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Ozet

Ortopedik kalca protezleri klinik uygulamalarda kemige
hareketsiz, kararli, uzun sire kullanima dayanikli ve
glvenli bir baglama ile baglanir. Kemik ¢cimentosuz
olarak uygulanan kalca protezleri, kemik ile implant ara
yuizeyini daha kararl konuma getirmek igcin gézenekli
hidroksiapatit (HAP, Ca,, (PO,) (OH),) kaplamaile
kaplama yapilir. Bu ¢calismada 316L tipi paslanmaz
celik ylizeyine sol-jel metodu ile HAP kaplanarak

doku ve faz yapisi tizerine pH etkisi incelenmistir.
Gozeltinin pH'1 24 saatlik bekletilme isleminden 6nce,
onceden belirlenen miktarda (hacimce %3 ve %?7)
amonyak ilavesi ile belirlenmistir. HAP ile kaplanan
ylizeyin X-1sinlari difraksiyonu (XRD) ile kalitatif

analizi yapilmis, faz yapisi ve mikro yapisi taramali
elektron mikroskobu(SEM) kullanilarak belirlenmistir.
Kaplamalarin kalsiyum/fosfor (Ca/P) orani da enerji
sacilim spektrometresi (EDS) ile belirlenmistir.
Stokiyometrik HAP miktari hacimce %3'liik amonyakli
¢Ozelti ile saglanmis ve bu XRD analizi ile gosterilmistir.
Analizin yaninda, SEM mikro yapilari elde edilen
kaplamanin homojen dagildigini, gézenekli ve catlaksiz
bir yapi meydana getirildigini gosterilmistir.

Anahtar Kelimeler: sol-jel, hidroksiapatit, 316L
paslanmaz celik

1. Giris

Metalik malzemeler, Gistiin mekanik 6zellikleri
nedeniyle ortopedi ve dis hekimliginde ¢ok uzun
zamandan giiniimuize kadar kullanilmaktadir. Ostenitik
paslanmaz celikler, kobalt-krom alasimlari, titanyum
ve alasimlari yaygin olarak kullanilan malzemeler
arasindadir. 316L paslanmaz celikler, yiiksek

mekanik mukavemetleri, viicut sivilarindaki makul
korozyon direnci ve biyo-uyumlulugundan dolayi
popdilarite kazanmis olup, tlim diinya ¢capinda cerrahi
operasyonlarda kullanilmaktadir [1].

Eklemlerin metalik protezlerle yenilenmesi,
hastalanmis veya kirilmis kalca eklemlerinde, hem

Abstract

Clinically used orthopeadic hip prostheses are fixed
stable, long-lasting, and safe fixation with bone. Hip
prostheses applied with cementless are coated with
porous hydroxyapatite (HAP; Ca, (PO,) (OH),) coating
in order to make more stable interface between

the bone and the implant. In this work, effect of

pH on the morphology and phase structure was
investigated by coating HAP on surface of the type
316L stainless steel via sol-gel technique. pH of the
sol solution was adjusted by adding pre-determined
amount of ammonia (3% and 7% volume fraction)
prior to an aging process for 24h. Phase structure

of the HAP coatings were analyzed qualitatively

by X-ray diffraction and the microstructure was
determined by scanning electron microscopy (SEM).
Calcium/phosphorous (Ca/P) ratio of the coatings
was also determined by using energy dispersive
spectroscopy (EDS). Formation of the stoichiometric
HAP coatings was maintained by using solution
with 3% volume fraction of ammonia and this was
showed by XRD analysis. Besides the analysis, SEM
micrographs revealed that obtained coating comprised
homogeneously distributed porous and crack-free
structure.

Keywords: sol-gel, hydroxyapatite, 316L stainless steel

1. Introduction

Metallic materials are being used in orthopedic

and dentistry field for a long time because of their
mechanical properties. Among commonly available
materials are austenitic stainless steels, cobalt-
chromium alloys and titanium and its alloys. 316L
stainless steels have gained popularity and used all
over the world for surgical operations owing to their
high mechanical strength, corrosion resistance in body
fluids and biocompatibility [1].

Joint replacements with metallic prosthesis are very
successful, reproducible procedure and excellent
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Sekil 1. (a) Kalga eklemi yenileme uygulamasi ve (b) hidroksiapatit (HAP) kaplanmis implant sapi [5, 6].

Figure 1. (a) Application of the hip joint replacement and (b) hydroxyapatite (HAP) coated implant stem [5,6].

