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CHARACTERISTIC OF COLD SPRAYED TITANIUM BASED COATINGS

SUMMARY

Metallic bio materials are the most common bio material group among the synthetic
biomedical applications. This material group differs from the other bio materials owing
to high dynamic and static strength, enough resistance to corrosion, wear and fatigue.
Moreover, cobalt-chromium based alloys are one of the most favorable metallic bio
materials with titanium alloys and stainless steels due to well combination of high
strength, corrosion resistance and formability. Nevertheless, localized corrosion, ion
releasing from the worn surfaces to the human body and other undesirable situations
may lead to early failure and limit their service life to 10-12 years. Abrasion in human
body is induced ion releasing and when the amount of the released ions reach to the
specific level, harmful effects can be generated. Another disadvantage of these
material group is poor osteointegration properties and low biocompatibility.
Biocompatibility is crucial biologic property for the biomaterials because, it combines
almost all the biologic properties such as bioactivity and biodegradability. Higher
service life with sustainable superior properties enable the comfort patient and not
necessitate painful reimplantation operations. In order to overcome the disadvantages
of cobalt-chromium alloys without sacrificing its superior properties, surface
modification techniques are attractive research of topic in recent years. In this master
thesis study, I preferred to modify the surface of cobalt-chromium alloy with
deposition of titanium based feedstock by cold gas dynamic spray process.
Additionally, improvement on bioactive property aimed by the formation of titanium
oxide layer on the outermost surface via the application of thermal oxidation process.

Titanium was chosen for based material because of its high biocompatibility.
Although, natural oxidation of titanium provides good bioactivity and higher corrosion
resistance, this oxide layer has low mechanical properties and cannot preserve the
stability against to any wear condition. Hence, in the literature lots of study focused
on the development of more stable oxide layers on the surface of titanium and titanium
alloys. Both depositional and diffusional surface modification techniques such as
micro arc oxidation and thermal oxidation etc. are used for developing titanium oxide
on the surfaces. It is known from the binary phase diagram of titanium and oxygen,
oxidation reaction starts at temperatures above 300°C. Specific to thermal oxidation,
increasing process temperature enables the formation of more stable oxide layer and
thicker oxygen diffusion zone beneath it. Additionally, hardness of oxygen diffusion
zone gradually decrease respect to the depth and this situation allows smooth transition
from main material to brittle oxide layer and increase the wear resistance. All these
advantages highlight the thermal oxidation compare to the other oxidation techniques.

Cold gas dynamic spray (CGDS) process was preferred because of simplicity and high
efficiency. Possibility to form coating without any chemical reaction and/or melting,
render CGDS one of the most sufficient technique among the other thermal spray
techniques especially for surface modification of heat sensitive metals with high
affinity to oxygen such as titanium. Moreover, extreme kinetic energies of particles
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generates high impact and plastic deformation during process. Hence, it is possible to
produce coating harder that substrate material.

As a part of research project (TUBITAK Project No: 214M246), in this master thesis
study effect of additives on structural feature, mechanical and biological properties of
titanium based coatings were investigated with the aim of improving surface properties
of cobalt-chromium alloy. In that respect, feedstock containing titanium, aluminum,
copper, zinc and iron oxide (in magnetite form) were prepared at different ratios and
deposited on to ASTM F75 biomedical grade cobalt-chromium alloy by cold gas
dynamic spray process. Then, cold sprayed substrates were thermally oxidized at
600°C for 60 hour in order to obtain stable bioactive titanium based oxide layer on the
outermost surface with different biological behaviors respect to compositions.

Characterization of coating were executed under the title of three different group;
structural characterization, mechanical properties and biological tests. Structural
surveys made by X-Ray diffraction analysis, optical and scanning electron microscope
observations including area and line scan energy dispersive X-Ray spectroscopy.
Additionally, roughening effect of thermal oxidation was investigated. In order to
obtain mechanical properties; hardness measurements from cross section and surface,
tribological test against to alumina ball in dry, serum and SBF (at 36.5 °C) testing
environment were performed. In the last part of the study, biological test were done to
determine effect of additives on bioactivity.

In the early stage of the study, ASTM F75 grade cobalt chromium alloy was deposited
by six different feedstock composition. These feedstock consist of 92 wt.% Ti— 5 wt.%
Cu —3wt.% Fes304, 94 wt.% Ti— 3 wt.% Cu — 3wt.% Fe304,95.5 wt.% Ti— 1.5 wt.%
Cu - 3wt.% Fe304, 87 wt.% Ti- 8 wt.% Al — 5 wt. % Zn, 89 wt. %Ti — 8 wt.%Al — 3
wt.% Fe30a, 84 wt. %Ti — 8 wt.%Al — 3 wt.% Fe304- 5 wt.% Zn. Aluminum was used
to deposite titanium succesfully which has low deformation capability, without
sacrificing bioactive property. While, copper and zinc were added to feedstock as an
antibacterial agent, iron oxide (in magnetite form) was added to improve bioactivity
and enlarge the application area of coating such as magnetic resonance imaging
contrast agent, targeted drug delivery due to magnetic behavior. After deposition of
feedstock, coatings thermally oxidized at 600 °C for 60 hour in normal atmospheric
conditions.

Characterization of the coatings started with cross sectional optical microscope
investigations of Cu containing coatings. Copper content in the feedstock were
decreased to avoid from possible formation of toxic copper oxide phases during
thermal oxidation. Initial obtained results showed that, when the copper content
decrease, coatings show high porosities and discontinuities on the interface of coating
and substrate. Hence, 5 wt.% Cu containing feedstock was chosen with the
composition 92 wt% Ti — 5 wt% Cu — 3wt.% Fe;O4 for further structural
investigations, determination of mechanical properties and biological tests.

Scanning electron microscope examinations showed that all the coatings before
thermal oxidation exhibit almost none porosity. On the other hand, porosity level
increased to rational values after thermal oxidation while around 2 pum thick oxide
layer formed on the outermost surface. Moreover, area and line scan energy dispersive
X-Ray spectroscopies showed well distribution of additives in coating and oxide layer.
Once more for the all coating, determination of oxygen containing phases even in close
regions to substrate shows well diffusion of oxygen during thermal oxidation. More
specifically, in the observation of Cu containing coating, titanium-oxygen solid
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solution regions were detected around all the copper particles and this phases probably
inhibit the oxidation of copper which is favorable result for aim of study. For the Al
containing coatings, possible titanium aluminum intermetallic compounds were
detected around aluminum particles. Moreover, titanium-zinc intermetallic compound
and preservation of metallic zinc were observed. Lastly, particle boundaries were
established as settlement places for iron oxide particles. It is understood from the result
of X-ray diffraction analyses; before thermal oxidation only peaks of feedstock
elements were determined which proves no chemical reaction during deposition
(except iron oxide it may be because of presence less than detachable amount 3 wt. %.
) took place. On the other hand, after thermal oxidation, all of the coatings commonly
have titanium dioxide (TiO) in rutile form and alfa titanium, which detected probably
under oxide layer by the penetration of x-rays during test. Furthermore, roughness
measurements are done before and after thermal oxidation and 5-6 times increment
were observed. This increment in roughness provide the bio-activity of the coating via
increasing the interaction of the surface and the surrounding tissues.

Cross sectional and surface hardness, measurements were executed with Vickers
hardness and depth sensing micro-nano hardness tester with the Vickers indenter under
the load of 25 g and 100 mN respectively. All the coatings showed similar hardness
values; before thermal oxidation around 80 HV 025, after thermal oxidation from the
crossection around 450 HV.025 from the surface around 900 HV. This results showed
that, different kind of additives did not directly affect the hardness of coatings and/or
oxide layer. Tribological performance of coatings and substrate were performed under
IN load for 25m sliding distance in dry, serum and simulated body fluid (SBF) sliding
conditions. While for the substrate, significant wear track was obtained, for the
coatings wear tracks could not be detected by profilometer. Only trimming of rough
surface was observed and depth of tracks were not possible to measure on profilometer.
These results also were supported by optical micrograpghs of worn surfaces of
coatings and alumina balls. Surface of counter bodies are generally clean with the
existance of some wear scratches and these observations may thought just simple
sliding were occur between the coating and alumina balls for all the cases.
Comparative steady state friction coefficients for coatings and substrate were obtained
after wear test and results are showing in dry sliding conditions coatings present lower
value than substrate in contrary to serum and SBF environment. This behavior may be
explain with chemical reaction on the surface of coating in liquid media and extreme
contact pressures (around 840 MPa). Lastly, when the coatings individually compared
with each other’s, Zn containing coatings exhibit the lowest steady state friction
coefficient due to possible lubricant effect of metallic zinc or/and zinc-titanium
intermetallic compound.

When the in vitro bioactivity tests were on concern, all the coatings showed high bio
activity after 4 weeks of immersion in SBF. SEM micrographes of the surfaces
demonstrate the formation of structures in the same morphology as hydroxyapatite.
Among all four different composition, copper containing coating showed earlier
interaction with SBF, as a result hydroxyapatite like structures formed even after 1
week of immersion.

In general, mechanical properties and bioactivity of ASTM F 75 grade cobalt-
chromium alloys were improved by the formation of titanium based multilayered
coating via sequential application of cold gas dynamic spray and thermal oxidation.
These observations show promising future for possible biomedical application of
cobalt chromium alloys without sacrificing superior properties.
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SOGUK GAZ DINAMIK PUSKURTME YONTEMIYLE URETILMIi$
TITANYUM ESASLI KAPLAMALARIN KARAKTERISTIiGi

OZET

Sentetik malzemeler arasinda metalik biyomalzemeler en yaygin kullanilan
mithendislik malzemeleridir. Metalik biyomalzemeleri diger malzemelerden ayiran en
onemli Ozellikleri; statik ve dinamik yiikler altinda yliksek mukavemetli olmalar1 ve
yeterli miktarda gosterdikleri korozyon ve asinma direncleridir. Kobalt-krom esasl
metalik biyomalzemeler ise, yliksek mukavemet ve korozyon direnclerinden dolayz,
titanyum alagimlar1 ve paslanmaz celik malzeme gruplartyla beraber biyomedikal
alaninda en ¢ok tercih edilen metalik biyomalzemelerdendir. Bu alasim grubunun
korozyona karst direngli olmasi igerdigi krom sayesinde ylizeyinde dogal olarak
olusan oksit tabakasindan kaynaklanmaktadir. Belirtilen istiin 6zelliklere sahip
olmasina ragmen, zaman igerisinde gerceklesen bolgesel korozyonlar ve yiiksek yiik
altinda c¢alisan implant uygulamalarinda goériilen asinma sonucu, bu koruyucu oksit
tabaka zarar gormekte, istenmeyen metalik iyon salinimlari, insan viicudu i¢in zararh
olmakta ve implantin dmriinii 10-12 y1l seviyelerine diisiirmektedir. Bunun sonucu
olarak, yiiksek maliyetli ve aci esigi yliksek olan implantasyon operasyonlarinin
tekrarlanmasi kagiilmaz bir hal almaktadir. Ayrica kobalt krom esasli malzemelerin
bir baska dezavantaji ise, biitlin biyolojik oOzelliklerin bir tanimlamasi olan
biyouyumluluk agisindan zayif olmalaridir. Kobalt krom alagimlarinin sahip olduklari
iistiin Ozelliklerden 6diin vermeden, yiizey Ozelliklerinin gelistirilmesi i¢in yapilan
caligmalar son yillarda Onemini giderek arttirmaktadir. Bu yiiksek lisans tez
calismasinda, kobalt krom esasli metalik biyomalzemenin yiizeyi, soguk gaz dinamik
puiskiirtme yontemi ile titanyum esash toz karigimlari kullanilarak kaplanmis, ardindan
biyoaktivitesinin yiiksek oldugu bilinen titanyum oksit fazinin en dis yiizeyde termal
oksidasyon iglemi ile olusturulmas1 amaglanmustir.

