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Abstract

Over the last decades, biomedical research hasradqugrowing importance. Moreover, the
progressive population ageing, with related muskétetal disorders, is driving the
development of innovative materials for bone imgdaihough the production of prosthetic
implants is nowadays a mature and well-establispeattice, the scientific research is
constantly evolving with the aim of improving theliability and effectiveness of the
available prostheses, thus increasing their lifgeetancy.

The purpose of the present study is the producifamew-generation coatings to support the
adhesion between prosthetic implants and boneessdioactive materials, which are ones
that elicit a specific biological response at theierface, were selected as coating materials.
The new coatings were produced with hydroxyapaitd/or bioactive glass, two bioactive
materials which are able to bond to bone. In paldic hydroxyapatite is a ceramic material
whose composition and structure are very similahtse of the mineral component of bones.
Moreover hydroxyapatite is highly stable in biologfi environment. For these reasons, this
ceramic is currently the most widely used bioactivaterial to produce coatings for
orthopaedic implants. Bioactive glasses, instead, special glasses which exhibit a great
bioactivity.

Unfortunately, the use of hydroxyapatite and bima&cglasses in structural applications is
limited by their mechanical properties, in partarutheir brittleness. To solve this problem,
hydroxyapatite and bioactive glasses can be suotgssised as coatings on metal
prostheses. In this way the bone-bonding abilitypiofictive materials is combined with the
high mechanical properties of metals.

Plasma spray is an established technique to prduioeetive coatings. In this study, a recent
evolution of this process has been used i.e. theessgson plasma spray. The main difference
between the new technique and the conventionalresides in the feedstock materials. In
fact, the new process uses suspensions insteady gdodvders which makes it possible to
process sub-micrometric or nanometric particles tnailefore to obtain coatings with an
extremely fine and controlled microstructure.

In the first part of this work, bulk bioactive gtes with different compositions were studied
in order to select the most promising one for thatings production. Specifically, a study to
compare theitin vitro bioactivity was carried out. Following, the degmsi parameters to
produce bioactive glass coatings were optimized. ddetings were characterized from a



microstructural and mechanical point of view; gigeliminaryin vitro tests were carried out
to assess the reactivity in physiological media.

Then, a bioactive glass topcoat was applied ontitvadl hydroxyapatite coatings to increase
their bioactivity. Since the topcoat showed thdighio promote coatings vitro reactivity,
the study progressed with the realization of dmectomposite systems using the
hydroxyapatite and bioactive glasses.

Accordingly, composite bioactive glass/hydroxyajgatioatings were produced and analysed.
Three different microstructures were produced: eotional composite coatings (the
constituent phases were evenly and randomly diged); bi-layer coatings (the coatings
included a hydroxyapatite bond coat and a bioactjlass topcoat); functionally graded
coatings (the composition gradually changed frome guydroxyapatite, in contact with the
metal substrate, to pure bioactive glass, on th&iwg surface). The basic goal was to merge
the high bioactivity of bioactive glasses with 8iability of hydroxyapatite.

On account of the results of an introductory chimaxation, the graded structure was
selected for further optimizations. New graded icgmt were produced and analysed; in
particular, their microstructure and mechanicalperties were investigated before and after
in vitro tests. In this way, both the bioactivity and thabgity of the coatings could be
estimated.

Xi



Résumeé

Dans les dernieres décennies, la recherche bioaiédist devenue de plus en plus important.
En outre, le vieillissement progressif de la popafg avec leurs troubles musculo-
squelettiques, est le moteur du développement dérimax innovants pour les implants
osseux. Bien que la production d'implants prothetsgest aujourd’hui une pratique éprouvée
et bien établie, la recherche scientifigue est@rstante évolution dans le but d'améliorer la
fiabilité et I'efficacité des prothéses disponibksgmentant ainsi leur espérance de vie.

Le but de ce travail est la production de revétdmda nouvelle génération pour les prothéses
dont l'objectif est 'augmentation de l'adhérenceeles implants prothétiques et les tissus
osseux. Pour la reéalisation des revétements degrimat bioactifs ont été pris en
considération, nommément matériel spéciaux qui gmoent une réponse biologique
spécifique a leur interface.

Les nouveaux revétements ont été produits avedrbiyapatite et/ou du bioverre, deux
matériaux bioactifs qui sont capables de se liezcales tissus osseux. En particulier,
I'nydroxyapatite est un matériau céramique dontdenposition et la structure sont trés
semblables a ceux de la fraction minérale des os.

Les bioverre sont des verres spéciaux qui sontarses par une bioactivité tres élevée.
Malheureusement, I'utilisation d’hydroxyapatitéigiverre dans des applications structurelles
est limitée par leurs propriétés mécaniques, notamrde leur fragilité. Pour résoudre ce
probleme, bioverres et hydroxyapatite peuvent &pgligués comme revétements sur des
prothéses métalliques; ainsi la capacité de salies tissus osseux des matériaux bioactifs
est combinée a les élevées propriétés mécanigpigsieés des métaux.

Le procédé de production actuellement le plussétilpour le revétements bioactifs est la
projection au plasma. Dans cette étude une réésatation de cette technique a été utilisée:
projection au plasma de suspension. La différentee ecette nouvelle technique et la
projection au plasma classique réside dans leereatpremiéres utilisées. En fait, le nouveau
procédé utilise des suspensions au lieu de poseéases qui permet de traiter les particules
sub-micrométriques ou nanométriqgues et donc d'abteleis revétements avec une
microstructure trés fine et controlée.

Dans la premiére partie de ce travail des biovaayest des compositions différentes ont été
étudiés afin de choisir le plus prometteur pour pleoduction de revétements. Plus

précisément, une étude visant a comparer leur tiit@dn vitro en a été réalisée.
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Apres, les paramétres de dépot pour produire déterments de bioverre ont été optimisés.
Les revétements ont été caractérisées d'un pointudemicrostructurale et mécanique;
également, des tests préliminairevitro ont été réalisées afin d'évaluer la réactivité des
revétements dans les liquide physiologiques.