kisa hem de uzun dénemli agriy1 yok etmek ve

eklem fonksiyonunu yeniden kazandirmak amaciyla
gerceklestirilen, son derece basarili, tekrarlanabilir
islem ve kusursuz uygulamalardir (Sekil 1.a). Kemik
¢imentosu ile gerceklestirilen kalga protezi uygulamasi,
kisa ve orta sureli sonuglarda oldukca basarili olmustur.
Ancak, uzun sireli kullanimda, 6zellikle daha geng ve
aktif hastalarda veya agir sartlarda calisan erkeklerde,
protez gevsemesine bagli hasarli problemler s6z
konusudur. Bu ylizden ¢imento ufalanmasi ve kemik
erimesine karsi biyolojik olarak sabitlenen kalca
protezleri gelistirilmistir. Basarilmasinin anahtari kalici
klinik sonucun, implantin ¢evredeki kemige hizli ve
surekli olarak sabitlenmesini saglamaktir. Cimentosuz
protez uygulamalari, implanti kemige ¢cimento
kullanmadan biyolojik olarak sabitlemek icin yeni bir
teknoloji olarak ortaya ¢ikmistir. Yakin zamandaki klinik
sonuglar, cimentosuz protez uygulamalarinin kalca
protez yenilenmesinde, implant gevseme oranini ve
uyluk agrisini azalttigini géstermektedir. Cimentosuz
protezlerde kemik bliylimesini arttirma yonuiindeki
cabalar, hidroksiapatit (HAP) kaplama uygulamalarini
glindeme getirmistir (Sekil 1.b). Optimum sartlar
altinda bu kaplamalar, 6ncelikli olarak implant
kararlihgini ve protezin biyolojik sabitlenmesini
saglamak icin kemik dokusu iyilesme hizini arttirmalidir
[2-4].

Sentetik hidroksiapatitin kemik mineraline benzerligi
ile kusursuz biyo-aktif ve biyo-uyumluluk 6zellikleri
genis bir kullanim alani yaratmistir. HAP, dogal kemigin
yaklasik olarak agirlikca %70'ini olusturmaktadir.

Ancak HAP'In kirllgan yapisi, klinik uygulamalardaki
kullanim amacini sinirlandirmakta olup, tek basina

HAP malzemesi, yuk tasiyan bolgelerde kemigin yerine
gecemez. Bu ylizden metal implantlar (izerindeki HAP
kaplamalar, yeni kemik biyiimesini baslatip, implant ve
kemik dokusu arasindaki baglanmayi kuvvetlendirerek
sabitlenme kararhihgini arttirdigindan ve bu esnada
metalik implant da yik tasiyici eleman olarak
davrandigindan buyuk ilgi gormustir. Yiiksek gozenekli
HAP seramikler; birbirine baglanmis gézenekli
yapilariyla kemigin implant matrisi icine biyliimesi

icin bir cati olusturarak, protezin cevredeki kemige
tutunmasini ve implant gevsemesini engelledidi igin,
kemik yerine kullanilan ideal malzemelerdir. Bunun
yaninda, kaplamanin gézenekli yiizey morfolojisi,
dogal kemik ile olan baglanma alanini arttirarak iyi bir
yapisma mukavemeti olusturur, bu da implanti kemik
dokusu ile baglayacak kuvvetli bir kdprii saglar (Sekil 2)
[7-9].

treatments to eliminate pain and restore function in

a diseased or fractured hip joint for both the short-
term and long-term period (Fig. 1.a). Cemented hip
arthroplasty has been very successful in the short-term
and intermediate-term results. However, there are
significant problems with failure after long-term use,
especially in younger, active patients or heavy-duty
men, due to aseptic loosening. For this reason biologic
fixations of hip prostheses were developed in response
to cement fragmentation and osteolysis. Central to
achieving a lasting clinical result is the ability to achieve
immediate and durable stability of the implant to host
bone. Uncemented prostheses emerged as a new
technology to biologically fix implant to bone without
the use of cement. Recent clinical results show that
uncemented prostheses reduce the aseptic loosening
rate and thigh pain in hip replacement. Efforts to
increase bone ingrowth of uncemented prostheses have
led to the application of hydroxyapatite (HAP) coatings
(Fig. 1.b). Under optimal conditions, these coatings
should enhance bone tissue healing rates in order to
ensure primary implant stability and biological fixation
of the prostheses [2-4].

The similarity of synthetic hydroxyapatite to bone
mineral and its excellent bioactivity and biocompatibility
properties has led to the extensive use of HAP. HAP
constitutes approximately 70% (by weight) of natural
bone. However brittle nature of HAP limits the scope

of its clinical applications, and consequently the single
HAP material cannot replace bone in load bearing sites.
Therefore, HAP coatings on metallic implants have

been attracted to introduce new bone ingrowth and
subsequently increase fixation stability by improving
the bond between the implant and bone tissue, while
metallic substrates act as a load-bearing member.
Hydroxyapatite-based ceramics with high porosity are
ideal for bone substitution where interconnected pores
can provide a framework for bone growth into the matrix
of the implant, and thus anchor the prosthesis with the
surrounding bone, preventing loosening of implants.
Furthermore, porous surface morphology of the
coating increases joint area with natural bone and good
adhesion strength maintains a strong bridge to connect
the implant with bone tissue (Fig. 2) [7-9].

Coating processes capable of producing thin HAP layers
are pulsed-laser deposition [10] and sputtering [11]
which involves high temperature processing. Other
technologies such as electrodeposition and sol-gel
utilize lower processing temperatures and avoid the
structural instability of HAP at elevated temperatures
[12]. The term sol-gel process involves any process of
producing ceramic materials (single and metal alkoxides,
as well as non-oxides e.g. nitrades) from solutions. The
sol-gel process was first identified by Ebelman over 150
years ago, yet, the rapid development of this technology
and applications is emerged in the last decade. The
broad range of possible applications of sol-gel derived
materials and biomaterials marks this technology as

one of the promising field of contemporary materials
sciences [13, 14].
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ince HAP katmanlari olusturabilecek kaplama