Titanyum, yiiksek biyouyumlulugu gerekgesiyle piiskiirtiilen toz karisimi icerisinde
ana malzeme olarak segilmistir. Titanyum yiizeyinde olusan dogal oksit tabakasi
biyoaktivite yoniinden verimli olsa da, diisiik mekanik o6zelliklerinden dolay1
biyomedikal uygulamalarda direk kullanilmasi miimkiin degildir. Literatiirde, bu
zamana kadar konu tizerinde caligma yapan arastirma gruplari, mikro ark oksidasyon
gibi biriktirme ve termal oksidasyon gibi difiizyon esasli ylizey modifikasyon
yontemleri ile daha stabil ve dayanikli bir oksit tabakasi elde etmek icin ¢aba sarf
etmislerdir. Titanyum-oksijen ikili denge diyagramina gore, oksidasyon reaksiyonu
300 °C sicakligin iizerine ¢ikildig: takdirde baglamaktadir. Termal oksidasyon islemi
Ozelinde, yliksek proses sicakliklari daha kalin bir oksit tabakasinin olusmasini
saglamakla beraber bu oksit tabakasi altinda bir oksijen diflizyon tabakasinin
olusmasina da sebep olur. Ayrica bu oksijen diflizyon tabakasi sayesinde, sert- kirilgan
oksit ylizey ile ana malzeme arasinda daha yumusak bir sertlik gecisi saglanirken bu
durumun aginma direncinin de artmasina yardimei oldugu bilinmektedir.

Yiizey modifikasyon igleminin ilk asamasinda, soguk gaz dinamik piiskiirtme yontemi
tercih edilmesinin ana nedeni, kaplama isleminin kolay ve yliksek verimlilikte
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olmasidir. Ayrica, kaplama sirasinda ulagilan proses sicakliklarin diger termal sprey
yontemlerine gore ¢ok daha diisiik seviyelerde olmasi piiskiirtiilen tozlar ile altlik
malzemesi arasinda herhangi bir kimyasal reaksiyonun ger¢eklemesini olanaksiz hale
getirmektedir. Buna ek olarak, kaplama islemi sirasinda ¢ok yiiksek kinetik enerjiye
sahip olan partikiillerin altlilk malzemesi yiizeyine c¢arpmasi sonucu biriktirilen
kaplama plastik deformasyondan dolay1 altlik malzemesine gore daha yiiksek sertlik
degerleri elde edilmesine imkan saglar.

TUBITAK tarafindan 214M246 proje numaras ile desteklenen proje kapsaminda
gerceklestirilen yiiksek lisans tez calismasi, titanyum esasli kaplamalar igerisine
yapilan eklentilerin kobalt krom malzeme yiizeyine olan etkilerini incelenmektedir.
Bu baglamda, farkli oranlarda titanyum, aliiminyum, ¢inko, bakir ve demir oksit
(manyetit formunda ) iceren toz karisimlart ASTM F75 kalite kobalt krom alagimi
lizerine puskiirtiilmiis, elde edilen kaplamalar yiizeyde biyoaktivitesi yliksek oldugu
bilinen titanyum oksit tabakasi olusturulmasi i¢in 600 °C de 60 saat siireyle termal
oksidasyon islemine tabi tutulmustur.

Uretilen kaplamalarin karakterizasyonu, yapisal karakterizasyon, mekanik dzelliklerin
belirlenmesi ve biyolojik testler olmak iizere {i¢ ana baslik altinda incelenmistir.
Yapisal karakterizasyon kapsaminda, X 1sinlar1 difraksiyonu, optik mikroskop, ¢izgi
ve alan enerji dagilim analizlerini kapsayan taramali elektron mikroskobu
incelemeleri, termal oksidasyon 6ncesinde ve sonrasinda yiizey piirtizliiliigii 6l¢timleri
gerceklestirilmistir. Ote yandan, mekanik &zelliklerin tayini igin kaplama kesitinden
ve oksit tabakasinin yiizeyinden sertlik 6l¢iimleri, kuru serum ve yapay viicut sivisi
icerisinde asinma testleri gerceklestirilmistir. Deneysel calismalarin son boliimiinde
ise, elde edilen yiizeyin biyolojik 6zelliklerinin belirlenmesi i¢in biyoaktivite testleri
yapilmistir.

Yiiksek lisans tez calismasinin baslangicinda, ASTM F75 kalite kobalt krom alasim
malzemesi alti ayr1 kompozisyonda hazirlanan toz karigimlarimin yiizeye
puskiirtiilmesiyle kaplanmistir. Bu toz karisimlar1 sirasiyla, agirlikga % 92 Ti - % 5
Cu- % 3 Fe304, % 94 Ti - % 3 Cu- % 3 Fe304, % 95,5 Ti - % 1,5 Cu- % 3 FezO4, %
87 Ti-% 8 Al-% 5 Zn, % 89 Ti - % 8 Al- % 3 Fe304, % 84 Ti - % 8 Al- % 5 Zn -%
3 Fe304 icermektedir. Karisimlar igerisine konulan aliiminyum, diisiik plastik
deformasyon kabiliyetini sahip titanyumun ylizeye tutunmasini saglamak igin
kullanilmistir. Cinko ve bakirin antibakteriyel ajan olarak yapr icerisinde yer almasi
planlanirken, manyetit formundaki demir oksit partikiilleri hem biyoaktiviteyi
arttirmak hem de tiretilen kaplamaya farkli kullanim alanlar1 kazandirmasi i¢in tercih
edilmistir. Daha 6nce de belirtildigi gibi soguk gaz dinamik piiskiirtme yontemi ile
kaplanmis olan altlik malzemeler 600 °C de 60 saat siireyle termal oksidasyon islemine
tabi tutulmustur.

Karakterizasyon ¢aligmalari, bakir iceren kaplamalar i¢in kesit optik mikroskop
incelemeleri ile baglamistir ve elde edilen sonuclar 1s181inda, yap1 igerisinde azalan
bakir oranma bagl olarak, yiiksek oranda poroziteler ve diizensizlikler meydana
geldigi belirlenmis ve kompozisyonlar arasinda agirlik¢a % 5 bakir igeren ve % 92 Ti
- % 5 Cu- % 3 Fe304, kompozisyonundaki toz karisimi kaplama igin en uygun
kompozisyon olarak tespit edilmistir. Bakir iceren kaplamalar i¢in yapisal
karakterizasyon caligmalari, mekanik ve biyolojik testler bu kompozisyondaki toz
karigimu ile tiretilen kaplamalar iizerinde gergeklestirilecektir.

Taramali elektron mikroskop calismalarinda biitlin kompozisyonlar i¢in termal
oksidasyon oncesinde yap1 igerisinde yok denebilecek kadar az miktarda porozite
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tespit edilmistir. Ote yandan, bu oran termal oksidasyon islemi sonrasinda bir miktar
artarken, islem sonrasinda yaklasik 2 pm kalinliginda stabil bir oksit tabakasi olustugu
gorilmistiir. Cizgi ve alan enerji dagilim analizleri toz karisimi igerisine eklenen
ikincil ve tgiinciil eklentilerin tim yap1 ve oksit tabakasina homojen bir sekilde
dagitildigr gozlemlenmistir. Yine biitiin kaplama kompozisyonlar1 i¢in, oksijenin
kaplamalarin iclerine kadar diflize oldugu ve oOzellikle titanyum ile kati ¢ozelti
bolgeleri olusturdugu gorilmiistiir. Bakir igeren kaplamalar 6zelinde, titanyumun
oksijene olan afinitesinin bakira gore daha yiiksek olmasindan dolay1 bakir partikiilleri
etrafinda titanyum-oksijen kati eriyik bolgelerinin olusmasi termal oksidasyon islemi
sonrasinda bakir partikiillerinin metalik 6zelligini korumasina sebep olmustur. Bakir
partikiillerinin oksitlenerek viicut icin toksik olan bakir oksit halini almamasi
calismanin hedeflerini desteklemektedir. Aliiminyum igeren tiim kaplamalarda ise,
titanyum ve aliiminyum arasinda ger¢eklesen kimyasal reaksiyonlar sonucu titanyum
aliminyum intermetalik bilesikleri olustugu disiiniilmektedir. Cinko igeren
kaplamalarda cinko-titanyum arasinda gerceklesen kimyasal reaksiyon sonucunda ise
muhtemel bir intermetalik bilesiginin olusumundan s6z edilebilirken, metalik
cinkonun da yap1 icerisinde varligin1 devam ettirdigi gézlemlenmistir. Demir oksit
eklentisinin yapt igerisindeki yerlesme bolgeleri olarak, partikiil sinirlar
belirlenmistir. Buna neden olarak, piiskiirtme sirasinda kirilgan demir oksit
partikiillerinin ufalanmasi gosterilebilir. X 1smlar1 difraksiyonu sonuglarina bakilacak
olursa, termal oksidasyondan once tiim kaplamalar i¢cin yiizeye piiskiirtiilen toz
karigimlart igerisindeki demir oksit eklentisi disinda tiim malzemelere ait pikler tespit
edilmistir. Bu sonug kaplama islemi sirasinda piiskiirtiilen tozlar arasinda herhangi bir
kimyasal reaksiyon ger¢eklesmedigini gostermektedir. Demir oksit eklentisinin tespit
edilememesi, yap1 igerisindeki miktarin tespit edilebilir minimum limit olan %3
oranindan daha az olmasi ile agiklanmaktadir. Termal oksidasyon isleminden sonra ise
tim kaplama kompozisyonlarinda, ortak olarak titanyum oksitin rutil fazina, x
1sinlarinin oksit tabakasi altina niifuz etmesi sonucu titanyumun alfa ¢dzeltisine ait
piklere rastlanmistir. Termal oksidasyon Oncesinde ve sonrasinda yapilan yiizey
prizliliigi 6lgtimleri, titanyumun oksidasyonun dogal bir sonucu olarak bu islemin
plrtizlilligi 5-6 kat oranminda arttirdigini  gostermektedir. Yiizey piriizlaligi
yiiksekliginin biyoaktiviteye yaptigi olumlu etkiden dolayr bu sonu¢ calismanin
hedefleri dogrultusunda tatmin edici bir sonug olarak algilanabilir.