Ensuite, une couche superficiel en bioverre a ppiqué sur des revétements traditionnels
d'hydroxyapatite pour augmenter leur bioactivitépDis cette couche a montré la capacité de
promouvoir la réactivité in vitro des revétements, I'étude a évolué avec la réalsde
systemes composites qui ont été produits avec bies/et hydroxyapatite.

Par conséquent, des revétements composites bithugitexyapatite ont été produites et
analysées. Trois différentes microstructures ormd ptoduits: revétements composites
conventionnels (les phases constitutives sont tiégade facon aléatoire d'une maniéere
uniforme); revétements bicouches (composée d'uneheod’hydroxyapatite et d'une couche
de surface en bioverre); revétements avec un gradie composition (dans laquelle la
composition varie graduellement a partir de I'hygeapatite pure, en contact avec le substrat
métallique, jusqu'a bioverre pur, sur la surfacemaure). L'objectif de ces systemes est de
joindre I' élevé bioactivité du bioverre avec lalslkité de I'nydroxyapatite.

Les échantillons ainsi obtenus ont été caractérestéke revétement a gradient a été choisi
pour une optimisation ultérieure. Des nouveauxteswénts a gradient ont été produites et
analysées et, en patrticulier, la leur microstriectet les leur propriétés mécaniques ont été
analysés avant et apres les t@stgitro. De cette facon, la bioactivité et aussi la si#bdes

échantillons ont été évalués.
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Riassunto

Negli ultimi decenni la ricerca in campo biomedibha acquisito un’importanza sempre
maggiore. Inoltre, il progressivo invecchiamentlal popolazione, con i relativi disturbi
muscolo-scheletrici, sta guidando lo sviluppo ditenali innovativi per impianti ossei.
Nonostante la realizzazione di impianti protesiai sna pratica gia matura e consolidata, la
ricerca e in continua evoluzione con lo scopo di entare sia la compatibilita delle protesi
con i tessuti ospiti che l'aspettativa di vita eglfotesi stesse.

Scopo di questo lavoro di tesi € la produzionewdistimenti per protesi di nuova generazione
che siano in grado di aumentare l'adesione traantpprotesici ed i tessuti ossei. Per la
realizzazione dei rivestimenti sono stati prescamsiderazione dei materiali bioattivi, ossia
speciali materiali in grado sia di favorire la famone di nuovi tessuti ossei sia di legarsi con
essi. In particolare, questo studio si € occupataud tipologie di materiali bioattivi:
I'idrossiapatite ed i biovetri. L'idrossiapatitél énateriale ceramico bioattivo attualmente piu
utilizzato in campo biomedico, sia per la sua cosippone molto simile a quella della
componente minerale delle ossa, sia per la suataletabilita in ambiente biologico. |
biovetri sono invece vetri speciali caratterizzigtiuna elevatissima bioattivita.

Purtroppo l'utilizzo di l'idrossiapatite e bioveitn impieghi strutturali € precluso dalle loro
proprieta meccaniche, in particolare dalla lorgyilith. Una soluzione a questo problema e
l'utilizzo dei materiali bioattivi per la realizzane di rivestimenti su protesi metalliche; in tal
modo la peculiare capacita di legarsi ai tessigeiodei materiali bioattivi viene abbinata alle
elevate proprieta meccaniche tipiche dei metdllimétodo di produzione di rivestimenti
bioattivi attualmente piu utilizzato e il plasmarap in particolare in questo studio si e
utilizzato una recente evoluzione di questa tecnicgplasma spray da sospensione. La
differenza tra questa tecnica ed il tradizionalaspla spray risiede nell'utilizzo di materie
prime in forma di sospensione invece che di pohsetche; cido consente di processare
particelle sub-micrometriche o nanometriche e quinldi ottenere rivestimenti dalla
microstruttura piu fine.

Nella prima parte di questo lavoro si sono studid@i biovetri massivi di diversa
composizione, al fine di selezionare le composizigno promettenti per la produzione di
rivestimenti. Nello specifico si e effettuato untadio in vitro per comparare la bioattivita dei

diversi biovetri. In seguito sono stati studiatparametri di deposizione ottimali per la
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produzione di rivestimenti in biovetro. | rivestintesono poi stati caratterizzati da un punto
di vista microstrutturale, meccanico e ne e sttata la bioattivita.

In sequito, il vetro bioattivo €& stata utilizzat@rpprodurre untopcoat su tradizionali
rivestimenti di idrossiapatite allo scopo di aunaené la bioattivita. Poiché topcoat ha
mostrato la capacita di promuovere la reattivitvitro dei rivestimenti, si & poi proceduto
producendo dei rivestimenti con strutture compdsitgiovetro e idrossiapatite.

Pertanto, compositi bioattivi vetro / idrossiapatitvestimenti sono stati prodotti e analizzati.
Nella fattispecie si sono realizzati dei rivestitienon tre microstrutture composite:
rivestimenti compositi convenzionali (le fasi cas#inti sono distribuite casualmente in modo
uniforme), rivestimenti a doppio strato (compostiuho strato di idrossiapatite a contatto con
il substrato ed uno strato superficiale di biovgtmavestimenti a gradiente (nei quali la
composizione varia gradualmente passando da idpesie pura, a contatto con il substrato
metallico, a puro biovetro, sulla superficie esté@ri'obbiettivo di questi sistemi & quello di
fondere l'elevata bioattivita dei biovetri con lalslita dell'idrossiapatite. | campioni cosi
ottenuti sono stati caratterizzati, e il compositgradiente di composizione € stato selezionato
per un'ulteriore ottimizzazione dei i parametri mhocesso. E' stato quindi prodotto un
rivestimento con gradiente di composizione il qualetato analizzato dal punto di vista
microstrutturale e meccanico sia prima che podt itewitro. In tal modo ne sono state

valutate sia la bioattivita che la stabilita.
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Introduction

Hydroxyapatite, (HA), is a calcium phosphate ceramwhich has a composition and a
structure very similar to those of the mineral comgrtt of bones. It is osteoconductive, and it
has an excellent bioactivity which allows bone £#ti grow on its surface. For this reason
HA has been successfully used in orthopaedics amdistiry for many years. Since HA is
brittle, its use in structural applications is lied. A way to overcome this problem is the
application of HA as a coating on metal implaniscs this ceramic enhances the fixation of
the prosthesis to human bone.