islemleri arasinda yuksek sicaklik iceren puls-lazer
¢Oktlrme [10] ve sacilmayla kaplama sayilabilir [11].
Elektrolitik ¢coktlirme ve sol-jel gibi diger teknolojiler
dusuk islem sicakliklari kullanarak, HAP'In yiiksek
sicakliklardaki yapisal kararsizligini engeller [12]. Sol-jel
islemi, ¢cozeltiden seramik malzeme (nitrat gibi oksit
olmayanlar yaninda, tek ve metal alkoksitler) Gretimini
icerir. Sol-jel islemi ilk defa 150 yil kadar 6nce Ebelman
tarafindan tanimlanmistir, ancak son 10 yildan beri

bu teknolojinin hizli ilerlemesi ve uygulamalari ortaya
cikmistir. Sol-jel turevli malzeme ve biyo-malzemelerin
genis uygulama alanlari, bu teknolojiyi modern
malzeme bilimlerinin gelecek vadeden alanlarindan
biri yapmaktadir [13, 14].

Sol-jel islemi diger kaplama tekniklerine gore,
karisimin atomik boyutta olmasi nedeniyle artan
homojenite, kiicuk partikil boyutundan dolayi diisiik
temperleme sicakliklari, kompleks sekilleri kolayca
kaplayabilme gibi, tstlinlikler gostermekte olup,
kaplamalari tiretebilmek icin pek ¢cok ¢oktlirme
teknigi kullanilabilir [15]. Sol-jel sentezi, alkoksitler,
metal tuzlari veya nitratlar gibi diger uygun baslangig
kimyasallarindan cézelti hazirlamayi icerir. islemde,
basit molekuler baslangi¢ kimyasallari, koloidal
suspansiyon (sol) olusturmak tizere nanometre
boyutlu partikiillere donisir. Daha sonra bu koloidal
nano-partikuller, G¢ boyutlu olarak siviyla dolmus bir
ag (jel) icinde birbiri ile baglanir. Bu jele donlisiim
pek cok yolla baslatilabilir. Ancak en uygun yaklasim
reaksiyon sollisyonunun pH'ini degistirmektir. Hatta
siviyl katidan ayirmak icin kullanilan metot, sol-jel
dzelliklerini etkiler. Ornegin, jelin orijinal ti¢ boyutlu
yapisini muhafaza etmek ve diisiik yogunluklu aerojel
Uretebilmek icin kimyacilar, stiperkritik kurutma olarak
adlandirilan bir teknik kullanir. Bunun yerine eger jel,
sivi buharlastirma isleminde yavasca kurutulursa, jelin
yapisal agi bozularak kuru jel olarak bilinen ytksek
yogunluklu malzeme uretilir (Sekil 3). Kaplama tretmek
icin daldirma, dondiirme ya da puskirtme teknikleri
uygulanabilir [16,17].

Klasik sol-jel yonteminde metal alkoksitleri siklikla
baslangic malzemeleri olarak kullanilir. Bu islemde
alkoksitler su ile hidrolize olurlar, hidroksil gruplar
nukleofilik olarak (elektron vererek) alkali gruplarin
yerine gecerek metal atomuna (M) baglanir ve alkol
molekiilleri (ROH) yan irlinii olarak serbest kalr:

M- (OR) + H,0 --> M - (OH) + ROH (1)

Bunun devaminda M-(OH) molekauilleri arasindaki
polimerizasyon-kondenzasyon reaksiyonu, M-O-M
baginin olusumuna neden olur ve su yan Uriin olarak
aciga cikar:

M- (OH)+M - (OH) -->M-0-M +H,0 (2)

Reaksiyon (1) ve (2) asit veya baz katalizorleri
kullanilarak hizlandirilabilir [18]. Sol-jel yontemiyle
kaplama olusumunda, katalizorler katalizoriin tipine
ve konsantrasyonuna bagl olarak farkh etkiye sahiptir.

Giieenekli kaplama
Parans coating)

Iskelet
J'""’;Skn'.’ermn
Protez ')
yilzeyi
Biyiiyen
(Prosthesis kemik
stirface) ;
e J' dokusu
- {Trgrowing
J barne

rissiied

Sekil 2. Protez iizerindeki gézenekli kaplamada kemik biiyiimesi.
Figure 2. Bone ingrowth on the porous coating on the prostheses.

Sol-gel process offers a number of advantages

over other coating techniques such as; increased
homogeneity as mixing occurs on the atomic level;
reduced sintering temperatures due to small particle
size; ability to coat complex shapes easily; and
numerous deposition techniques that can be employed
to produce coatings [15]. Sol-gel synthesis involves
preparation of a solution from alkoxides, metal salts
or other suitable precursors, such as nitrates. In the
process, simple molecular precursors are converted
into nanometer-sized particles to form a colloidal
suspension (sol). The colloidal nanoparticles are

then linked with one another in a three dimension,
liquid-filled solid network (gel). This transformation

to a gel can be initiated in several ways, but the most
convenient approach is to change the pH of the
reaction solution. Even the method used to remove
liquid from a solid will affect the sol-gel’s properties. For
example, to preserve gel’s original three dimensional
structure and produce low-density aerogels, chemists
use a technique called supercritical drying. If, instead,
the gel is dried slowly in a fluid-evaporation process,
the gel’s structural network collapses, which creates

a high-density material known as a xerogel (Fig. 3). To
produce a coating, the solution can then be deposited
by dip, spin or spray coating [16, 17].