Zimparalanmis ve parlatilmis kesitten 25g yiik kullanilarak micro Vickers sertlik
cihaziyla ve termal oksidasyon sonrasi yiizeyden 100 mN yiik kullanilarak derinlik
hassasiyetli nano-mikro sertlik cihazi ile yapilan sertlik dl¢iimleri, termal oksidasyon
islemi oncesinde 80 HVy.25 olan kesit sertligin termal oksidasyon sonrasinda 450
HVo0s degerlerine ulastigini gdstermistir. Ote yandan tiim kaplamalar icin oksit
tabakasinin  sertliginin 900 HV civarinda oldugu goriilmistir. Kaplama
kompozisyonuna yapilan eklentilerin bu degerlere direk bir etkisi tespit edilememistir.
1 N yiik altinda 25 m kayma mesafesinde, kuru, serum ve yapay viicut sivisi i¢erisinde
gerceklestirilen asinma test sonuglari, iiretilen biitiin kaplamalarin her kosulda altlik
malzemesine gore asinmaya daha direncli oldugunu gostermistir. Serum ve yapay
viicut s1vist igerisinde yapilan testlerde kaplamalar i¢in ortalama siirtlinme katsayilari
yiiksek degerlerde de olsa, test sonrasinda iki boyutlu tarama ¢alismalarinda herhangi
bir rasyonel degere ulasilamamasi, asinma testi sirasinda karsi yiizey olarak kullanilan
aliimina topun kaplamalarin sadece yiizey piirizliliglini azalttigt sonucunu
dogurmaktadir. S1vi ortamlarda siirtiinme katsayilariin yiiksek olmasina sebep olarak,
titanyum oksit ile tuzlu cozeltiler arasinda gergeklesen kimyasal reaksiyonlar
gosterilebilir. Ote yandan, ¢inko iceren kaplamalar 6zelinde, yapi icerisinde bulunan
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metalik ¢inko ve/veya titanyum-¢inko intermetalik bilesiklerinin muhtemel yaglayici
etkisinden dolay1 kuru ortamda elde edilen ¢ok diisiik siirtiinme katsayis1 degerleri bu
kaplamalarin ~ duisiik  siirtinme  katsayili  miihendislik  uygulamalarinda
kullanilabilecegini diisiindiirmektedir.

1 ve 4 hafta yapay viicut sivisi igerisinde biyo aktiviteyi belirlemek amaciyla bekletilen
kaplamalardan aliiminyum igerenlerin yilizeylerinde 4 hafta sonrasinda, hidroksiapatit

Morfolojisine sahip yapilar elekton mikroskobu vasitasiyla belirlenmistir. Ote yandan,
bakir iceren kaplamalar yapay viicut sivisi ile daha once etkilesime girip, 1 hafta
sonrasinda bile bu yapilarin olusmasina olanak saglamistir.

Sonug olarak, ASTM F75 kalite kobalt krom altlik malzemesi iizerine, titanyum esaslt
cok katmanli kaplamalar soguk gaz dinamik piiskiirtme ve termal oksidasyon
islemlerinin ardarda uygulanmasi sonucu fretilmis ve bu yoOntemlerle altlik
malzemesinin mekanik ve biyolojik 6zelliklerinin gelistirilebilecegi tespit edilmistir.
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1. INTRODUCTION

Cobalt-Chromium alloys are one of the most commonly used metallic biomaterials
with titanium alloys and stainless steels, owing to high mechanical properties (such as
high dynamic and static strength and wear resistance) and high corrosion resistance.
Hence, this alloy group have been used for implantation in recent years especially for
load bearing implants for instance, on femoral ball on hip joint implants or knee joints
[1-4]. Although, having these superior properties, their poor osteointegration
properties and low biocompatibilities are the biggest disadvantages for biomedical
applications [5]. Beside, for the implants working under high metal-metal contact
pressure, ion releasing from the worn surfaces limit the service life of this alloy group
up to 10-12 years and necessitate to painful reimplantation surgeries [6]. For that
reasons, there are many studies in the literature aimed to improve biological

mechanical properties of surfaces.

In the recent master thesis study, as a part of research project supported by TUBITAK
(Project No: 214M246), feedstock containing titanium, aluminum, copper, zinc and
iron oxide in magnetite form were prepared at different ratios and deposited on to
ASTM F75 grade cobalt-chromium alloy by cold gas dynamic spray process. Then,
cold sprayed alloys were thermally oxidized at 600 °C for 60 hour in order to obtain
stable bioactive titanium based oxide layer on the outermost surface with different
biological behaviors respect to compositions. In brief, general objectives of the study;
obtain the better surface behavior by improvement on biological and mechanical
performance of ASTM F75 grade cobalt-chromium alloy without sacrificing superior
properties. Moreover, different materials were added in to composition of coating in
order to determine influences on biological and mechanical behavior of coating.
Titanium was preferred as a base material of coating, due to well-known high bioactive
oxide film on the surfaces which form naturally. Although, having closest elastic
modules to the human bone and high corrosion resistance, this natural oxide layers
cannot preserve the stability against to any wear condition. Hence, in the literature lots

of study focused on the development of more stable oxide layers on the surface of



titanium and titanium alloys by application of diffusional or depositional surface
modification technique [7, 8]. Moreover, by the modification of the surfaces ion
releasing problems can be suppressed. Additionally, during formation of oxide layers
surface roughness are increasing and this natural outcome, provide increment on the
bioactivity of the surfaces via increasing the interaction of the surface and the
surrounding tissues. Thermal oxidation process, stands out amongst other oxidation
techniques, due to simplicity and high efficiency. Moreover, forming oxygen diffusion
zone beneath the brittle oxide layer allows smooth transition on hardness and increase
the wear resistance of coating [9, 10]. Beside the mechanical properties, bioactivity
and antibacterial properties are worth-stressing subject for biomaterials. In that
respect, in the present study copper and zinc were added to feedstock compositions as
an antibacterial agent and iron oxide particles (in a magnetite form) was enrolled to
improve bioactivity and enlarge the application area of coatings such as magnetic

resonance imaging contrast agent, targeted drug delivery due to magnetic behavior.

Within the scope of recent master thesis study, titanium based feedstock with different
additives are deposited by cold gas dynamic spray process. Subsequently, thick and
stable oxide layer is formed by the application of thermal oxidation process. Structural
characterization of coatings have been invetigated by optical and scanning electron
microscope -including area and line scan energy dispersive X-Ray spectroscopy-, x-
ray diffraction analysis and surface roughness measurements. For the mechanical
behaviors, hardness measurements, wear tests and pull out tests have been examined.
Lastly, in vitro bioactivity test has been performed for the determination of biological

properties.

Briefly stated, in this thesis literature review about metallic biomaterials and surface
modification of cobalt-chromium alloys are given in the second chapter. Then,
experimental methods are presented in third section, followed by results and
discussions (forth section). Finally, all the results are concluded in from the master

thesis study in fifth section.



2. LITERATURE REVIEW

2.1 Metallic Biomaterials

Biomaterials or in the other word biological materials are used for curing or/and make
improvement on functional part of human body. The main purpose of using
biomaterials in human body is to change or/and make improvement in any damaged
or infected tissue or organ due to any daisies or accident. These material group as can
be natural or synthetic [5, 11, 12]. Metallic biomaterials are the most common implant
material from syntetic biomaterials. Metallic biomaterials are unrivaled for implant
application due to high dynamic and static strength, enough resistance to corrosion,
high wear and fatigue resistance. Mechanical properties of metallic materials in
biomedical applications are given in Table 2.1 [13]. Also in Figure 2.4, some example
of metallic biomaterials are given. The first used metallic material as biomaterials in
history is vanadium steel and it was used for fixing broken bones. After development
of technology in biomedical industry, iron, chromium, cobalt, titanium, tantalum,
niobium, molybdenum and tungsten alloys have started to widely use as an implant

materials [14].
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Figure 2.1: Some example of metallic biomaterials a) knee joint implant, b) dental
implant, ¢) bone splinting screws

Average life standard and lifetime of world human population have been increased in

last century. In this parallel, hard tissue diseases increase respect to increment in the
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elder human population as expected. This situation naturally generate the necessity of
metallic biomaterials [11, 12]. Beside the mechanical properties, formability is another
advantage for metallic biomaterial. It is possible to manufacture basic and complex
structures with different kind of manufacturing processes. This advantage enables to
implantation process to specific and critical areas of human body such as dental
implantations and artificial heart surgeries (mechanically order the rhythm of artificial

heart) [15].

Although having these big advantages, in the course of time metallic alloys lose their
wear resistance and function because of micro and/or macro motion. After losing this
critical resistance, biodegradation of metallic ions as a wear product, causes
complications and unfavorable reactions in human body. Tribological interactions in
metallic biomaterials also damage the passive and/or active oxide layer on the surface
of materials and enable direct contact of metallic surface and tissues or organs. Then
this situation decrease the corrosive resistance of metallic biomaterial. Previous studies
which focus to biological effect of wear products in human body showed that, during
tribological interactions, wear products locate around the implants and inhibit the cell
refurbishments and caused the infections. Moreover, in extreme cases, neighbour
organs and tissues affect from infections. As mentioned before, in these cases, sole
remedy is reiteration of medical attention, which drive patients to unhappiness due to
high pain level. In the other respect, when the soluble wear products are concern, high
diffusion of metallic ions to the body fluids increase the concentrations and cause
different kind of symptoms and/or diseases such as high sensitivity, nervous system
disorders, allergic reactions. Again in extreme cases, high concentration of metallic
ions in body fluids or/and organs shows toxicity and carcinogenic reactions. Some
well-known effect of metallic ions at high concentrations to human body are given in

Table 2.2 [16-21].

Cobalt-chromium alloys, stainless steels, titanium based alloys are the most preferred
metallic biomaterials. While cobalt-chromium and stainless steels are coming into
prominence due to high static and dynamic strength with high corrosion resistance,

titanium alloys are favorable due to low elastic modulus and bioactivity.



Table 2.1 : Mechanical properties of most common used metallic biomaterials.

. N Elastic Yield Tensile Hilgz}:ti(g:l}l]eczle
Material ASTM Standard Condition Modulus Stress Stress Stress Limit
(GPa) (MPa) (MPa) (MPa)
F745 Annealed 190 221 483 221-280
Stainless Steel Annealed 190 331 586 241-276
F55, F56, F138, F139 Cold Worked 30 % 190 792 930 310-448
Cold Forged 190 1213 1351 820
75 Cast/Annealed 210 448-517 655-889 207-310
Hot Isostatic Pressed 253 841 1277 725-950
F799 Hot Forged 210 890-1200 11359896- 600-896
Co-Cr Alloys Foo Annealed 210 450-650 | 951-1220 -
Cold Worked 44 % 210 1600 1896 586
562 Hot Forged 232 969-1000 1206 500
Cold Worked, Aged 232 1500 1795 596-793
F67 Cold Worked 30 % 110 485 760 300
Ti Alloys F136 Forged / Annealed 116 896 965 620
Forged, Heat Treated 116 1034 1103 620-589




Table 2.2: Biological effects of mettallic ions

Metallic Ion Known Biological Effects
Nickel Allergic, high sensitivity and carcinogen
Titanium Bio inert but in high biodegradable situations it caused to pneumonia
Molybdenum Low cell activity
Aluminum Epilepsy effects, anomaly and alzheimer
Chromium High sensitivity, carcinogen, caused to ulcer
Cobalt Carcinogen, high productivity of erythrocyte
Vanadium Depression, hearth and kidney daisies
Iron Allergic and carcinogen

2.1.1 Titanium and titanium alloys

Titanium and its alloys are commonly used in biomedical applications due to high
strength/weight ratio, corrosion resistance and most importantly high biocompatibility.
Natural passive oxide layer on the surface of titanium and its alloys increase corrosion
resistance as well as bioactivity of surface. Bioactive characteristic of surface enables
the implantation process and increase compatibility with surrounding tissue. Beside
the surface characteristic, titanium and its alloys have the closest elastic modulus (100-
120 GPa) in the other word the closest mechanical property to cortical bone (10-30
GPa).