The plasma spray technique is currently the stahdeathod to produce HA coatings. This
technology makes it possible to achieve a high depogate, which results in fast coating
production; moreover plasma sprayed HA coatingsegdly have a good adhesion to the
substrate. Although this production process has liberoughly studied and optimized in
recent years, isolated cases of implant failure stite reported and revision surgeries are
sometimes necessary. Moreover the bone-bondingtefféHA takes place after several hours
and therefore HA coatings are not the optimal smuin those applications which require a
fast fixation.

Accordingly, numerous studies are addressed tolaleveew bioactive coatings. The research
is focused on both innovative deposition technicares alternative materials.

Bioactive glasses are an emerging family of biom&dmaterials. They are particularly
interesting, because they possess the highestedefreioactivity. Unfortunately Bioactive
glasses, like HA, are fragile and therefore they rast suitable for load-bearing applications.
As a consequence, they are mainly used in the ptiotuof bioactive coatings. Moreover,
bioactive glasses may be applied in composite mgsiticombined with HA in order to adjust
the reactivity in a physiological environment.

Nowadays plasma spraying is the most widely usedgss to deposit bioactive coatings, but
recently many innovations have been proposed, saghfor example, the so-called
Suspension Plasma Spray (SPS). In this procesguia Isuspension is used as feedstock
instead of a dry powder. This technique makes #sijide to work on sub-micrometric
powders which otherwise would have an inadequatology in dry form. The sub-
micrometric feedstock results in coatings havin@iner microstructure if compared with

conventional plasma sprayed ones.
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Objective of the Thesis

The primary intention of the present research ptagthe production of innovative coatings
for biomedical applications.
With this aim, bioactive glasses and HA were sel@cas coating materials, while the

innovative SPS process was employed as produaeimology.

Summary and general outline

Chapter 1: it consists in a review of the currgatesof the art and it is divided into three parts:
the first one examines the available thermal speafiniques, with a particular emphasis on
the SPS process and on the parameters that affeitiei second one proposes a general
discussion on materials for biomedical use, esfigdmoactive glasses and HA, the two

materials which are used in this study; the last paalyses in detail the coatings for

biomedical applications, and it investigates tlobiaracteristics and properties. Although this
study is mainly focused on bioactive glass coatihiys ones are widely discussed since they

are the current state of the art of bioactive cogsti

Chapter 2: it introduces the experimental actiafythe research. The study is divided into
various sections, each of which corresponds tosbeje of the procedure followed to obtain
the final bioactive coatings.

Section 2.1 consists of an in situ study of thetiedy of bulk bioactive glasses immersed in
a physiological medium. In this way, several bioacglasses of different composition were
compared in order to select a candidate for thérggsmdeposition.

Section 2.2 analyses the production of bioactiasglcoatings via SPS. In this section the
deposition parameters are carefully discussed.

Section 2.3 reports the production of a SPS bieactjlass topcoat on a traditional HA
coating. The previously analysed spray parameterggtimized to achieve a bioactive glass
layer having high bioactivity. The topcoat showsbw effective for increasing the vitro
bioactivity of the HA coating. Accordingly, to bettcombine the high bioactivity of bioactive
glasses with the stability of HA, specific compesbatings are produced via SPS.

Section 2.4 shows the production and characteoizatif the composite coatings. Three
different microstructures were produced and contgparenventional composite coatings (HA

and bioactive glass zones randomly distributed tinout the coating); bi-layer coatings (a
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bioactive glass topcoat and a HA bond coat); fumetily graded coatings (the composition
varies gradually from HA on the substrate to bin@cglass on the surface).

Since the functionally graded microstructure sedmsoptimal one, a second series of graded
coatings is produced.

Section 2.5 reports the spraying of optimized cositpocoating with a graded composition.
The coating is mechanically and vitro tested and its adhesion to substrate is evaluated

before and after SBF tests.

Finally, the conclusions drawn from this researdrlnare outlined in Chapter 3; in addition,

future perspectives are proposed.
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Chapter 1:
State of the Art.

1.1 Thermal Spray

Thermal spray is a generic term for a “family” afating processes used to deposit metallic or
non-metallic coatings. It is based on the productbra flame or a plasma into which the
material to deposit is injected, usually in powderm. The flame/plasma melts and
accelerates the particles towards the substratimpact of molten or semi molten particles
at high speed on the substrate causes them tenflattd solidify; as a result a typical lamellar
structure composed of thin slices, called “splatsgbtained.

The history of thermal spray dates back to the 18ttcentury, when M.U. Schoop deposited
the first patents. In 1911 Schoop started to spiragnd lead on metal substrates to enhance
their corrosion resistance, using a technique ana®do the modern flame spraying [1].
Starting From those early studies many innovatibase been made, and several new
techniques have been developed such as: Plasmgr§p(BS), Arc Spraying, Detonation-

Gun Spraying, High-Velocity Oxy-Fuel (HVOF) Spragiand Cold-Gas Spraying.

1.1.1 Plasma spray

Plasma spraying (PS) torches are based on thedaenge plasma generator dating back to
the 1922, but they were first used to produce ogatin the early '60s. In fact, the process
was patented by Giannini and Ducati in 1960 anhge et al. in 1962 [2].

Since the first torches were introduced, severalutons have been developed, such as
multi-cathode torches, radio frequency (RF) plagorahes, controlled atmosphere plasma
spray, vacuum plasma spray, and water-stabilizethés [3-5].

The main components of a standard plasma torchihare&cathode and the anode between
which an electrical arc forms, thus creating a mpsUsually the anode is a circular nozzle
made of high purity copper, while the cathode iskattrode of thoriated tungsten [2]. When
a DC potential is applied to the cathode, a curdestharges across to the anode creating an
electric arc. Plasma forming gases, such as ArgaXitoogen, are fed inside the torch, and

they are excited by the arc to high energy levalmiing a plasma. Usually gases are inserted



by means of a distribution ring which surrounds ¢aéhode and, in this way, the stability of
the arc is increased [6]. However the plasma idals and it recombines to form gases
again, thus releasing a large amount of thermalggn®ue to the high temperature, gases
expand and form a jet, which has a speed and momeatiequate to drag powders. A
feedstock powder, suspended in a carrier gasjasted into the jet. Inside the plasma, the
particles are melted and accelerated towards thstrst. The particles then flatten and
solidify, forming the coating [2, 7].