In conventional sol-gel synthesis, metal alkoxides are
frequently used as the precursors. In this process the
alkoxides are hydrolyzed in the presence of water,
hydroxyl groups nucleophilically substitute alkyl groups
bonded to the metal atom (M) and alcohol molecules
(ROH) are released as byproduct:

M- (OR) + H,0 --> M - (OH) + ROH (1)

A subsequent polymerization-condensation reaction
between M-(OH) molecules leads to the formation of
M-O-M bond and water is revealed as a byproduct:

M- (OH)+M - (OH) -->M-0-M+H,0 (2)
Reaction (1) and (2) can be accelerated by acid or base

catalyst [18]. Catalyst have different effect on the film
formation by sol-gel technique depending on the type
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Sekil 3. Sol-jel proses teknolojisi ve diriinleri.
Figure 3. Sol-gel process technology and its products.

Jellesmeyi ve polimerizasyonu, asidik katalizor olarak
sitrik asit [18] ve asetik asit [19] veya bazik katalizor
olarak amonyak [20, 21] kullanimi ile gelistirerek CaP
Urtnlerinin Gretilmesi ile ilgili calismalar mevcuttur.

Sol-jel yontemi ile HAP seramiklerin Gretimi, kalsiyum
ve fosfor baslangi¢ kimyasallarinin molekiler seviyede
bir karisimini gerektirir. Kalsiyum baslangi¢ kimyasallari
olarak cogunlukla kalsiyum alkoksitler veya tuzlari
kullanilir. Genelde fosfor baslangi¢ kimyasali olarak
suda veya organik solvent fazindaki fosfor bilesik-
oksitleri, trietilfosfat ve trietilfosfit kullanilir. Jellesmeyi
saglamak i¢in sol fazindaki kalsiyum ve fosfor baslangi¢
kimyasallari arasinda yavas bir reaksiyon gereklidir. Bu
yluzden sol-jel isleminde istenilen {iriini elde etmek
icin 1sil islemden 6nce literatiirde yaygin olarak bilinen
ve bekletilme (yaslandirma) olarak isimlendirilen 24
saat veya daha uzun bir suire hazirlama zamani vardir.
Bekletilme esnasinda baslangi¢ kimyasallari, [-Ca-O-P-]
seklinde ¢oklu zincirler olusturmak Gizere reaksiyona
girer, yani polimerizasyon ve jellesme meydana gelir
ve jellesme, artan bekletilme zamaniyla artmaktadir.
Gergekten de bazi durumlarda, i1sil islem esnasinda
kaplamanin kristallesmesini saglamada, soliisyonun
jellesmesini saglayacak uzun bekletilme sireleri (3-7
gtlin) ve yuksek sicaklklarda (40°-70°C) bekletilme
gibi hassas olarak kontrol edilebilen sartlar gereklidir.
Jellesmenin tamamlanmadigi durumlarda ¢ozelti
kararsizigindan dolay1 normal ortam kosullarinda,
kaplamada siklikla, kalsiyum oksit (Ca0O), kalsiyum
karbonat (CaCO,) ve trikalsiyum fosfat (TCP) gibi yan
Urtinler gézlemlenir. Bu ylizden, faz homojenlidi,

yapi diizglinliigi ve mekanik biitiinligi saglayacak
nihai kaplama 6zelliklerini elde etmek icin sol'deki
jellesme sartlari 6Gnemli olup iyilestirilmelidir. [20,

22]. Bu calismada, sol-jel ¢ozeltisine ilave edilen

bazik amonyak katalizériiniin (%28 NH,) solisyonun
kaplama homojenligine ve sol-jel tiirevli HAP
kaplamanin nihai 6zelliklerine etkisi incelenmistir.

2. Deneysel Calisma

Kaplamadan 6nce, 316L paslanmaz celik altliklar

220, 400, 600, 1000 ve 1200 numarali SiC asindiricili
zimparadan gegirilip, 5 um elmas pasta ile parlatild,
daha sonra ultrasonik banyoda aseton ile temizlendi
ve distile su ile yikand1. Sol ¢6zeltisini hazirlamak

icin Ca ve P kaynagi olarak trietilfosfit (C.H,,O,P) ve
kalsiyum nitrat (Ca(NO,),.4H,0) baslangi¢ kimyasallari,

of catalyst and its concentration. There are studies
about the synthesizing CaP products by improving
gelation and polymerization with usage of citric acid
[18] and acetic acid [19] as an acid catalyst or ammonia
as a basic catalyst [20, 21].

Sol-gel synthesis of HAP ceramics offers a molecular-
level mixing of calcium and phosphorous precursors.
Calcium alkoxides or salts are mostly employed as
calcium starting materials. In most case, phosphorous
compounds-oxide, triethylphosphate and
triethylphosphite are used as phosphorous precursors
in water or organic solvent phase. A slow reaction
between calcium and phosphorous precursors in

the sol phase is necessary to lead gelation. For this
reason, 24h or longer preparation time, named as
aging period, prior to heat-treating in the sol-gel route
is commonly reported in literature in order to obtain
desirable product. During aging, the precursors react
to form [-Ca-O-P-] multiple chains, i.e., polymerization
and gelation occur, and the gelation increases with
increasing time of aging. However, in some situations,
precisely controlled conditions, such as prolonged
aging periods (3-7 days) and aging at elevated
temperatures (40°-70°C) are needed to lead a gelation
of the solution in order to obtain crystallization of

the coatings in the course of heat treatment. Because
of the instability of the solution without a complete
gelation, the coating is frequently observed to form
by-products such as calcium oxides (Ca0), calcium
carbonate (CaCO,), and tricalcium phosphate (TCP)

in an ambient atmosphere. Therefore the gelation
conditions of sol are important and yet to be improved
in order to obtain final coating properties satisfying
homogeneity, structure uniformity and mechanical
integrity [20, 22]. In this study, effect of ammonia
solution (28% NH,) as basic catalyst in sol-gel solution
on the uniformity and the final properties of the sol-gel
derived HAP coating were investigated.