Biological and mechanical properties of Ti—29Nb—-13Ta—4.6Zr (TNTZ) and Ti-12Cr
alloys have been investigated by Niinomi et al. [23] to generate alternative to the pure
titanium and Ti-6Al-4V, which have relatively high elastic modulus. The results show
that, Ti-29Nb—13Ta—4.6Zr (TNTZ) and Ti-12Cr have lower elastic modules and
composed of non-toxic and allergy-free elements. In near future it is highly expected
that, two titanium alloy going to be used as a metallic biomaterial for implants

replacing of failed hard tissue.



Geetha et al. [24] reviewed the properties of titanium based metallic biomaterials and
gave suggestions to the development area of titanium and its alloys for orthopedic
implants. They summarized that, the main challenging problem of titanium alloys is to
develop an appropriate microstructure with optimum mechanical properties especially
the wear resistance. Nevertheless, in future, if the superior focus made on the areas of
development of grater surface properties with the high hardness, increment on the

functional lifetime of biomedical implants will be attained.

The recent studies showed that, although having good biological properties such as
high biocompatibility, titanium and its alloys are lack of sufficient mechanical

properties especially the wear resistance functional longevity.

2.1.2 Cobalt-chromium alloys

Cobalt chromium alloys are started to be used as a metallic biomaterial in biomedical
industry in early 40’s. Most commonly used composition is consist of cobalt,
chromium and molybdenum [15, 25]. Moreover, due to having high dynamic and static
strength, they are favorable for implants under load such as hip and knee joints.
According to cobalt and chromium binary phase diagram, cobalt and chromium form
solid solution up to 65 atm. % cobalt [26]. In addition, it well know from the literature,
strength and corrosion resistance of these alloy group depend on concentration of
chromium. Furthermore, external molybdenum addition to the system decrease the

grain size and naturally increase the strength of material [27].

Common Co-Cr alloys can be examine under four different group respect to
manufacturing method and composition; ASTM F75 Co-28Cr-6Mo (cast alloy)
ASTM F1537 Co-28Cr-16Mo (high carbon version of F75 wrought alloy), F799 Co-
28Cr-6Mo (low carbon version of F75 wrought alloy), ASTM F562 Co-35Ni-20Cr-
10Mo (wrought alloy).

ASTM F75 cast Co-Cr-Mo alloy also known as Vitallium and Haynes 21, is very
important material for implantation process. The most characteristic properties of this
alloy group is corrosive resistance due to high content of chromium in the elemental
distribution. Passive chromium oxide (Cr203) layer on the surface, protect the material
in corrosive media especially in chorine containing environment. Also high content of
carbon precipitate on the grain boundaries in the form of M23C6, M7C3 and M6C

carbide (where M may represent cobalt, chromium and molybdenum) increase the
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wear resistance. According to desirable conditions ASTM A799 or ASTM F1537
wrought alloys, which may be the alternative to the ASTM F75 cast Co-Cr-Mo alloy.

Patel et al. [28] studied relationship between forming route, microstructure and
tribological performance of Co-Cr-Mo alloys In the study, they have evaluated two
conventional alloys (ASTM F75 and ASTM F1537) and a spark plasma sintered (SPS)
alloy. The results show that, F75 and F1537 has similar microstructure while F75 has
slightly higher hardness and wear resistance compare to the F1537. In the other
respect, SPS alloy has the highest hardness and wear resistance with very different
microstructure from all. Nevertheless, other mechanical properties such as
tensile/compression strength, fatigue performance should be performed for SPS alloy

for orthopedic uses.

When the biomedical application of Co-Cr based alloys are concern, they are
commonly preferred for femoral ball on hip joint implants or other surface bearing
implants due to resistance to metal-metal contact with high toughness and wear [12].
Then again, for instance F1058 Co-Cr alloys usually used for dental applications such
as dental bridged and implants due to elastic recovery potential in the other word spring

back property [29, 30].

2.1.3 Stainless steels

Steels which has more than 10.5 wt.% chromium in chemical composition are named
as stainless steels. Due to existence of chromium and about two nanometer thick
natural chromium oxide layer on the surface, this alloy group is resistant to corrosion.
Moreover, it is possible to encourage corrosion resistance and mechanical properties
of stainless steels by addition of different metals in to composition such as

molybdenum or tungsten [12].

Only 1 % of world stainless production in world market is used for biomedical
applications. Beside the implantation processes, stainless steels are attractive material
for medical instruments. Nevertheless, when the implantation process is concern, more
strength and corrosive resistant grade of stainless steels and special manufacturing

methods are preferred.

Stainless steels can be divided to the five different category according to crystal
structure and hardening mechanisms; ferritic, martensitic, austenitic, austenitic-

ferritic, precipitation hardened. From all, austenitic stainless steels are mostly
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preferred due to high dynamic and static strength, high corrosion resistance and high
formability. Main compounds of austenitic stainless steels are chromium and nickel.
While chromium provides corrosion resistant due to chromium oxide formation, nickel
provides stability of austenitic structure at room temperature. In recent years, low
carbon version of 316 grade austenitic stainless steels (316 L) are the most commonly
used material for biomedical applications [31]. Additionally these grades are favorable
due to low production cost compare to the titanium or cobalt-chromium alloys.
However, the main disadvantage of this material group is low surface strength.
Stainless steels can not provide wear resistance in joint implant and after some time,
this situation caused ion oscillations. In that respect, there are several studies in
literature focused on surface modification of stainless steel to improve wear resistance

and biological properties.

Gopi et al. [32] coated to surface of pretreated 316L with hydroxyapatite by electro
deposition method and blocked the ion oscillations. In addition, successful formation
of hydroxyapatite phase improved the bioactivity of surface.

Pauline et al.[33], modified the surface of 316 L by sol gel coating method. The
examinations showed that, strontium added nano porous titanium oxide coatings
provides higher bioactivity and corrosion resistance.

Sutha et al. [34], investigated effect of zinc- hydroxyapatite-chitosan composite
coating on biological properties and corrosion behavior. In that respect, they have
formed coating on 316 L stainless steel alloy by spin coating method and found that
composite coating has higher bio activity due to hydroxyapatite and showed

antibacterial property due to zinc with high corrosion resistance.

2.2 Surface Modification of Metallic Biomaterials

Surface modification technologies can be divided into two different group,
depositional surface modifications which aims to form new layer of material with
different microstructure and properties; diffusional surface modification which aims

to modify and/or improve the properties of main material on the surface.

2.2.1 Depositional surface modification

Developed technologies on surface depositional surface modification area provide to

combine properties of two different material with very different characteristic.



Arslan et al. [35] coated the surface of aluminum with micro arc oxidation process and
combine properties of aluminum oxide and aluminum. Result of study showed that,
they have achieved to form hard, wear resistant ceramic coating on the surface without
sacrificing main properties such as high strength/weight ratio.

Krzakata et al.[36], reviewed the literature concerning the surface modification of
implants composed of titanium and titanium alloys by plasma electrochemical
oxidation (PEO), also known as micro-arc oxidation (MAO). As a conclusion, they
have demonstrated that, in most cases, this coating enhances the bioactivity of surface
and enable the usage of these material in biomedical applications for improving bone
adhesion.

Nguyen et al. [37], examined the effect on the ingrowth and osteoconductivity
properties of sol gel formed calcium phosphate coatings coating on porous surfaced Ti
alloy. After in vivo biological tests, they have found that, the implants with sol gel

coatings have significantly greater implant-bone contact respect to the uncoated alloy.

However, it should be noted that, the main disadvantage of deposition processes poor
bonding between coating and substrate. For instance, Harman et al. [38] examined the
TiN coated Ti-6Al-4V hip joints and they showed that delamination of nitride coating

cause early failure of implant.

2.2.2 Cold gas dynamic spray technique

Cold gas dynamic spray process (CGDS) was developed by Russian scientist Anatolii
Papryin and his colleagues in the middle of 80’s. Papryin and his colleagues have been
succeed to deposit several number of pure metals, alloys, polymers and composites
on different kind of substrate [39-41]. Schematic illustration of CGDS seen in Figure
2.3.
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Figure 2.2 : Schematic illustration of CGDS
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In CGDS, particles (generally under fifty microns) reach to supersonic velocity by the
effect of compressed gas- which are fed to the system- and the design of Laval nozzle

(Figure 2.4) [42].
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Figure 2.3 : Schematic illustration of Laval Nozzle

Accelerated particles (300-1200 m/s) exit from the Laval nozzle and impact to the
surface of substrate with high momentum and form the first layer in stage 1 in Figure
2.4. During the process, powders continue to attach to the material which adherent to
the surface of substrate later in Stage 2. Because of this mechanism, relatively thick

homogenous coating with small amount of porosity and distribution of grain size are

provided (Stage3-4) [39, 43, 44].

Stage 4: Bulk Deformation
(Cracking, work hardening
of particles, removal of

Stage 1: Substrate cratering and first previously bonded particles.)

layer build-up of particles Excess kinetic energy required

for this stage.

Stage 2: Particle deformation

and realignment

Substrate]

Stage 3: Metallurgical bond

formation and void reduction

[ Voids

—<e— Particle rotation
& alignment direction

() Particles

Figure 2.4 : Deposition mechanism of titaniums in CGDS

Plastic deformation is not the only mechanism for formation of coating on substrate.
Other mechanism can be align as adhesion, erosion, ballistic at high velocity and cold

spraying at mid velocity. Mechanism change according to the particle size is given in
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Figure 2.5. It is clear that, when the particle size change between 10-100 pm, most

efficient mechanism, which is high velocity impact (300-1200 m /s), takes place.
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Figure 2.5 : Influence of particle size to the impact velocity change[45]

In CGDS, the most important parameter is the velocity of the particles. This parameter,
in other word deposition efficiency is directly related with some parameters like, type
of gas, temperature, pressure, density, particle size and morphology of powder.
Moreover, Laval nozzle design is another parameter, which change the acceleration of
particles according to the given equation below. In equation 2.1, M is the Mach number
which described as ratio of nozzle exit area (A) to the minimum cross sectional area

(A"). Also, Mach this Mach number equal to the ratio of gas velocity (V) and sound

velocity (c).
A 14 4
E_M_?_—TRT (2.1)

R: Gas constant (universal gas constant / molecular weight of process gas)
T: Gas temperature
v: Ratio of specific heats of gases (Cp/ Cy)

In general theory, other parameters (temperature of process gas, pressure, particle size
etc.) are set constant, the powder velocity increase when Mach number increase.
Nevertheless previous studies showed that, after some specific level velocity of
particles reach the maximum [42]. Process gases in CGDS technique provide to reach
to the hypersonic sound velocity. It is possible to reach higher velocities, when the

molecule weight decrease and/or specific heat ratio increase pursuant to the gas
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dynamic law (Equation 2.1). Common used gases in CGDS of titanium is given in

Table 2.3 regards to maximum velocity, density, reactivity and price [46].

Table 2.3: Commen used gases in CGDS of titanium

Process Gas Speed Noble or Density Price
Type (m/s) Reactive (Kg/m3)
Air (80 % No+ 343 Reactive 1.225 Cheap
20 % O2)
N» 349 Non-Reactive 1.185 Cheap
H> 1303 Reactive 0.085 Expensive
Ar 319 Noble 1.69 Expensive
He 989 Noble 0.168 Very-Expensive

Stenkiste et al. [47] investigated the effect of inlet temperature to the particle velocity
with different size of particles and revealed that, at high inlet temperatures it is possible
to reach higher velocities. Furthermore, pressure change in laval type nozzle directly
affect the type of flow (laminar or turbulent) and velocity. In that respect, particles
reach higher velocities at higher pressure differences. Other parameter, which affect
the output velocity of particles, is morphology of powder. Fukumoto et al. [48] were
showed in their studies yhat, the powders with higher density and higher particle size
cannot reach the sufficient velocity level in other word sufficient kinetic energy and
escape from system without deposition. On the other hand, powders with lower particle
size and density reach hypersonic velocity level and high kinetic energy and deposit

to the surface of substrate [45, 49, 50].

