrogen content. Thasairf current and hydrogen content. It was found that FA43 coating
of FA43 coating was mainly covered with unmolten powder, showed the highest IOC was (91.1%) compared to the
which indicated the powerful plasma arc was insufficient to lowest value (65.3%) of FA69 specimen, deposited with the
fully melt FA powder to deposit onto the substrateheW the highest spraying current and hydrogen content.
hydrogencurrentincreased to 6 or 9 I/min at the current of
400A, the sgcimens showed a partially molten coating with
someunmeltedpowder. At the sprayingurrentof 500A, the
surface morphology of FA coating also depended on the
hydrogen content. The surface of FA53 specimens was mainly
covered with unmelted particles witess content of flattened
splat. Although the FA59 specimens mainly consisted of
accumulated splat, unmelted particles were observed on the
surface of FA coatings. When the spraying current was raised to
600A, the unmelted particles were observed onasgfof three
FA coatings with variable hydrogen contents. FA69 specimens
contained molten coating consisting of accumulated splats.

The diffractograms of HA coatings with variable spnay
parameters are shown in Figure 3. The peaks shown in th&igure4. X-ray diffraction patterns of fluorapatite coatings by variable

diffractogram match well with the standard phase parameters. FA43 means FA coating prepared jigying
(Cag(POy)e(OH),, JCPD No. 9432). However, by comparison current and hydrogen content were 400 (amp) and 3 (Hmin
' ' ' respectively.

the diffractrograms of HA powder and HA coatings, the
differences in the CI‘yStallinity become evident. As illustrated in Table3. Results of index of Crysta”inity (%bf p|asmasprayed

Table 2, the relative index of cyadlinity (IOC) of sprayed HA fluorapatitecoating.

coatings decreased with the increasing spraying current and Spraying curren Hydrogen content (I mify

hydrogen content. It was found that the IOC values were 54.6%  (amperes) 3 4 6

for HA43 and 39.7% for HAG9. 400 91.1 79.8 75.3
500 75.7 74.3 70.4
600 72.9 70.7 65.3

The results of FTIR on the surfaces of HA coatings
prepared by variable parameters are shown in Figure 5. The
results indicate the presence mifosphategroups at 595 and
1088 cnm and hydroxyl ions at 628, 3576, aB858cm™. As
shown in Figure 6, the FTIR spectral analysis of FA coatings
shows the vibration peaks of phosphate groups at 596, 968 and
1090cm® and hydroxyl ions at 3548m™. In comparison to
HA coatings, the relative intensity of hydroxyl ions in FA
coatingsis very weak. The presence of hydroxyl ions in FA

2 Theta coating could be attributed to physical adsorption from the
surroundingenvironment

Intensity

Figure3. X-ray diffraction patterns of hydroxyapatite coatings by
variabke parameters. HA43 means HA coating prepared by
spraying current and hydrogen content were 400 (amp) and 3
(I min™), respectively.

Table2. Results of index of crystallinity (%)of plasmasprayed

hydroxyapatitecoating.
Spraying curren Hydrogen content (I mir)
(amperes) 3 4 6
400 54.6 51.2 47.8
500 54.4 47.3 39.9
600 53.0 46.6 39.7

The XRD patterns for FA coatings with different
spraying currens and hydrogen contents are shown in
Figure4. The results showhat FA coatings contain the peaks
maching well with the standard phase (&RO,;)eF,, JCPD

Figure5. FT-IR spectra of hydroxyapatite coatings by variable parameters.
HA43 means HA coating prepared Bpraying current and
hydrogen content were 400 (amp) and 3 (I'hirespectively.