2, Experimental Study

Prior the coating, 316L stainless steel substrates were
abraded in series with number of 220, 400, 600, 1000
and 1200 SiC paper and finally polished with the 5

pum diamond paste, then washed with acetone in

an ultrasonic cleaner and cleaned in distilled water.
For preparation of sol solution, triethylphosphite
(C,H,,0,P) and calcium nitrate (Ca(NO,),.4H,0)
precursors were used as the source of P and Ca in
specific amounts so that stoichiometric Ca/P ratio was
obtained as 1.67. Distilled water and ethanol (C,H,OH)
were used as solvents for phosphorus and calcium
precursors, respectively. 2.4 M triethylphosphite was
hydrolyzed for 24 hours under vigorous stirring. A
stoichiometric amount of calcium nitrate was added
into the hydrolyzed phosphite sol with titration. The
mixed solution was then continuously agitated for

an additional 20 minutes. In order to investigate pH
effect of sol solution on coating structure basic catalyst
ammonia (28% NH,, Merck) was added to transparent
solution with 3% and 7% volume fraction ratio. Then
the mixture thus obtained was stirred for 30 min with
magnetic stirrer at ambient environment followed by
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stokiyometrik Ca/P orani 1.67 olacak sekilde belirli
miktarlarda kullanildi. Ca ve P baslangi¢ kimyasallari
icin sirasiyla distile su ve etanol (C,H,OH) solvent olarak
kullanildi. 2.4 M trietilfosfit 24 saat sire ile karistirilarak
hidrolize edildi. Stokiyometrik miktardaki kalsiyum
nitrat, titrasyonla hidrolize olmus fosfit sol'una
(cozeltisine) eklendi. Daha sonra elde edilen ¢ozelti,

20 dakikalik ek bir karistirma islemine tutuldu. Cozelti
pH'Inin kaplama yapisi lizerine olan etkisini incelemek
icin hacimsel oranda %3 ve %7 bazik katalizér amonyak
(%28 NH,, Merck), saydam ¢ozeltiye eklendi. Elde edilen
bu karisim manyetik karistirici ile ortam sartlarinda

30 dakika kanistirihp arkasindan 24 saatlik bekletilme
islemine alindi. 24 saatlik bekletilme siiresinden sonra
amonyakli ve amonyaksiz ¢ozeltiler 316L paslanmaz
celik althk tizerine kaplandi. Kaplanan filmler 80°C'de 1
saat kurutulduktan sonra, 500°C'de 1 saat boyunca isil
islem uygulandi. Amonyaksiz sol sollisyonu kullanilarak
Uretilen kaplama SO olarak isimlendirildi. Benzer
sekilde, %3 ve %7 oraninda amonyakli sol ¢ozeltisi
kullanilarak tretilen kaplamalar ise sirasiyla S1 ve S2
olarak adlandinidi.

Kaplamalar, ince film ekipmanli X-isinlari difraksiyonu
(XRD) (Rigaku, D/Max-2200/PC) cihazi ile CuK_ X-Ray
radyasyonu kullanilarak analiz edildi. Mikroyapi
incelemesi icin taramali elektron mikroskobu (SEM)
(JEOL JSM-6060) kullanildi. Kaplamanin Ca/P molar
oranini 6lgmek amaciyla, enerji dagihm spektroskopisi
(EDS) kullanilarak elementel analiz yapildi.

3. Bulgular ve Tartisma

Liu ve digerlerine gore kalsiyum ¢ozeltisi fosfor
¢ozeltisine eklendiginde, hidrolize olmus fosfor, sulu
¢ozeltideki polimerizasyon reaksiyonuyla Ca-P ara
Urlinlini olugturmak icin Ca?* iyonu ile etkilesime
girerek, reaksiyon esnasinda proton agida cikarir [18, 231.

HPO(OC,H OH)X+Ca2++N§)'-->Ca -Para iriin + H' (3)

s)ax(
Kim ve digerleri, bekletilme islemi devam ettik¢e Ca-P
ara Urlintiniin coklu zincirler olusturdugunu ve daha
fazla miktarda H* Giretildigini, yani polimerizasyon

ve jellesmenin gergeklestigini rapor etmistir.
Reaksiyon boyunca protonlarin salinimi pH disisini
kanitlamaktadir. Bu noktada, bazik amonyak ilavesi
cozeltiye fazla miktarda OH™ iyonu saglar. OH iyonu
dodal olarak serbest kalan H* iyonlarini tutar, bdylece
¢ozelti daha az asidik hale gelir ve daha 6nemlisi
reaksiyonu ileri yonde hizlandirir. Bazik katalizor
amonyadin ilavesini takiben, ¢dzeltinin pH degerinde
gorulen ani dusus jellesme reaksiyonlarindaki artisin
ispatidir. pH kararli hale gelene kadar OH" iyonu,
jellesme reaksiyonuyla uretilir Gretilmez H* iyonunu
noétralize etmeye devam eder [20, 24, 25].