CGDS technique is relatively new technology compare to the other surface
modification techniques. Nevertheless, most of metals, alloys and composite materials
can easily coat with CGDS technique with high efficiency. Recent studies showed that,

it is possible to reach really high deposition efficiency if;

e Oxygen amount in process atmosphere is reduced to the minimum,
e Residual stress is reduced in powder mixture,

e Optimum spraying parameters is provided [40].
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Biggest advantage of CGDS technique is formation of coating without any chemical
reaction and/or melting. For that reason, CGDS is the one of most sufficient technique
for surface modification of heat sensitive metals because of high affinity to oxygen
such as titanium. Moreover, due to plastic deformation during process, it is possible to

have coating harder that substrate material.

On the other hand, as mentioned before main deposition mechanism of CGDS
technique is plastic deformation of particles. In that respect, it is not possible to use
pure ceramic powders or the metals, which has lower plastic deformation ability such
as titanium and zinc [40]. Only way to use these materials is mixing with softer metals
like aluminum or copper. Therefore, in this study titanium powder is mixed with

copper and aluminum.

2.2.3 Cold gas dynamic spray of titanium

Coating of metallic biomaterials such as Co-Cr or Ti alloys is very attractive topic of
research in recent year studies due to less biocompatibilities. Moreover, cold gas
dynamic spray is one of the most preferred technique coating of these alloys because

of simplicity and effectiveness.

Zhou et al. [51], investigated electro chemical behavior of cold sprayed pure Ti and
hydroxyapatite/titanium (HAP-T1) composite in Hanks’ solution. As a result, porous
structured (which can be considered as an advantage for promoting bone growth onto
the implants) and rough Ti based coating manufactured on Cp titanium substrate with
good bonding on interface. Additionally, improved mechanical and biological
properties are promising for future biomedical applications.

Sun et al. [52], fabricated porous titanium coating on titanium by cold gas dynamic
spray and vacuum sintering. By the formation porous structure, elastic module of
titanium has been decreased and matched with the cortical bone, which enables to use

this material under load bearing applications su ch as hip or knee joints.

2.2.4 Diffusional surface modifications

In the other respect, with the diffusional surface modification techniques it is possible
to change microstructure and surface properties of main material. Localized hardening
techniques (carburizing or nitriding) and thermal oxidation are the most commonly

used technologies.
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Guleryuz et al. [7] studied the effect of thermal oxidation on the corrosion and
corrosion-wear behavior of Ti-6Al-4V. They have concluded that, thermally oxidized
Ti—6Al4V alloy exhibited excellent resistance to corrosion. Additionally, because of
thermal oxidation the material achieved 25 times higher wear resistance than the
untreated alloy.

Bou-Saleh et al. [53], applied cyclic linear potentiodynamic polarization technique to
the 316 LVM quality stainless steel for biomedical application. Because of potential
between hydrogen and oxygen, they have formed passive surface film, which protect
the material against to the pitting corrosion.

The main disadvantage of diffusional surface modification techniques is limitation on
improving surface properties, especially for biomedical application, if the main
material is not favorable for human body it is not possible to use as biomaterial even
after surface modification.

In that respect, in the recent master thesis study, depositinal and diffusional surface
modification techniques (cold gas dynamic spray and thermal oxidation) sequentially
applied to combine advantage of both process and achieve multilayer coating on the

surface of ASTM F75 grade Co-Cr-Mo alloy.

2.2.5 Thermal oxidation process

Metal oxides form in oxidation of metals because of chemical reaction between metal
and oxygen. Even, oxidation in metals starts without any extra effort, in some cases it
can be started with thermal energy or electrical current. In the case of thermal
oxidation, heat input to the system, accelerate the diffusion rate and cause the
formation of oxide layer on the surface. In electrolytic oxidation processes under stable
potential condition, reduction in anode and oxidation in cathode form the oxide layer.
Moreover, it is known from the open literature that, the oxides that formed with these

two different techniques show different characteristic [7].

2.2.6 Thermal oxidation of titanium

Titanium as a metallic material is well known with high affinity to the oxygen. Even
at room temperature, 10 nm thick passive oxide layer easily form on the surface of this
material. Nevertheless, this protective oxide layer is not resistant against to the any
mechanical effect and easily pull out from the surface then caused the direct contact

of metallic surface with open environment. Due to this direct interaction between
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metallic surface and environment, titanium and its alloys loses their corrosion
resistance, bioactivity and become ordinary material. Under the light of this
knowledge, sustainable oxide formation on the surface of titanium is one of the
attractive research interest in recent years. In that respect coating processes like
thermal oxidation, anodic oxidation, micro-arc oxidation etc. are mostly used to

answer this purpose [54-56].

Thermal oxidation is the most popular thermochemical coating technique for the
oxidation of titanium and its alloys. When the oxidation process applied over 200 °C,
thickness of the oxide layer on the surface increase with respect to temperature and
process time period. It is known that, titanium has seven stoichiometric oxide
compound (TiO, Ti30, Ti203, Ti20, Ti302,Ti305 and TiO2) and TiO2 is the most stable
from all. Moreover, TiO: has three different crystallographic structure such as, rutile,
anatase in tetragonal structure and brookite in orthorhombic structure [57]. At higher
thermal oxidation temperatures, oxygen atoms diffuse in to the titanium and solid
solution region form beneath the oxide layer on the outermost surface. This region
known as oxygen diffusion zone and titanium can solve oxygen up to 30 atomic %

according to binary phase diagram in Figure 2.6 [58].

Also previous studies showed that, diffusion mechanism increase the hardness of
titanium [59]. Diffusion rate of oxygen, consequently hardness gradually decrease
respect to the depth and schematic view of this phenomena could be seen in Figure
2.7. Oxygen diffusion zone under the brittle oxide layer increase the wear resistance
and highlight the thermal oxidation compare to the other oxidation techniques [60-63].
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Figure 2.6 : Titanium-Oxygen binary phase diagram
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Figure 2.7 : Hardness change of diffusion zone respect to the depth

Furthermore thermal oxidation process is one of the most preferred technique for
bioactive oxide layer formation on surface of titanium and its alloys for biological
applications [64-66]. Cimenoglu and his friends have examined the bioactivity of
Ti6 A17ND alloy after thermal oxidation in simulated body fluid and concluded thermal

oxidation increase the bioactivity of this alloy [66].

According to this theoretical and practical knowledge, objectives of thermal oxidation

of titanium can be listed as;

e Increase the bioactivity of titanium with the formation of oxide layer on the surface,

e Increase the wear and corrosive resistance due to dual effect of oxygen diffusion

zone and oxide layer on the outermost surface.

2.3 Surface modification of cobalt chromium alloys

As briefly discussed above, Co-Cr alloys especially F75 grade alloys, have been
extremely used in biomedical applications due to well-known favorable properties
such as, high wear and corrosion resistance and fatigue strength. Nevertheless, bio
inert behavior is the deficiency of these alloy groups. In order to improve biological
properties, there are several studies in literature which focused to surface modification

of Co-Cr based alloys.

Mani et al. [67] formed self-assembled monolayer on Co-Cr-W-Ni alloy to improve

biological properties of surface. After examinations on stability of coating in
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physiological conditions for seven days, results showed that, Co-Cr alloys could be
surface modified by using self-assembled monolayer coating and improved the
biological properties for future promising biomedical applications.

Onate et al. [68] have been investigated effect of nitrogen ion implantations and hard
coatings (TiN and DLC) on Co-Cr alloy for potential wear reduction applications in
human body. On the contrary to other studies, they have executed the wear tests in
knee wear simulator and reach the closest conditions to human body. The results
demonstrated that, all the surface treatments improve the wear resistance while the
most favorable coating from all is diamond like carbon (DLC) coating that reduce to
wear about five times and has passed biocompatible tests.

Wei et al. [69] were nitrided the orthopedic materials (Co-Cr alloys and Ti-6Al-4V) in
order to enhance lifetime of tribological performance. In the first part of the study,
effect of process temperature and manufacturing method on wear resistance of both
alloy were observed. In that respect, while forged Co-Cr alloys show much more better
performance when nitrided at low and high temperatures and there is no improvement

can be observed on cast Co-Cr alloy due to possible microstructural effects.
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3. EXPERIMENTS

3.1 Coating Processes

F 75 grade Cobalt-Chromium-Molybdenum alloy with 8 mm in diameter was used as

a substrate and composition of the feedstock can be seen in Table 3.1. Samples were

grinded with silicon carbide abrasives up to 320 grit, and cleaned with 100% ethanol

to provide clean and rough surface for CS process.

Table 3.1: Content of powders mixtures.

Number of Feedstock

Compositon of Feedstock (Wt. %)

1

92 wt.% Ti—5 wt.% Cu — 3wt.% Fe304

94 wt.% Ti—3 wt.% Cu — 3wt.% Fe;04

95.5 wt.% Ti— 1.5 wt.% Cu — 3wt.% Fe304

87 wt.% Ti- 8 wt.% Al — 5 wt. % Zn

89 wt. %T1— 8 wt.%Al — 3 wt.% Fe304

2
3
4
5
6

84 wt. %T1— 8 wt.%Al — 3 wt.% Fe304- 5 wt.% Zn

Prepared feedstock were deposited on Co-Cr substrate by using RUSONIC Model K-

201 CS equipment (Figure 3.1). 6 bar (600 kPa) inlet pressure of air was used as a

process gas and traverse speed were fixed at 5 mm/s for all the cases. Stand—off

distance, beam distance and powder feeding rate were set as 10 mm, 2mm and 2

(equipment setting scale of 8), respectively.

Figure 3.1 : RUSONIC Model K-201 CS equipment
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In theory of cold gas dynamic spray coating technique, highly accelerated particles are
deposited to the substrate as a result of plastic deformation. In this study, pure titanium
and iron oxide powder mixture cannot be deposited on ASTM F-75 grade Co-Cr alloy
due to low plastic deformability of these materials and limitations of coating
equipment. In order to overcome this problem, aluminum or copper (also added for
antibicrobial property) having high plastic deformability materials were added to the

all powder mixtures with the diferent ratios.

Standard metallographic preparation procedure includes grinding with silicon carbide
abrasives up to 2500 grid and mirror polishing with 1-micron silica suspension on
Chem. Cloth applied in order to reduce thinkness (to avoid possible pull out during
thermal oxidation due to thermal expension differences between coating and susbtrate)
and obtain smooth surface before thermal oxidation. After metallographic
preparations, all the samples were cleaned with 100% ethanol and place in to
NABERTHERM electrically resistant furnace. 600 °C and 60 hour were chosen as an
optimum parameter for the thermal oxidation under the light of previous studies, which
has done by Cimenoglu et.al. [66]. CS Coated samples were heated up to 600 °C with
the 5 °C/min heating rate and cooled down to the room temperature after 60 hour with
1 °C/min cooling rate due to annihilate the thermal stress failure risk which occur as a
result of differences on thermal diffusivity of coating and substrate. Then the oxidized

samples were cleaned with 100% ethanol for characterizations.

3.2 Structural characterization

In this section, experimental method for structural survey including microstructural
characterization, x-ray diffaraction analysis and roughness measurements will be

explained.