Several parameters are involved in the formatiothefplasma; among them, the geometry of
the electrodes, the composition of the gases, lamelectrical power are the most important
ones [2].

Geometry:
The shape of the cathode tip influences the art¢agel while the geometry of the

anode/nozzle controls the velocity, flow pattenmgd aemperature of the plasma. The internal
geometry should be tailored to the employed gases.

Some commercial torches can be equipped with matsy &f electrodes, having different

geometries, to achieve plasmas with different priogee for example different geometries for

sub-sonic jets and for supersonic ones.

To conclude, the electrodes undergo heavy wearepses from the plasma, which involves
two problems: the pollution of the coatings duetlie metal particles abraded from the
electrodes, and the modification of the internargetry of the torch during its use. For this
reason, the consumption of the elements shoulcitefutly monitored to preserve the quality

of the produced coatings.

Gases:

Gases employed in plasma spray technology must ceettin requirements: they should be
easily ionised and dissociated, and they shoulteptohe electrodes from oxidation. The four
main gases used in plasma spray are argon, nitrbgdrogen and helium.

1) Argon is the most common primary plasma gas amlaften used with a secondary
plasma gas to increase its energy. Argon can beedreasily and, since it is a noble
gas, it tends to be completely inert to all matserémnd it is not aggressive towards the
electrodes. Most plasmas are started up usinggrgaa.

2) Nitrogen is the cheapest plasma gas, and it isnargepurpose primary gas which



may be used alone or associated with hydrogen dacprgas. Nitrogen in its turn
may be used as the secondary gas for Argon sintasita higher ionization energy,
and thus it increases the enthalpy of the plasni@ode¢n tends to be inert to most
feedstock materials.

3) Hydrogen is mainly used as a secondary gas. Hydrdgamatically affects the heat
transfer properties and plasma temperatures; iticpkar, it highly increases the
melting ability of the plasma. Hydrogen also adsaa anti-oxidant, but it reduces the
arc stability.

4) Helium is mainly used as a secondary gas with argtelium imparts good heat
transfer properties and gives high sensitivitydontrol of plasma energy. This gas is
preferred for high velocity plasma spraying. Helidmawbacks are the cost and low

availability.

Electric power:

The electric power is the energy provided to thetey, and therefore it controls the
temperature and the speed of the plasma. Highd@fednergy involve a high electric current
resulting in a faster deterioration of the electsoda commercial torches electric power is up
to 80 kW.
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Figure 1.1: Scheme of a DC plasma torch with internal injattio
1: cathode, 2: anode, 3: injector, 4: gases irffutpoling water.



Generally speaking, more than 50 non-independerdanpeters are known to affect the
thermo-mechanical or service properties of plaspraygd coatings [7]. Moreover, powders
characteristics and their injection into the plagphay a key role. In fact, the granulometry
and the morphology of the powders govern theirradigon with the plasma. On the other
hand, the thermal history of a particle is determiir®y its momentum and trajectory.
Accordingly, the geometry and the speed of the movimjection must be properly set. Other
parameters, such as the flow rate of the carrigy gfould be considered as well. In particular,
the flow must be strong enough to drag the powderrsit must not be excessive in order to
avoid any alteration of the plasma.

Furthermore, all the parameters concerning thetivelanovement between the torch and
substrate affect the coatings microstructure. Rylylthe distance between torch and substrate
is the most important parameter, but also the spaed and scan-step between adjacent lines

should be optimized.

1.1.2 Coatings with submicrometric and nanometrictsucture.
In the last few decades, the interest towards madgewith submicrometric or nanometric
grain sizes has increased constantly due to theiellent properties when compared to
conventional microstructured materials. Accordingliso the production of nanostructured
coatings has gained great interest. This kind rofcgire is commonly realized through thin
film technologies, but the production of nanostauet! coatings thicker than a few tens of
microns is particularly difficult when traditionaéchniques are employed. Thermal spray
processes are widely used to produce coatingsisntitickness range, but the direct use of
nanometric or submicrometric powders is difficdtdpply in practice. The main problems
related to the use of very fine powders in therspady are:
1) the poor flowability of these particles, which itves agglomeration, clogging and
discontinuities in the powder feeding
2) the low mass, and thus inertia, of sub-micromepavders, which makes very
difficult their penetration within the core of tiplasma/flame [7].
To solve the latter drawback, for example, Su ef8llintroduced a special powder injection
system, which allowed to process particles havingiaaneter of about ten microns. This
method, called small-particle-plasma-spraying, owed the control over the particle
temperature and trajectory. Unfortunately, thishteque does not allow to manage sub-

micrometric or nanometric powders [8].



An alternative approach, which is currently avdeator industrial applications, relies on the
deposition of coarse powders composed by nanonmgtaios [9]. As a rule, these powders
are produced by spray-drying a nano-powder basadysknd they have a size of 10-100
microns. Therefore they can be handled like orginaricrometer-sized powders. The
disadvantage of this method is that the deposp@mameters must be carefully designed to
control the sintering/melting of the particles liglit. In fact an excessive heat treatment can
completely melt the aggregates, thus nullifying tise of nanostructured powders. Moreover,
even if the parameters are properly monitoredctaings obtained in this way usually show
a nonuniform microstructure, in which nanostruatuzenes are surrounded by highly fused
areas [9].

An alternative approach in order to face these Heaks is the use of a liquid (instead of a
gas) as a carrier fluid. In fact, if a liquid susp®n is injected, the rheological problems
associated with the dry powder are overcome, dimedluid can drag the low mass particles
into the plasma/flame. Moreover, the use of liquitstead of dry powders makes it easy to
manage different suspensions/raw materials at @aneestime. In this way, layered coating
with a compositional gradient may be produced vayyihe flow rate of the suspensions
during spray [10]. On the other hand, the use sfispension implies some drawbacks. First,
the suspension must be carefully prepared to rethecéormation of aggregates, which may
cause defects in the coating and/or occlude thectoy. In addition, the injection of the
suspension into the plasma/flame becomes a crparalof the process, as discussed in the
following paragraphs. The use of suspensions has lbpplied to many types of torches:
flame spray, HVOF, D-gun, and plasma spray.