Amonyakl ve amonyaksiz sol ¢6zeltisindeki pH'in
zamana bagl degisimi Sekil 4'te verilmistir. Cozeltilerin
pH degerlerinin degisimi 50 saat boyunca ol¢tilmis ve
24 saatlik bekletilme zamanindan sonra, ¢ozeltilerin
pH degerlerinde 6nemli bir degisme olmadig, tim
sistemler icin belirli degerlerde, hemen hemen kararl
hale geldigi gorilmistir. Bu nedenle kaplamalarin

an aging process for 24h. After 24h period of aging the

sol solutions with and without ammonia were coated on
316L stainless steel substrate. The films were dried at 80°C
for 1 hour and then heat treated at 500°C for 1h. Coating
produced by using sol solution without ammonia was
named as SO. Similarly, coatings synthesized by using sol
solution with 3% and 7% volume fraction of ammonia were
named as S1 and S2, respectively.

Coatings were analyzed using X-Ray Diffraction (XRD,
Rigaku, D/Max-2200/PC) with a thin film attachment
by using X-Ray radiation of CuK . Scanning electron
microscope (SEM) (JEOL JSM-6060) was used for
microstructural examination. Elemental analysis of the
coatings was performed to estimate the Ca/P molar
ratio (mr) of the coatings by using Energy Dispersive
Spectroscopy (EDS).

3. Results and Discussion

According to the Liu et al., when a calcium solution

is added to the phosphorus solution, hydrolyzed
phosphorous interacts with Ca?* ions in aqueous solution
through a polymerization reaction to form a Ca-P
intermediate, releasing protons during the reaction [18,
23].

HPO(OC,H

2+ - . . +
OH),+Ca“ " +NO -->Ca - P intermediate + H" (3
2Hs)y x(OH)y Y : : (3)

Kim et al. reported that the aging process continued, the
(Ca-P intermediate) constituted multiple chains and large
amount of H*is produced, i.e., polymerization or gelation
occurs. During the reaction the liberation of protons
justifies the pH decreasing. At this point, the effect of
basic ammonia additive provides a large number of OH"
ions to the solution. OH™ ions surely acted as capturing
the released H*ions; thereby the solution became less
acidic and more importantly accelerating the reaction in
forward direction. Following the addition of basic catalyst
ammonia, the abrupt decrease in pH value of the sol

was reported, which was reasoned to prove an increase
in gelation reactions. Until the pH was stabilized, the

OH™ ion continued to neutralize the H* ion once it was
produced by the gelation reaction [20, 24, 25].

Alteration of the pH value of the sol solution with and
without ammonia addition versus aging time is given in
Fig. 4. The pH value of the sol solutions was measured
during 50 hours and any significant change in pH value

of the sol solution was observed after the aging time of
24h and nearly stabilized at certain values for all systems.
Because of this reason, coatings were synthesized after the
aging time of 24h. As can be seen in figure, pH value of sol
solution without ammonia was decreased approximately
to value of 0.3. On the other hand, the pH value of the
solution with 7% volume fraction of ammonia depicts
sudden decreases relatively at short periods, and the pH
decreased temperately with the increasing aging time.

As can be seen in Fig.4 there was no significant change

in pH value of the sol solution after the aging time of

24h and nearly stabilized at certain values for all systems.
These pH values were 4.3 and 1.6 for volume fraction of
ammonia solution of 7% and 3%, respectively. In order to
obtain transparent sol solution, 7% ammonia addition was



Uretimi ¢ozeltinin 24 saatlik bekletilme siiresinden sonra
gerceklestirilmistir. Sekilden goriildiigu gibi, amonyaksiz
sol ¢ozeltisinin pH degeri 24 saatlik bekletilme zamani
sonunda yaklasik olarak 0.3 degerine diismstur. Diger
taraftan, hacimsel %7’lik amonyak ilave edilmis ¢ozeltinin
pH degeri, kisa siireli periyotta nispeten ani bir diisls
gostermis olup, artan bekletilme zamani ile bu diisis
daha mutedil bir sekilde devam etmistir. Sekil 4'ten
gorilecegi lizere, 24 saatlik bekletilme zamanindan
sonra, sol ¢ozeltilerinin pH degerlerinde 6nemli bir
degisme olmayip, tim sistemler icin belirli degerlerde,
hemen hemen kararli hale gelmistir. Bu degerler,
hacimsel olarak %7 ve %3’lik amonyakli ¢ozeltiler icin
sirastyla, 4.3 ve 1.6'dir. Saydam ¢ozelti elde edebilmek
icin %7 amonyak ilavesi Ust sinir olarak tespit edilmistir.
Clnki daha fazla miktarlardaki amonyak ilavesi ¢ozeltide
¢Okeltilere neden olmaktadir.

09-432 numarali PDF dosya kartina gére, HAP fazinin
20 ve siddet degerleri Sekil 5'te verilmistir. Sekil 6, SO,
S1, 52 kaplamalarinin XRD paternlerini gdstermektedir.
Amonyaksiz olarak elde edilen SO kaplamasi az
miktarda Ca,P,0, ile birlikte HAP fazina sahiptir. 29.5%lik
26 acisina denk gelen cizgiler, PDF 09-346 kartiyla
karsilastinldiginda Ca,P,0, faziyla eslesmektedir.