3.2.1 Microstructural characterization of coatings

Firstly, microstructural characterization of coated samples with seven different
feedstock have performed from the cross-sections before and after thermal oxidation.
In that respect, samples were vertically molted, ground (from 320 to 2500 grid
abrasive) and polished (with colloidal silica). Samples, which are prepared with
standart metallographic procedures, were examined via Leica optical microscope and

Philips XL 30 SFEG scanning electron microscope (SEM). During microscopic
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examinations, interface between substrate and coating, morphological structure of
coating and oxide layer on the outermost surface were considered. Additionally, EDX
attachment was charged for line and spot-area x-ray surveys. Due to determination of
high discontinuity and porosities for the samples that coated less then 5 wt. % copper
containing feedstock, advance chracterizations and biological test were perfomed only

for selected feedstock compostions (Table 3.2).

Table 3.2: Selected feedstock compositions for advance characterization and
biological test

1 92 wt. %T1—5 wt.%Cu — 3 wt.% Fe304

87 wt.% Ti- 8 wt.% Al -5 wt. % Zn

89 wt. %T1— 8 wt.%Al — 3 wt.% Fe304

84 wt. %Ti— 8 wt.%Al — 3 wt.% Fe304- 5 wt.% Zn

E NI VS E I S}

3.2.2 X-ray diffraction (XRD) analysis

XRD analyses were executed with Cu Ka radiation between the angles of 10°-90° on
GBC MMA XRD equipment to identify the different phases in the coatings.

3.2.3 Surface roughness

In order to see effect of thermal oxidation on the surface properties, roughness of
coatings before and after thermal oxidation determined by using Veeco Dektak 6M

profilometer under 5 mg normal load and for 2000 pm scanning distance.

3.3 Chracterization of mechanical properties

In this section, experimental method for the characterization of mechanical properties
will be explained.
3.3.1 Hardness measurement

Overall hardness of the coatings (before and after thermal oxidation), from the
polished cross-sections, were determined by Wilson microhardness tester with a

Vickers indenter under a load of 25 g. Moreover, after thermal oxidation CSM depth
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sensing micro-nano hardness tester enrolled with the Vickers indenter and 100 mN

testing load for hardness measurements of oxide layer the surface from the surface.

3.3.2 Tribological test

Tribological performance of the coatings and substrate were specified in dry, serum
(0.9 wt.% NaCl solution) and simulated body fluid (SBF) -according to recipe of Tas
[70]- environment under testing load of 1 N for all cases by using of Tribotech™
reciprocating wear tester. For dry and serum environments, temperature fixed at room
temperature. In contrary, testing in SBF environment temperature fixed at 36.5 °C to
simulate human body conditions. During wear test, Al2O3 ball with a diameter of 6
mm was used as a counter body. Moreover, sliding velocity, sliding stroke and total
sliding length were fixed as 10mm/s, Smm and 25m, respectively. Coefficient of
friction was recorded by wear tester throughout the testing period. After the test, wear
scars of samples and worn surface of counterbody (Al>O3 ball) were investigated by
optical microscopy. Additionally, Dektak 6M 2-D profiolometer was enrolled to

evaluate worn area of the coating and substrate.

3.4 Biological Test

In this section, experimental procedure of biological test for copper and aluminium
containing coatings will be briefly explained.
3.4.1 In vitro bioactivity test

Schematic representation of in vitro bioactivity test of coating that, executed after

thermal oxidation in simulated body fluid can be seen in Figure 3.2.

b 1.5 X:SBF

Plastic Bottle s
.——' Sample

Figure 3.2: Schematic projection of it vitro bioactivity test
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Contents of prepared simulated body fluid according to Tas’ recipe [70] can be seen
in Table 3.3. Additionally, for this biological test 1.5X SBF was chosen due to simulate
test in higher speed. After in vitro bioactivity test the samples taken out from the SBF

and their surfaces were examined with SEM.

Table 3.3: Content of simulated body fluid

Buffering
ION | Na* | K | Mg?" | Ca?" | HPO4* | HCOs | CI' | SO4*

Agent
nM | 142 | 5 1.5 2.5 1 27 125 | 0.5 Iris

23







4. RESULT & DISCUSSION

4.1 Structural Characterization of Cu Containing Coatings

In section 4.1, results of the microscopic investigations, x-ray diffraction analysis and

roughness measurements for the copper containing will be clarified.

4.1.1 Microstructural characterization of coatings

As briefly explained above, copper powders with different ratios (5 wt. % Cu — 3 wt.
%Cu and 1.5 wt. %Cu) and iron oxide powder in magnetite form at fixed ratio of 3 wt.
% were mixed with titanium due to high plastic deformability and positive biological
effects such as antibacterial behaviour and increased bioactivity. In the scope of the
study, content of the copper in feedstock aimed to be decreased, due to concerns about
the well-known toxic effect of copper oxide compound without sacrificing continuity
on structure. For that reason, initially microstructure of copper containing coatings
were investigated and optical micrographs before and after thermal oxidation were
given in Figure 4.1. It is clearly seen that, titanium based coating with addition of 5
wt.% Cu and 3 wt.% Fe304 successfully formed and oxidized on the surface of Co-Cr
substrate without any discontinuity (such as, high porosity or gap on interface ). On
the other hand, decrement on the copper amount inside the powder mixture directly
affect the microstructures result in discontinuities arisen. In addition, efficiency of CS
process decreased respect to copper amount inside powder mixture and thickness of
coatings reduced to 250 um from 450 um. Therefore, 5 wt. % Cu-3 wt.% Fe304- 92
wt.% Ti feedstock composition was used for coating processes. Thus, from now, other
characterization and biological tests will be executed for coating which processed with

this composition.

Cross sectional SEM micrographs of Cu containing coatings after thermal oxidation
are given in Figure 4.2. It is clearly seen that, during thermal oxidation about 2-3 um
thick oxide layer successfully formed on the outermost surface and no discontinuity at
the coating/substrate interface was observed. Additionally, cracking of brittle phases

during metallographic sample preparations due to extreme mechanic effects can be the
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main reason of discontinuities and spallation on oxide layer. Moreover, existence of
dark gray solid solution phases around titanium particles on the interface of coating

and substrate may show diffusion of oxygen throughout the coating thickness.

Feedstock
Composition

Before Thermal Oxidation After Thermal Oxidation

92 wt. % Ti
5 wt.% Cu
3 wt.% Fe;04

oty : ‘ 200 pm

94 wt. %Ti
3 wt.% Cu
3 wt.% Fe304

200 pm ] 200 pm
=

95.5 wt. %Ti
1.5 wt.% Cu
3 wt.% Fe304

Figure 4.1: Optical micrographs of Cu containing coatings before and after thermal
oxidation
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Figure 4.2: SEM micrographs of coating deposited by 5 wt.% Cu containing
feedstock after thermal oxidation

Dark regions in Figure 4.2 arouse a thought of high porosity formation during thermal
oxidation. To be sure, if it is porosity or another phase, SEM was enrolled in both
backscatter (BSE) and secondary (SE) electron mode and micrographs of Cu
containing coating are depicted in Figure 4.3. SEM image taken in SE mode clearly
shows evidence of another phase in dark regions and low amount of porosity in

microstructure (Figure 4.3-b).

AceN SpotMagn-" Det, WD ————{ 20 um
250KV 60 1000x. SE 48 GTU,
a

(a) (b)

Figure 4.3: BSE (a) and SE (b) SEM micrographs of coating deposited by 5 wt.%
Cu containing feedstock after thermal oxidation

After thermal oxidation, EDX area analyses were carried out from five different
regions to evaluate compositional differences, which seem as different color in SEM
images. Then, atomic percentages are given in Figure 4.4 confirming the percentage
of existing component in the coating. When the atomic ratios of gray, dark gray and
light regions are evaluated; in gray regions (region 1) presence of titanium and oxygen,
in/or around light regions (region 2 and 3) presence of copper, in dark gray regions

presence of titanium and oxygen with higher amount of oxygen were detected. This
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determinations show during thermal oxidation oxygen atoms may diffuse in to the
titanium particle and this diffusion may lead the formation of solid solution regions in
dark gray color. In addition, brittle iron oxide particles settled to the titanium and
copper particle boundaries due to probable fragmentations of during cold spraying
process. This prediction may explain very low amount of iron presence in region 5

and 6 in Figure 4.4.

Element At % | 1 2 3 4 5
Titaninm 73.3 4.7 9.8 353 17.9
Copper 0.2 87.3 76.7 4.8 8.6
Iron 0.7 0.6 1.5 54 53
Oxygen 25.8 74 12 54.5 68.2

Figure 4.4: EDX carried out regions and atomic percentage results of the oxidized
coating deposited by 5 wt.% Cu containing feedstock after thermal oxidation

SEM EDX area analyses were performed from the cross-section of the oxide layer and
the results are given with analyzed regions and atomic proportions in Figure 4.5.
Atomic percentages shows that, titanium based oxide layer successfully formed. In
addition, copper and low amount of iron probably in magnetite form preserve the

existence like beneath the oxide layer.

SEM-EDX line scans of different regions were carried out from the polished cross-
section of coating and scan region is shown in Figure 4.6, revealing that, atomic
amount of titanium decrease and oxygen increase in dark gray region around copper
particle. In addition, inside the copper particle presence of any other element could not

detected.
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Figure 4.5: Carried out EDX area regions and atomic percentage results of the oxide
layer on coating deposited by 5 wt.% Cu containing feedstock

In titanium oxygen and copper ternary system, reaction between titanium and oxygen
may not lead the oxidation of copper. Therefore, dark gray solid solution phases forms
around copper particles in entire microstructure. This phenomenon, can be explain
with higher affinity of titanium to oxygen. Additionally, line scan analysis results

support the projected findings in EDX.

Figure 4.6: SEM-EDX line scans of the coating deposited by 5 wt.% Cu containing
feedstock after thermal oxidation

4.1.2 X-ray diffraction (XRD) analysis

XRD patterns of the coatings before and after thermal oxidation were given in Figure
4.7. Before thermal oxidation only a-titanium and copper peaks were detected while
no presence of iron oxide peaks due to deposited amount less than 3 wt.%. This result
directly match with contains of the feedstock and showed that, during cold spraying

process no chemical reaction took place between deposited materials. Otherwise, after
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thermal oxidation, only peaks of titanium and titanium dioxide in the form of rutile
was appeared in the XRD patterns. Additionally, titanium peaks preserved the
existence in the oxidised coatings due the penetration of X-rays beneath the oxide layer
during analyses. Moreover, shifting of a-titanium peaks to the left around 1° after
oxidation was detected and this condition showed that titanium phase beneath the

oxide layer is in the form of solid solution due to the oxygen penetration.
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Figure 4.7: XRD patterns of the coating deposited by 5 wt.% Cu containing
feedstock (a) before and (b) after thermal oxidation

4.1.3 Surface Roughness Measurement

Before and after thermal oxidation surface roughness of coating deposited by 5 wt. %
Cu containing feedstock measured. By the effect of thermal oxidation average surface
roughness (Ra) of the coating increased from 0.111 to 0.629 pm. It is known from the
literature this roughening is the characteristic result of thermal oxidation of titanium
[7]. Also it should be noted that, this result is favorable for the aim of study cause,
rough surfaces of metallic bio materials show better interaction with surrounding tissue

with more bioactive behavior.