1.1.3 Suspension plasma spray (SPS)

The first attempts to use suspensions in plasmays{8PS) were probably made with RF
torches in the '90s to synthesize powders [11, il&fead the extension of suspension-based
processes to traditional plasma torches to prodoaéngs dates back to the early 2000s [13,
14].

Obviously, one of key elements in SPS is the suwspan Usually the suspensions are
prepared by simple dispersion of the nanometrisutr-micrometric powder in the fluid. In
most cases, additives are used to stabilize th@esgsn and prevent the agglomeration of the
solid phase. The suspension should be sieved befarg, or a filter should be installed in the



supply line of the suspension, in order to avoat thrge aggregates obstruct the injector.

The liquid phase can be water or an organic solygmpically ethanol) or a mixture [15].
Chen and Trice [16] calculated that the energydpovize an ethanol-based suspension is
about 40% of the energy to vaporize a water-bagsdemsion. This means that, if ethanol is
used instead of water, a higher plasma enthalpyadable to melt the powder. However, in
some specific applications, water may be preferdblet al. [17], for example, showed that a
steam jet treatment during PS reduces the decotiggosind loss of OH- groups of
hydroxyapatite. Moreover the ethanol is expectedajmorize within the plasma, but it burns
if it gets in contact with oxygen. This causes fiienation of a long flame (Fig. 1.2), which
results in a great heat flux to the substrate/ngatiFinally, the selection of the most

appropriate carrier is conditioned by the chemieacttivity with the powder to deposit.

Figure 1.2 Suspension plasma spray with ethanol as a suseihsid

An important variable is the percentage of thedsphase in the suspension: high percentages
of solid usually result in a high deposition rdtaf an appropriate plasma power and heating
ability are also required. Furthermore a higherceetage of solid deeply affects the
rheological properties of the suspension, andrtlead to clogging.

The feeding apparatus is usually based on pneuragsiems or peristaltic pumps and the
injection of the suspension is usually achievedufh an atomizer or a nozzle. For example,
Blazdell and Koruda [14] used a continuous inkpeter to feed the suspension. Shan et al.

[18] compared the solution/plasma interaction usliffgrent types of injection: liquid stream



and gas-atomized droplets. The liquid stream wasllsited both as a continuous stream, with
primary breakup, and as a mono-dispersed dropd¢tsThe Authors showed that the gas-
atomizers produce smaller droplets than liquidastrenjectors, while the mono-dispersed
droplets jet allows injecting the solution dropletso the plasma core, which makes the
droplets heated effectively. The liquid stream catign with primary breakup shows an
intermediate behaviour with respect to the other $ystems.

In addition, the point, the angle, and the velocitythe suspension injection into the plasma
should be properly set, since these parameterst dlffe trajectory of the particles within the
plasma.

When the liquid droplets/suspension jet reach thenpa they are dragged and accelerated.
The drag force of the plasma produces a shearssinethe droplets, which may lead to
atomization of the largest ones [9, 19]. This pmeeoon is called aerodynamic breakup and it
depends upon droplet size, surface tension and $éhe@. The aerodynamic breakup takes
place very quickly, in milliseconds from the contatthe suspension with the plasma. At the
same time, the liquid phase evaporates and thehahgas directly affects the powders. The
particles are thus heated and they begin to samédrmelt. The particles can undergo melting
evaporation or sintering as in the conventional it$,n SPS these phenomena may be more
pronounced. This is due to the smaller powder isiZPS [20], which implies higher specific
area and then greater surface energy. The sintenregstrongly depends on temperature and
particles diameter, while the agglomeration of nfiele droplets is almost immediate [21].
Consequently the melting control is important toid\an excessive growth of the droplets.
The use of a suspension also implies some adjustrtetite deposition set-up with respect to
conventional PS. For example, in SPS the torcherserlly closer to the substrate than in
traditional PS. This fact is also due to the snwfle of the particles, which suffer
solidification in flight and deceleration much motiean micrometre-sized particles do.
However a shorter spraying distance can cause eagnly problems to the substrate or to
the first layers of the coating. This is particyarue for SPS, since the deposition of sub-
micrometre-sized particles implies a great numbheéorch passes to reach a specified coating

thickness.

1.1.4 Coatings Microstructure

As mentioned above, thermally sprayed coatingsllyshave a lamellar microstructure. Also
in SPS coatings the microstructure may be still @med lamellar, but with significant



differences in the degree of flattening and indtze of the lamellae [9]. SPS coatings usually
show a finer microstructure, which is characterizegd splats with a lower degree of
flattening, resulting in a “granular” structure [2&ometimes the particles' flattening is so
low that the final microstructure is similar to thaf sintered materials. The inter-splat
porosity completes the coating's characteristics.

In suspension thermal spray the heat input to dla¢irng/substrate is important, due to the low
spray distance and the high number of torch passed. In fact, it may happen that the
surface temperature exceeds 850°C during the depo$R3], and it may occur that the
superficial layers of the coating change their mstructure [24]. This implies that the coating
temperature should be monitored very carefully ahdequired, cooling systems should be
employed to avoid an excessive heating.

The microstructural and phase homogeneity of tredilmgs depends on the thermal history
and trajectory of each particle into the plasma. Hitter, in turn, is closely related to the
suspension injection. In fact, as suggested by sgzest al. [25], the particles which are
injected into the core of the plasma are completegited and, when they impinge on the
substrate, they produce dense zones formed by largellae. Instead, the particles that
remain on the plasma plume generate sintered zamsisting of very fine grains.
Accordingly, the coatings obtained via SPS ofteowslzones with different microstructures

and degrees of crystallinity.



1.2 Biomaterials

Biomaterials may be defined as:

“A nonviable material used in a medical devicegmded to interact with biological systems.”