Kaplamalarin Ca/P molar oranini belirlemek icin EDS
analizi gerceklestirilmistir. Kaplamalarin SEM goriintileri,
EDS analizi spektrumu ve sonuclari Sekil 7'de verilmistir.
SEM goriintilerinde goriilen kirmizi dikdértgen analiz
yapilan alani géstermektedir. Spektrumda Fe, Ni ve Cr
elementleri 316L paslanmaz ¢eligin ana bilesenlerini,

ve Ca, P ve O ise olusan HAP kaplama tabakasini

temsil etmektedir. Sekil 7(c)'den gorildigi gibi, SO
kaplamasinin spektrumunda althga ait elementler daha
yogun ¢cikmaktadir. Bunun kaplamanin yapisindaki zayif
bolgeler olan catlaklardan kaynaklandigi dustndilebilir.
S0 kaplamasinin Ca/P molar orani 1.60 olarak 6l¢tlmis
olup bu deger stokiyometrik HAP'inkinden daha dusuk
olarak bulunmustur. Sonug olarak Ca-P tiirevinin
(Ca,P,0O)) varliginin muhtemel sebebi, kullanilan sol
¢ozeltisinin yuksek asitligi ile agiklanabilir. Cozeltinin
pH'Ina bakmazsak S1 ve S2 kaplamalari ayni kirilma
paternine sahiptir. Amonyak ¢ozeltisi ile elde edilen her
iki kaplama da HAP fazini icermektedir. Elementel analiz,
S1 ve S2 kaplamalarinin Ca/P molar oranlari degerlerinin
sirasiyla 1.70 ve 1.76 oldugunu gdstermistir.

Amonyakli ve amonyaksiz SO, S1 ve S2 kaplamalarinin
morfolojileri Sekil 8(a-e)'de verilmistir. Amonyaksiz
¢ozelti ile elde edilen SO kaplamasinda bazi ylizey
catlaklari gorilmektedir (Sekil 8 (a, b)). Kaplamalardaki
bu tir yuzey catlaklari, ylizey biitlinlig uzun siire
saglanamayacagdi icin zararli bir etkiye sahiptir.
Gozeneklilik, yasayan hiicrelerin tzerinde uygun bir
sekilde cogalabilecedi bir iskeleye ihtiyag duymasi
sebebiyle biyouyumlu implantlarda her zaman
gereklidir ve beslenme gozenekli bosluk icine hiicre
gocl ile saglanabilir. Sekil 8 (c, d)'de gosterildigi gibi,
S1 kaplamasi implant émri agisindan gerekli olan
gOzenekli ve catlaksiz bir yapiya sahiptir. Gozeneklerin
kaplamadaki, kalintilarin 1sil bozusmasi esnasinda
meydana gelen gaz ¢ikisindan kaynaklandigina

assigned as an upper limit of the addition because higher
amount of ammonia addition causes precipitations in the
solution.

According to the JSPDS file card of 09-432 identical 20
and intensity values of HAP phase is given in Fig. 5. Fig.6
demonstrates XRD patterns of the coatings of SO, S1 and
S2. Coating of SO that obtained without ammonia solution
have HAP phase with minor Ca,P,O, phase. The lines at

a 20 of 29.5° match strongest Ca,P_,O, phase line that is
compared with the JCPDS 9-346.

EDS analysis was performed in order to estimate Ca/P
molar ratio of the coatings. SEM images, spectrum and
results of EDS analysis are given in Fig.7. Red rectangle

on the SEM image shows the area where analyze was
performed. In the spectrum, elements of Fe, Niand Cr
were the major constituent of 316L stainless steel and
elements of Ca, P and O represent formed coated layer of
HAP. As can be seen in Fig. 7 (c), elements of the substrate
are more intense in the spectrum of the SO coating. It is
thought that this arises from the cracks which are weak
regions of the coating structure. Ca/P molar ratio of
coating SO was estimated as 1.60 which was found lower
than the value of the stoichiometric HAP. Consequently,
possible reason for the presence of the Ca-P derivative
(CaP,0,) can be explained by the high acidity of the used
sol solutions. Coatings of S1 and S2 have similar diffraction
patterns, irrespective of the pH of the solution. Both of the
coatings obtained with ammonia solution composed of
HAP phase. Elementel analysis signified that the coatings
of S1 and S2 have Ca/P molar ratio values of 1.70 and 1.76,
respectively.

Morphologies of coatings SO, S1 and S2 without and with
ammonia solution are given in Fig. 8 (a-e). Some surface
cracks are visible for the coating of SO that obtained
without ammonia solution (Fig. 8 (a, b)). Surface cracks
for this kind of coatings have a detrimental effect since
integrity of surface can not be sustained for long period.
Porosity is always required for biocompatible implants
because living cells need a proper scaffold to proliferate
and nutrition can be supplied as cells migrate into to the
porous space. As indicated in Fig. 8 (c, d) morphology

of the coating S1 has a porous and crack free structure
which is essential for implant longevity. It is believed that
pores developed in the coating as a result of gas evolution
during thermal pyrolysis of residues [26]. Fig. 9 depicts the
morphology of the coating of S1 with high magnification.
As can be seen in figure, pores constituted continuous
network that separated by approximately 1-5 um thick
walls. On the other hand, when the higher concentration
of ammonia solution (7%) was added to sol, morphology
with less porous and inhomogeneous structure was
obtained as given in Fig. 8 (e, f).