4.2 Mechanical Properties of Cu Containing Coatings

In this section, mechanical properties including hardness measurements and tribology

tests of the copper containing will be explained.
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4.2.1 Hardness measurement

Hardness of the coating was determined before and after thermal oxidation from the
crossection and listed in Table 4.1. This dramatic increment from 68+4 to 533.5+69
HVo.025 in while increasing of porosity can be mainly related with the diffusion of the
oxygen into the titanium and formed the solute solution in the coating according to
phase diagram of titanium-oxygen [59]. Moreover, surface hardness was measured as

879,5 £ 167.9 HV via micro-nano hardness tester.

Table 4.1 : Crossectional and surface hardness of oxidized coating deposited 5 wt. %
Cu containing feedstock

Before Thermal Oxidation After Thermal Oxidation
Crossectional Crossectional Surface
68.7 £4.33 HVy.025 533.5+ 69.6 HVq.025 879,5+ 1679 HV

4.2.2 Tribological test

Tribological performance of Co-Cr susbtrate and the oxidized coating deposited by 5
wt. % Cu containing feedstock determined in dry, serum and SBF environment. For
all the cases, friction coefficient increases up to the specific level and become stable
running in period. For that reason steady state friction coefficient values obtained from
friction coefficient curves in Figure A.l and results are given in Table 4.2.
Furthermore, while Co-Cr substrate shows the similar chracteristics in any
environment, friction coefficient of coating in dry testing condition is lower than that
of Co-Cr substrate in contrast to the serum and SBF conditions. This result could be
explained with the OM images of worn surfaces. Whereas none effect of wear could
be detected from the worn surface of coating, clear wear scar obtained from the surface
of the Co-Cr alloy in contrary (Figure 4.8). In our best knowledge, during dry sliding
wear testing of coating, between the counter body material (Al>O3 ball) and the oxide
layer on the outermost surface lubricant effect could be observed because of ceramic-

ceramic interaction.

Otherwise, tribological performance of oxidized coating was concern in serum and
SBF environment relatively higher friction coefficient and more apparent impressions

on worn surface were spotted in Table 4.2 and Figure 4.8 respectively.
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Table 4.2: Steady state friction coefficients of substrate and coating deposited by 5
wt. % Cu containing feedstock

Steady State Friction | Steady State Friction
Testing Environment Coefficients of Coefficients of
Substrate Coating
Dry 0.29 0.18
Serum 0.26 0.51
SBF 0.26 0.37

Serum and SBF are corrosive isotonic salt solutions because of the corrosive ions eg.
Cl" and HoPO4™ etc and easly react with titanium oxide. Moreover, the wear testing
load of 1IN creates 840 MPa Hertzian contact pressure on the contact surface of the

coating. Combinations of these two situation induce an increment on the friction

coefficients.[71, 72].

Substrate

Coating

Figure 4.8: Worn surface of substrate, coating deposited by 5 wt. % Cu containing
feedstock and alumina balls respect to testing environment

Wear scar appearances on the surface of alumina balls for Co-Cr substrate and coating

are showing parallelism with OM images of wear tracks; for the balls, which used for
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during testing of substrate have more significant wear scars on the surface compare to

the balls used for coatings’ wear tests in any environment.

4.3 Biological Test of Cu Containing Coatings

In this section, result of the biological test for copper containing coatings will be

explained briefly.

4.3.1 In vitro bioactivity test

After in vitro bioactivity test, the surface of copper containing coating, showed the
formation of a new structure in the same morphology with Hydroxyapatite [8]. The
uniform and gathered sphere like particles has covered the entire specimen surface
after immersion in SBF for 1 week (Figure 4.9). Moreover, when the immersion time
increased to 4 weeks, the acceleration in the growth of spherical particles on the oxide

surface can be seen clearly.

x2.5k  30um X258k 30um

Figure 4.9: SEM micrographs of the Cu containing coatings after 1 and 4 weeks in
vitro bioactivity test

4.4 Structural Characterization of Al Containing Coatings

In section 4.4, results of the microscopic investigations, x-ray diffraction analysis and
roughness measurements for the aluminum containing will be clarified.
4.4.1 Cross-sectional microstructure characterization of coatings

In the second part of the study, aluminium and titanium powders were mixed at
constant percentage of aluminum (8 wt.% Al) to improve efficiency of cold spraying

process. Moreover, 5 wt. % zinc, and/or 3 wt. % iron oxide powders were added to
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feedstock to improve biological properties of coating (list of aluminium contaning
feedstock which are deposited to the Co-Cr substrate can be found in Table 3.2).
While, zinc was chosen for potential antibacterial property, iron oxide was chosen for
bioactive effect as discussed in section 1. OM images of these coatings before and after

thermal oxidation are presented in Figure 4.10.

Feedstock
Composition

Before Thermal Oxidation After Thermal Oxidation

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

200 um : : 200

89 wt. %Ti
8 wt.%Al
3 wt.% Fe;04

200 pm : e Sl 200um

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
3 wt.% Fe304

Figure 4.10: Optical micrographs of Al containing coatings before and after thermal
oxidation

In all cases, feedstock were deposited with high efficiency and around 450-500 um
thick coating formed on the surface of F75 grade Co-Cr alloy. Moreover, it is not

possible to talk about the effect of other additives in to titanium-aluminum powders
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mixture to the efficiency of cold spray process. Images taken before the thermal
oxidation refer functional coating thickness without any dead zone on the outermost
section. Moreover, the samples, which would expose the thermal oxidation, thickness
of coatings, were reduced with abrasive papers in metallographic stages to avoid

possible thermal expansion fails.

Feedstock

Crossestional SEM micrograph

Composition

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

89 wt. %Ti
8 wt.%Al
3 wt.% Fes;0q4

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
3 wt.% Fe304

Figure 4.11: Crossestional SEM micrographs of Al containing coatings after thermal
oxidation
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Cross sectional SEM micrographs of Al containing coating after thermal oxidation are
given in Figure 4.11. For all the compositions, while no discontinuity on the interface
of coating and the substrate surface could be pointed out, the thickness of oxide layer

(2-3 um) on the outermost surface remained same.

Nevertheless, high mechanical effect during metallographic stages can cause crack
formation on oxide layers. Like as copper containing coating, high penetration and
diffusion of oxygen in to the deep of the coating may be the reason of dark gray regions

on interface and around the titanium particles.

High magnification SEM images of Al containing coatings were taken in BSE and SE
mode and illustrated in Figure 4.12. Four different phase stood out from the
examinations of BSE images of micro structures; dark, dark gray, gray in all coatings
and light in Zn containing coatings. These differences in color contrast directly related
with the density of different phases, for instance oxide phases seem darker due to lower
density. In other respect, SE SEM images reveal another phase in dark regions and

very low amount of porosity even after thermal oxidation.

Elemental distributions in different regions determined by EDX area analysis from the
polished cross-section of Al containing coating. Selected regions and elemental atomic
percentages are given in Figure 4.12 for each composition. The first appearance from
the EDX analyses is the high amount of zinc inside and/or around the titanium particles
(Figure 4.13-regions 6, 7,15,16,18 and 19). This demonstrate of zinc diffusion in to
titanium particles during thermal oxidation. Under the light of this observation, when
the zinc-titanium binary phase diagram is studied, there is no solubility of zinc inside
the titanium. Therefore, these whitish regions may refer the TiZn> intermetallic

compound.
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Feedstock

Composition

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

89 wt. %Ti
8 wt.%Al
3 wt.% Fe;0q4

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
3 wt.% Fes304

X
- %
AccM SpotMagn Det WD ——— 10um ‘ }

2000x W SEN61 GTU -
" 2w
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gn - Det WD |———2={" 20 um
< “SE

Figure 4.12: Detailed BSE a) and SE b) mode SEM micrographs of Al containing
coatings after thermal oxidation

Moreover, oxygen penetration and diffusion around the titanium particles and formed

the titanium oxygen solid solution region in dark gray color (Figure 4.13 region 5, 12

and 14). Additionally, different phases were appeared on interface of aluminum

titanium particles due to diffusion of aluminum inside the titanium (the regions 1, 2,

8, 9 and 10). In that respect, these regions may refer titanium-aluminum intermetallic

compounds such as Ti3Al, TiAl, TiAlz according to titanium aluminum phase diagram.

Furthermore, similar results were caught for iron oxide, again due to probable

fragmentations of brittle iron oxide particle during cold spraying process cause

settlement of these particles in to the interface of titanium and other particles such as

regions 17 and 22.
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Feedstock

Selected Regions and Atomic Percentages

Composition
87 wt. %Ti
8 Wt% Al 20 um
5 wt.% Zn
Element At. % 1 2 3 4 5 6 7
Titanium 63.7 247 78 79.4 38.7 62.5 62.1
Aluminum 16.7 70.5 0.29 0.16 0.02 5.6 23
Zinc 0.56 0.01 0.26 D.28 0.04 24.8 27.5
Oxygen 18.9 48 214 19.8 61.2 7.4 7.9
89 wt. %Ti
8 wt.%Al

3 wt.% Fes0q4

Element At. % 13 14
Titanium 245 |23.6 67.6 714 322 453 334
Aluminum 731 |69.4 194 02 5 09 0.2
Iron Q 01 05 01 2.5 11 03
Oxygen 2.3 6.9 125 28.3 60.3 52.7 66.1

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
ElementAt.% | 15 16 17 18 19 20 2 2

3 wt.% Fe;0q4

Titanium 611 |57.2 6.8 85 59.7 75.3 60.7 14.8
Aluminum |21 45 0.8 51 0.5 0.4 03 8.7
Zinc 31 255 36 388 331 0.4 05 95
Iron 01 0.2 20 0 01 0.7 02 18.1
Oxygen 5.3 125 68.2 476 6.6 5.2 383 29

Figure 4.13: Cross-sectional EDX analyses of Al containing coatings after thermal
oxidation

38




Feedstock

Selected Regions and Atomic Percentages

Composition
87 wt. %Ti
Field of View
8 wt.% Al
5 wt.% Zn
89 wt. %Ti
0
8 wt.%Al ElementAt.% |3 4
3 wt.% Fe30q4
Titanium 323 33.2
Aluminum 0.4 0.3
Iran 08 0.6
Oxygen 66.7 65.9

84 wt. %Ti

8 wt.% Al

5 wt.% Zn Element At. % 5 6

3 wt.% Fes;0q4 Titanium 30.5 34.2

Aluminum 0.3 0.3
Zinc 0.5 0.3
Iron 11 0.5
Oxygen 67.6 64.7

Figure 4.14: Carried out EDX area regions and atomic percentage results of the
oxide layer on Al containing coatings
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Feedstock

Selected Line

Composition

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

89 wt. %Ti
8 wt.%Al
3 wt.%
Fe;04

84 wt. %Ti
8 wt.%Al
5 wt. % Zn
3 wt.%
Fe;04

Figure 4.15: EDX line scans of Al containing coatings after thermal oxidation
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In order to evaluate elemental content of oxide layers, EDX analyses also performed
from the polished cross-section of oxides on Al containing coatings and result are
presented in Figure 4.14 with selected regions and atomic ratios. For all the selected
regions in coatings, around )% atomic ratio of titanium to oxygen were determined and
this result may thought formation of TiO2 compound on the outermost surface of
coating. Additionally, zinc and iron oxide additives are continuing to existence in
oxide layer as well.

EDX line scan analyses performed on different region of polished cross-section of
coatings and plots of the relative elemental concentration for each element are
presented in Figure 4.15. The plots verify the estimations that are done respect to the
result in EDX area analysis and clarify zinc diffusion in to titanium particle.
Additionally, around the titanium particles dark gray regions refer possible solid
solution phases like depicted in EDX area analysis. Moreover, plot of the coating
deposited by feedstock 89 wt. %Ti — 8 wt. %Al — 3 wt.%Fe304 proves the estimation
about settlement place of iron oxides and diffusion of aluminum in to the titanium

particle.