(1st Biomaterials Consensus Conference, 1986, Eh&#)

“A material intended to interface with biologicaystems to evaluate, treat, augment, or
replace any tissue, organ, or function of the body.
(2nd Biomaterials Consensus Conference, 1992, &hé#)

The first characteristic of a biomaterial is thedampatibility, i.e. the ability to induce an
appropriate response within the human body aftetantation.

Biomaterials may be metals, ceramics, polymers emmiposites and, according to their
composition, they exhibit peculiar properties. Foample metals have good mechanical
properties and high toughness, instead ceramicsragneffer high wear and corrosion
resistance, even if they are hard and fragile.

According to their interaction with the human bodyiomaterials can be “bioinert”,

“bioactive” and “bioresorbable”.

1.2.1 Bioinert materials

The first studies on materials for medical appicad were designed to find components
which could be mechanically strong and chemicalnerti. For this reason, the first
biomaterials, which were introduced in the '20syavmetal alloys, such as Stellite, stainless
steel 18-8 and Vitallium [26].

Subsequently polymers such as PMMA and nylon wppdied, with the same goal of using
materials which reacted as less as possible witeuheunding environment.

A great advance in the field of biomaterials ocedrat the end of World War Il. In this period
many veterans required surgery and hence the iattenf the scientific community was
driven on the need for new biomaterials; on theottand, novel durable and inert materials,
originally developed for the military applicatiori®ad become available [26].

Substantially, the purpose of the first implantsswa replace the damaged organ without

being rejected. Accordingly, even if no materiat@npletely inert in biological environment,



the aim of the first “bioinert” materials was tocad any toxic reaction and to minimize the
formation of a non-adherent fibrous capsule at ititerface with the host tissue [27].
Nowadays various kinds of bioinert materials aredysncluding metal alloys, ceramics such
as zirconia and alumina and polymers such as higta-molecular weight polyethylene
(UHMWPE) and polymethylmethacrylate (PMMA). Theseatarials are chosen mainly
because of their mechanical properties. For exampgledMWPE is wear resistant and
possesses self-lubricating properties.

The drawback of the so-called “first generationdrbaterials is given by their tissue-implant
interface. In fact, although bioinert materials dot cause adverse reactions by the host
tissues, they inevitably get covered by a fibroapstle when they are implanted in the
human body. The capsule is not bonded with the antpland therefore micro-movements
may occur. For this reason bioinert materials shaoylerate primarily in compression [28], in
order to limit the relative movements between impland host tissue which may deteriorate
the functionality of the prosthesis or the origitigsue properties at the interface, or both
[26].

Various methods have been proposed to increasadtinesion between bioinert materials and
living tissues. For example, it is possible to nfipdie superficial morphology of the implant:
the so-called biological and morphological fixatiare obtained by means of this procedure
[28]. The former is achieved when the bone growtiwithe open porosity of the implant; the
ingrowth leads to a mechanical connection of bonibeé biomedical device. The latter occurs
when the growing bone attaches into the superficiadularities of the implant, and it can be
enhanced by increasing the roughness or makingstiei®n. Among these methods, the
biological fixation is able to ensure the best fi@a, but it requires the use of porous
materials, which may be mechanically inadequaté &6 alternative solution is cementation,
which consists in the fixation of the prosthesishma polymeric or ceramic cementing paste
[29].

1.2.2 Bioactive materials

The second generation of biomaterials was borheaend of the '60s, when professor L. L.
Hench proposed a new group of glasses able to ithdbone, the so-called “bioglasses”
[30].

The study of these new materials stemmed from aifspeequest: a material that could
survive the exposure to the human body without @ahyerse reactions. In fact, at that time,
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the problem of rejection was still unresolved. $ogfessor Hench began to study new
materials for medical applications on the basia bf/pothesis:

“The human body rejects metallic and synthetic pwyic materials by forming scar tissue
because living tissues are not composed of suchrialst Bone contains a hydrated calcium
phosphate component, hydroxyapatite [HA] and tleeeeff a material is able to form a HA

layer in vivo it may not be rejected by the body.”

In 1971 the first paper about Biogl&ssas published [31].

The biomaterials of second generation, commonlyedatbioactive materials”, have the
ability to bond with the host tissue. In particulathen a bioactive glass is implanted, it
induces the formation of a superficial layer of topd/-carbonate apatite (HCA). The HCA is
very similar to the mineral component of bones @nailefore the implant is not perceived as a
foreign body. Accordingly, bioactive materials au@ covered by a fibrous capsule, as occurs
to bioinert materials, but their surface directlynds to the new host tissues. The result is a
strong adhesion between the implanted material taedliving tissues, which drastically
reduces the problems of rejection and relative sampvements between the prosthesis and
the host tissue. This mechanism is known as “bieadixation” [28]. After few months, the
bond between bones and bioactive materials reaxlstieength comparable to that of bone.
Moreover, some specific bioactive materials ares dblbond also with the collagen of soft
tissues [28].

The index of bioactivity (Ib), which relates thevét of bioactivity with the time necessary to
obtain more than 50% of bonded interfacgsdd, is a sort of fingerprint of the bioactivity
[26]; i.e., it is defined:

Ib: = (100/b.500) 1)

Usually bioactive glasses possess the highestliles432], and glasses with Ib greater than 8
are able to bond also with soft tissue [33].

The bioactivity of a material can be assessed fferdnt ways. The most effective one
certainly relies onn vivo tests, namely experimentation on living organisrifortunately
such tests involve risks to the patient and raiseahproblems when they are run on animal
models.

In vitro methods, which mimic specific biological phenomédnaan artificial laboratory

environment, are most commonly used to assess taethiity of new materials. However
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vitro tests are not able to reproduce the complexitivioig organisms and hence they remain
preliminary trials. In factin vivo tests are generally performed on materials tha¢ ladready
been extensively testea vitro. A relatively easy approach to test materialgitro consists in
soaking them in a simulated body fluid (SBF) [38BF is an acellular fluid that has the same
ilonic composition of human plasma. These testcameed out by soaking the sample into a
fixed volume of SBF for a specified period under teolfted conditions. The purpose is to
verify the ability of the biomaterial to develop IA®@n its surface. The significance of SBF
tests is still under debate due to their intrinsrgts, such as the inability to verify antibodies
reactions [35]. Nevertheless SBF tests remain thecipal mean to acquire a preliminary

insight into the bioactivity of new materials.