Morphology of the metal-HAP coating interface of S1
coating is given in Fig. 10. It can be seen that continuity of
the coating extended throughout cross section. According
to the EDS analysis performed through the line indicated
with an arrow, elements of Ca, P and O show peaks at the
coating region while Fe, Cr and Ni that represent 316L
stainless steel substrate show peaks at metal region.
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Sekil 4. Amonyaksiz ve farkl konsantrasyonlardaki amonyakli
¢dzelti pH'larinin bekletilme zamanina gdre degisimi.

Figure 4. pH changes in the solution without and with various
concentration of ammonia solution with respect to aging time.
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Sekil 5. 09-432 numarali PDF kartina gére Hidroksiapatit (HAP) fazinin ana pikleri.
Figure 5. Major peaks of the hydroxyapatite (HAP) phase according to the JCPDS 09-432.

inaniimaktadir [26]. Sekil 9, S1 kaplama yapisini yiiksek
blyltmede gostermektedir. Sekilden goriilecegi
Uzere, gozenekler, yaklasik 1-5 um duvar kalinhgr ile
ayrilmis stirekli bir ag olusturmustur. Diger taraftan
yiiksek konsantrasyonda (%7) amonyak ¢ozeltisi sol'a
eklendiginde, Sekil 8 (e, f)'de verildigi gibi, kaplama
yapisi daha az gézenekli ve homojen olmayan bir yapi
elde edilmektedir.

Sekil 10'da S1 kaplamasina ait metal-HAP kaplama ara
ylizey morfolojisi verilmistir. Kaplamanin kesit boyunca
surekli oldugu gorulmektedir. Okla g&sterilen ¢izgi
boyunca yapilan EDS analizine gore 316L paslanmaz
celige karsilik gelen Fe, Cr ve Ni elementleri metal

althk kisminda pik gosterirken, Ca, P ve O elementleri
kaplama bélgesinde pik gdstermektedir.
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Sekil 6. S0, ST ve S2 kaplamalarinin XRD paternleri.
Figure 6. XRD patterns of the coatings of S0, ST and S2.

4. Conclusions and Recommendations

In this study, HAP coating was synthesized using the
sol-gel technique with aging time of 24h by using
calcium nitrate and triethylphosphite as precursors.
Polymerization and gelation property of the prepared
solution was improved by adding of ammonia as a
basic catalyst. During the aging process neutralization
of H" ions was accomplished by using the basic
catalyst and stabilization of the pH of the sol with
time confirmed nearly full gelation. Synthesized
coatings without and with ammonia solutions were
investigated in terms of structure uniformity and phase
homogeneity. It is concluded that the formation of
porously structured HAP coating on 316L stainless
steel substrate was achieved successfully by using

sol with the ammonia solution of 3% vol. Adhesion
strength of the coatings should be studied to further
improve their usability at the interface between the
bone and metallic implants.

i)

Sekil 7.50 (a); ST (b) ve 52 (¢) kaplamalarinin SEM mikroyapilari ve EDS analiz spektrum ve sonulari.
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Figure 7. SEM micrographs, EDS spectrum and analysis result of the coatings of SO (a), ST (b) and 52 (c).



Sekil 9. 1 kaplamasinin yiiksek biiyiitmedeki SEM mikroyapisi.
Figure 9. SEM micrograph of coating of ST with a high magnification.

Sekil 8.50 (a), (b); 51 (c), (d) ve S2 (e), (f) kaplamalarinin SEM mikroyapilan.
Figure 8. SEM micrographs of coatings of S0 (a), (b), ST (c), (d) and 52 (e), (f).

4. Sonuglar ve Oneriler

Bu calismada, hidroksiapatit (HAP) kaplama sol-jel
yontemi ile baslangic kimyasali olarak kalsiyum nitrat
ve trietilfosfit kullanarak 24 h bekletilme siiresinde
Uretilmistir. Hazirlanan ¢6zeltinin polimerizasyon ve T e i
jellesme ozellikleri bazik katalizor olarak amonyagin S A &
eklenmesi ile gelistirilmistir. Bazik katalizor kullaniimasi ¥ ;
ile H*iyonlarinin notralize olmasi bekletilme

islemi suiresince saglamis ve zamanla ¢ozeltinin

pHInin kararhhdi hemen hemen tam jellesme ile
dogrulanmistir. Uretilen amonyakli ve amonyaksiz
¢ozeltiler, yapi diizglinliig i ve faz homojenligi
bakimindan incelenmistir. Hacimsel olarak %3
amonyakli sol kullanimi ile 316L paslanmaz ¢elik altlik
Uzerinde gozenekli yapidaki HAP kaplamanin, basarili
bir sekilde elde edildigi sonucuna varilmistir. Kemik/
metalik implant ara ylizeyindeki kullanabilirligini
gelistirmek icin kaplamalarin yapisma mukavemetinin

Metal Althk : L\ BH AP kaplama

Sekil 10. ST kaplamasinin kesitinde EDS ¢izgi analizi.

incelenmesi gereklidir. Figure 10. EDS line analysis of cross section of the coating of S1.
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