4.4.2 X-ray diffraction (XRD) analysis

XRD patterns of the aluminium containing coatings before and after thermal oxidation
process are given in Figure 4.16. For all the coating, before thermal oxidation only the
peaks of feedstock content were detected on the XRD pattern (except iron oxide).
Otherwise, after 60 hour at a temperature of 600 °C thermal oxidation, peaks of
aluminium oxide and a-titanium beside the titanium di-oxide in the form of rutile were
appeared in the XRD patterns. No peaks of iron oxide for all the coatings before and
after thermal oxidation may be related with presence of this additive inside the coating
composition less than detachable amount of 3 wt. %. It can be concluded from the
XRD analyses, during the thermal oxidation process oxide layer consist of titanium di-
oxide and aluminium oxide formed as the results of reaction between titanium and
aluminium with oxygen individually. Furthermore, presence of the a-titanium in the
XRD patterns after oxidation is related to the penetration of X-rays beneath the oxide

layer during analyses.
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4.4.3 Surface Roughness Measurement

Surface roughness of the Al containing coating was examined before and after thermal
oxidation. The results in Table 4.3 showed that the roughness increase by a factor of 6
as natural outcome of the thermal oxidation [7]. This increment in roughness provide
the bio-activity of the coating via increasing the interaction of the surface and the

surrounding tissues.

Table 4.3: Surface roughness values of Al containing coatings

Before Thermal After Thermal
Oxidation Oxidation
Feedstock Composition (Wt. %) Ra Rz Ra Rz
0.107 + 0.687+ 3811+
8%Al+ 5% Zn + 87% Ti 0.01 0.07 0.631+0.01 0.04
0.119+ 0.607+ 0.542+ 2.521+
8% Al + 3% Fe3;04 + 89% Ti 0.02 0.06 0.015 0.08
0.121+ 0.557+ 3.205+
8%Al + 5% Zn + 3% Fe;04 + 84% Ti 0.01 0.07 0.62 Ligg? 0.05
Feedstock
o XRD Pattern
Composition
L ] A\uminmn
.
* Zinc
4 Aluminum Oxide
87 wt. %Ti
8 wt.% Al
5 wt.% Zn
A J.\ > M&L

20 30 40 50 60 70 80

Figure 4.16: XRD patterns of Al containing coatings a) before and b) after thermal
oxidation according to feedstock compostion

42



89 wt. %Ti
8 wt.%Al
3 wt.% Fe;04

84 wt. %Ti

8 wt.%Al

5 wt. % Zn
3 wt.% Fe304
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Figure 4. 16 (Cont.): XRD patterns of Al containing coatings a) before and b) after
thermal oxidation according to feedstock compostion

4.5 Mechanical Properties of Al Containing Coatings

In this section, mechanical properties including hardness measurements and tribology

tests of the copper containing will be explained.

4.5.1 Hardness measurement

Cross-sectional hardness of the coating was measured before and after thermal

oxidation with Vickers indenter and values are given in Table 4.4.
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Table 4.4: Crossectional and surface hardness of Al containing coatings.

Befor§ Thprmal After Thermal Oxidation
Oxidation
.. . Crosssectional | Surface
0,
Feedstock Composition (Wt. %) Crosssectional HV 025 HVo.005 oV
943.6 +
8%Al + 5% Zn + 87% Ti 79.5+23.1 4494+3541 | Tyses
857.7+
. + +

8% Al + 3% Fes04 + 89% Ti 674 5.1 Aldd=6L1 ) g g
. 1112135 473425209 | L1

8%Al + 5% Zn + 3% Fe;04 + 84% Ti ) ’ ’ ’ 196.6

Around five times increment in hardness was observed for all composition due to
penetration of oxygen in to the coatings and solid solutions and/or intermetallic
compound formed as an expected because of chemical reactions during thermal
oxidation. Moreover, hardness of the oxide layers measured around 900 HV for all the
coatings. It can be concluded as, it is not possible to mention from the effect of

different additives on cross-sectional and surface hardness.

4.5.2 Tribological test

Tribological performance of Al containing coating determined in dry, serum and SBF
environment. For all the cases, friction coefficient increases up to the specific level
and become stable running in period. Hence, steady state friction coefficients were
obtained from friction coefficient curves in Figure A.1 and results are listed in Table

4.5.

Table 4.5 Steady state friction coefficients of Al containing coatings

Testing Environment
Feedstock Composition (Wt. %) Dry Serum SBF
8%Al + 5% Zn + 87% Ti 0.08 0.38 0.26
8% Al + 3% Fe304 + 89% Ti 0.23 0.36 0.28
8%Al + 5% Zn + 3% Fe304 + 84% Ti 0.09 0.4 0.27

When the dry sliding conditions are concern, Zn containing coatings exhibit lower
friction coefficients. Lubricant effect of metallic zinc or/and zinc-titanium
intermetallic compound in the oxide surface may cause this low friction coefficient
behavior in dry sliding conditions. Additionally, all the coatings revealed similar
friction coefficient characteristic with Cu containing coating due to explained behavior
of titanium oxide in serum and SBF testing environment. Moreover, it is not possible
to mention the effect of aluminum, iron oxide and zinc additives on tribology

performance in serum and SBF media.
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Optical microscopy images of worn surface of Al containing coatings in different

testing environment are given in Figure 4.17.

Feedstock D
Composition - ry

Serum SBF

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

89 wt. %Ti
8 wt.%Al
3 wt.%
Fe3O4

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
3 wt.%
Fes0q4

Figure 4.17: OM images of worn surfaces of Al containing coatings after thermal
oxidation

Only around 100 um width wear track observed on the worn surface of Al containing
coating in serum and SBF environment. In contrary to Co-Cr substrate, in dry sliding
conditions, it is difficult to observe wear track due to lubricant effect of ceramic-
ceramic interaction during wear test. Worn surfaces of Al containing coatings were
scanned with profilometer but unfortunately, no rational result could be determined.

Moreover, in dry sliding conditions for surface of counter bodies are clean and just the
wear scratches can be seen. These observations may thought the abrasive wear
mechanism is dominant during dry sliding condition (Figure 4.18). Additionally for
Zn containing coatings, smaller deformation marks were detected from the surface of
alumina ball, which is parallel with the comments of previous results (friction

coefficients.

It was understood from these observations, even under extreme contact pressure
(around 840 MPa) during wear test in any environment only trimming of rough
surfaces is possible for oxidized coating which is favorable indeed for biomedical

implants working under high wear conditions especially for hip or knee joint implants.
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Feedstock
Composition

87 wt. %Ti
8 wt.% Al
5 wt.% Zn

89 wt. %Ti
8 wt.%Al
3 wt.%
Fes;04

84 wt. %Ti

8 wt.% Al

5 wt.% Zn
3 wt.%
Fe3O4

Figure 4.18: Wear scar appereance of alumina ball for the Al containing coatings
after thermal oxidation

4.6 Biological Test of Al Containing Coatings

In this section, result of the biological test for aluminum containing coatings will be

explained briefly.

4.6.1 In vitro bioactivity test

SEM images of the surfaces after immersion in SBF for 1 week and 4 weeks at 36.5
°C are given in Figure 4.19. Like as copper containing coatings, the surface of
aluminum containing coating, showed the formation of a new structure in the same
morphology with Hydroxyapatite after 4 weeks [8]. However, after 1 week of
immersion it is not possible to mention about any appearances on the surfaces. This
result may be explain with differences in electro negativity of copper, titanium,
aluminum and zinc. It is weel known from the literature that, Hydroxyapatite like
structures formed as a result of electron change between media and the surfaces.

Therefore, electoronegativity of copper may lead early formations than others.
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87 wt. %Ti 8 wt.% Al 89 wt. %Ti 84 wt. %Ti 8 wt.% Al
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Figure 4.19: SEM micrographs of the Al containing coatings after 1 and 4 weeks in
vitro bioactivity test
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5. CONCLUSION

In recent master thesis study as part of research project supported by TUBITAK
(Project No: 214M246), surface of ASTM F75 grade cobalt-chromium alloy was
modified by the sequential application of cold gas dynamic spray and thermal
oxidation processes (for 60 hour at 600 °C). Based on experimental studies including
structural characterization, mechanical properties and biological tests results obtained

from this study can be summarized as;

e Copper and aluminum additives increase the efficiency of cold gas dynamic spray
process and around 450 pm thick coatings were produced without any discontinuity
on interface between substrate and coating, any unfavorable defect, with well
distribution of additives. Moreover, zinc and iron oxide additives did not affect the
efficiency of coating process.

e After thermal oxidation around 2-3 pm thick stable oxide layer formed on the
outermost surface. But unfortunately, because of high mechanical effect during
metallographic processes discontinuities and cracks were observed in OM and SEM
observations.

e When the copper content decrease in the feedstock, coatings started to exhibit
discontinuities and high porosities. In that respect further characterizations were
performed just for coating deposited by feedstock 5 wt. % Cu-3 wt.% FezO04- 92 wt.%
Ti.

e During thermal oxidation high diffusion of oxygen throughout the cross-section of
coating was observed in EDX area and line scan analyses for all compositions.

e EDX area and line scan analyses of copper containing coating showed that, during
thermal oxidation, copper preserve the metallic form or in the other word titanium
particles did not let the oxidation of copper particles because of having higher affinity
to oxygen and in microstructural examinations titanium-oxygen solid solution regions
were detected around all copper particles.

e From the SEM examinations, for Zn containing coatings, zinc-titanium
intermetallic compounds, for Al containing coatings aluminum-titanium intermetallic

compounds were detected beside titanium solid solution phases.
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e For all the coatings which contain iron oxide, particle boundaries were established
as settlement places for iron oxide particles due to possible fragmentations during
deposition of feedstock.

e XRD analyses before thermal oxidation showed that no chemical reaction took
place during cold spray process and only peaks of feedstock composition were
determined. In the other respect, after thermal oxidation oxide layer on the outermost
surface consist of mainly titanium oxide in the form of rutile and small amount of other
additives.

e For all the cases surface roughness was increased around 5-6 times due to natural
outcome of oxidation of titanium. This result provide high bioactivity to the coatings.
e Cross-sectional and surface hardness measurements showed that, after thermal
oxidation coatings reach around 450 HVy.025 and 900 HV respectively.

e Tribological test results revealed that, all the coatings showed higher wear
resistance than cobalt-chromium substrate in dry, serum and SBF media. Even in the
serum and SBF environment high friction coefficients were observed for the coatings
due to chemical reaction on the surface and extreme contact pressures, no rational
result could obtain from 2D profiles of worn surfaces. Additionally, zinc containing
coatings exhibit super low friction coefficient in dry media due to possible lubricant
effect of metallic zinc and/or zinc-titanium intermetallic compound.

e Lastly, according to in vitro bioactivity tests titanium based multilayer coatings

show promising results for further biomedical applications.

Briefly stated, titanium based coatings can be produced on the surface of ASTM F75
grade cobalt-chromium alloy by the sequential application of cold gas dynamic spray
and thermal oxidation processes with higher hardness and wear resistance and possible
higher bioactivity. Additionally, copper or zinc additions in to titanium may bring
antibacterial behavior. Moreover, iron oxide particles in magnetite form may enlarge

the application area of coatings.
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