1.2.3 Bioresorbable materials

Bioresorbable materials are gradually dissolvethanbody and, at the same time, they are
replaced by new living tissue that completely repléhe implant material [36]. Since natural
tissues can repair and replace themselves throudlieu bioresorbable materials are the
optimal solution to produce high performance bom@lants [26]. In fact, in this way the
problems associated to the long term stability v implant are prevented, since the
prosthesis itself is gradually replaced by thenlivtissue.

The main problem associated with resorbable bioradgeis given by their mechanical
performance over the period of time required fa shbstitution, when living tissues are still
forming and the implanted material is already baiigsolved. In fact the strength and the
stability of the interface should survive during thegradation process. Moreover the
resorption rate and the host tissue formationmaist match. In order to adjust the dissolution
rate, several methods can be used, such as thgoadafi doping elements to the biomaterial
or the adjustment of the shape and size of theebawbable device [36]. Moreover, the
substances released by the biomaterial duringssotlition must be acceptable to the human
metabolism. On account of this criticism, a nevgeais to dope biodegradable materials with
substances which may induce genetic stimulation 387. In this way the natural healing of
tissue can be favoured.

Some resorbable biomaterials are currently usedinical practice. For example, polymers
such as poly(lactic-acid) and poly(glycolic-acide e&mployed for the sutures [26]. These
materials are able to withstand for an approptiate, and then they are metabolised to,CO
and HO. Even some ceramic materials, such as tricalphosphate, may be resorbable if
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they are used in porous devices or in particulatenf39]. However, these materials can not
undergo high mechanical stresses during the rasarphase.

1.2.4 Bioceramics

Bioceramics are an important family of biomateridlgepending on their composition and
microstructure, they can be bioinert, bioactivéimresorbable. Unfortunately all bioceramics
are penalized by their inherent brittleness, whiitlits their use.

Figure 1.3 shows the bioactivity spectrum of soneedramics of clinical interest.

Implantation time [days]
1 10 100 1000

(a) C
75 E

100

50

Percentage of interfacial bone tissue

Relative Bioreactivity

Figure 1.3 Bioactivity spectrum for various bioceramic impisin
(a) time dependence of formation of bone bondirtga@implant interface, and (b) relative rate wfrbactivity
A: Bioglas$ 45S5, B: KGS glass-ceramic, C: Biogla&53P4, D: A/W glass-ceramic,
E: dense synthetic HA, F: KGX glass-ceramic, GOAl Adapted from [33]

The first bioceramic employed in clinical applicats was high-purity alumina [33]. Such
oxide has good biocompatibility, high chemical dility, and excellent tribological
properties. Therefore, it is used in total hip pineses and dental implants. Limitations in the
use of alumina are due to its poor flexural strenfloreover, alumina may induce stress
shielding of bones. This effect is due to the défece between the stiffness of bone tissue and
that of alumina [40], which are respectively ab@t25 GPa (for cortical bone) and 400 GPa.
This means that the mechanical load is borne alewistely by the alumina prosthesis, and
thus the bone stresses become subnormal (i.eethaining host bone is “shielded” by the
implant). This alters the natural remodelling of Hume and therefore the stress shielding can

induce the cancellous bone to atrophy or even cthgskss of the implant [33]. Accordingly,

13



it is necessary to consider very carefully all @sgpén the design of a prosthesis [40]. Finally,
another problem of alumina is that it can be deggad the body environment. However an
alumina with adequate purity and microstructurexpected to have a lifespan of 30 years
under load conditions [33]. Since this is the Bfgectancy of a hip prosthesis, this ceramic
can be successfully used for this application.alet alumina non-cemented cups press-fitted
into the acetabulum of the hip are quite common. [Af additional way to apply the bioinert

ceramics, such as alumina and zirconia, is to eynghlem in a porous form, which promotes

the ingrowth of bone tissues.

1.2.5 Hydroxyapatite

Hydroxyapatite (HA) is probably the most importaciystalline biomaterial, since its
structure and chemical composition are very sintitathose of the mineral component of
bones. This resemblance ensures high stabilitypas@mmpatibilty in biological environment.
Its stoichiometric formula is GgPOy)s(OH),, with a Ca/P ratio of 1.67.

The biological hydroxyapatite (usually a hydroxytm@nate apatite, HCA), which is mainly
present in bones and teeth, contains many impsyribecause its structure is prone to ion
substitutions. The most important structural defeict biological hydroxyapatite are the
partial substitution of OHgroups by carbonate groups and calcium deficiehlogre are also
many secondary substitutions by ionic groups swschaabonate (C§) magnesium (M%),
sodium (N4), potassium (K), fluoride (F), chloride (CI). To conclude, other elements are
present only in trace amounts, such as bariuri{Bstrontium (St), and lead (PB).

A comparison between a synthetic hydroxyapatiteaandtural one is reported in Table 1.1.

Ca/P Ca P Na K Mg cQ?
Biological HA 1.65 245 115 0.7 0.03 0.55 5.8
Synthetic HA 1.67 39.6 18.5 traces traces traces -

Table 1.1 Comparison between biological and synthetic HA%w Adapted from [48].

1.2.5.a Bioactivity of HA

The bioactivity of HA has been supportedibyitro andin vivotests, and clinical trials.

The biological reactivity of HA is closely relateth its composition and degree of
crystallinity. In fact, while a stoichiometric aridghly crystalline HA is almost stable in a
biological environment, a poorly crystalline andétremically substituted one can undergo a

fast degradation. Other factors such as the Cdi®, the presence of secondary phases and
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the microstructure (porosity, size of the grain$lea the reactivity of HA. Also the
composition and the pH of the solution may influetice stability of hydroxyapatite. Other
calcium phosphates are often associated to HA. Thay appear as secondary phases or
degradation products of HA, and the most commors @me: oxyhydroxyapatite (OHA) and
oxyapatite (OA)a-tricalcium phosphate an@tricalcium @-TCP andp-TCP, respectively),
dicalcium phosphate (DCP) and amorphous calciumspiate (ACP). The calcium
phosphates suitable for biomedical applicationdisted in Table 1.2.

Name Symbol Chemical Formula Ca/Pratio  CrystallinePhase
Tetracalcium phosphate TTCP AROy),0 2
Hydroxyapatite HA Ca(POy)s(OH), 1.67 Hydroxyapatite
Oxyhydroxyapatite OHA GaA(POy)s(OH),.5,04 1.67
Oxyapatite OA Ca(POy)eO 1.67
a-Tricalcium Phosphate o-TCP Ca(PQy), 1.5
B-Tricalcium Phosphate B-TCP Ca(PQy), 15 Whitlockite
Octacalcium Phosphate OCP s8a(POy)6.5H,0 1.33
Dicalcium Phosphate )
Dihydrate DCPD CaHPO.25D 1 Brushite
Dicalcium Phosphate DCP CaHPRO 1 Monetite

Table 1.2: Calcium phosphates of biomedical interest. Adajfiteih [26] and [52].

In particular, only two calcium phosphates are Ista room temperature when they are in
contact with an aqueous solution, i.e. DCP and e pH of the solution is lower than 4.2,
DCP is the stable phase; otherwise, if the pH grehtin 4.2, HA becomes stable [37]. Since
the pH of the human body is indicatively 7.4, HAhg most stable calcium phosphate under
these conditions.

The chemical reactions that ocaénrvitro on the surface of hydroxyapatite have been studied
by Kim et al. [41] via immersion in SBF. The disstibn process starts from structural defects
such as dislocations and grain boundaries [42h tadcium and phosphorus are released. The
HA surface has a negative charge, and thus itaoterspecifically with the positive calcium
ions in the fluid [41]. Accordingly a Ca-rich ACRyer forms on the surface. Due to the
accumulation of calcium ions, the surface assunyassdive charge, which interacts with the
negative phosphate ions in the solution. Consetyleatlayer of ACP with excess of
phosphate ions, i.e. a Ca-poor ACP, is formed ersthface. This layer acts as a precursor for

the formation and crystallization of biological HAL]. Since the water solubility of HA is the
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lowest among those of calcium phosphates, the ©aAGP, in SBF, could be stabilized by a
dissolution and re-crystallization into HA. Therefothe HA crystals continue to grow by
absorbing calcium and phosphorous ions from the 8Bleh is indeed a fluid supersaturated
with respect to HA [34]. In this process, secondans, such as magnesium, carbonate and
sodium, may be incorporated into the HA structure.

This set of reactions occurs in absence of cellspratkins. In a biological environment, the
stability of HA is also affected by the cellulartiaity occurring in the human body. In fact,
Nagano et al. [43] reported that osteoclasts may alkey role in the dissolution of HA, and
consequently in the formation of HCA [43]. On th#éhex hand, the surface charge of HA
induces the adsorption of proteins [41], and prsteare considered to reduce the HA
formation rate [41].

A schematic overview of the reactions occurringMeetn a HA coating and bone is reported

by Sun et al [44]. The first two steps are consistégth those observed in vitro tests:

1) partial dissolution of the HA coating that causessa of the calcium and phosphate
ion concentration in the local environment aroumal implant

2) precipitation of HA crystals on the coating surfaoed ionic exchange between HA
crystals and surrounding tissues

3) formation of a carbonated calcium phosphate layeorporating a collageneous
matrix; bone growth toward the implant

4) bone remodelling: osteoclasts resorb the boneetisswd reduce the local pH to
approximately 4.8, which leads to a fast resorptibboth the biological HCA and the
synthetic HA coating

5) Further ingrowth and remodelling of bone at the é3onating interface and, to

conclude, biological fixation as a result of thditectional growth of a bonding layer

1.2.5.b Thermal properties of HA

HA is usually processed by sintering, in order tamn bulk components, or by plasma
spraying, to produce coatings. Both methods impbdathtreatments which are likely to
degrade the original HA [45]. This is particulattye for the plasma spraying process, since
the temperature of the plasma may exceed 15000.K5[8]h a high temperature is known to
degrade HA. The main processes which occur durlmg heat treatment of HA are

dehydroxylation and decomposition [46]:
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Caj_o(PO4)6(OH)2 — Cam(PO4)6(OH)2_2)DX Uy + tzO (Step 1)
(hydroxyapatite)— (oxyhydroxyapatite)

Cao(POy)e(OH)2-260x [1x = Cayo(PQy)6Ox [x + (1-x)HO (step 2)
(oxyhydroxyapatite}» (oxyapatite)

Cao(POy)6Oy [1x — 2Ca(POy), + Ca(POy)0 (step 3)
(oxyapatite)— (tricalcium phosphate) + (tetracalcium phosphate)

Ca(POy), — 3Cal + ROs (step 4a)
(tricalcium phosphate)> (calcium oxide) + (phosphorus pentoxide)

Cay(POy),0 — 4Cal + ROs (step 4b)
(tetracalcium phosphate) (calcium oxide) + (phosphorus pentoxide)

Where ] refers to lattice vacancies in the OH positions gltre crystallographic c-axis in
the structure of hydroxyapatite.

Since HA powders are hygroscopic, a low-temperatinermal treatment removes the
absorbed water by evaporation, but it does notearsy change in the HA structure.
However water is also present inside the HA latsttecture. Dehydroxylation occurs when
HA loses (OH) groups ad high temperature. This process takaseph two steps with the
formation of OHA and then OA (step 1 and 2). If teenperature does not exceed a critical
point, these new phases can be retransformed iAtm lgresence of water [47]. Otherwise,
if the critical temperature is surpassed, the Hgst@& structure changes and suffers a
complete and irreversible dehydroxylation [49]thHé temperature increases further, HA starts
to decompose. The decomposition of HA leads tddhmation of other calcium phosphates
(step 3) such as TCP and TTCP. These phases icaardecompose into calcium oxide and
phosphorus pentoxide (step 4a and 4b). Approximatieies for the dehydration and

decomposition temperatures can be considered [49]:
<800 °C slow dehydroxylation
800-1350 °C fast dehydroxylation

1350 °C critical point: decomposition and irrevieles dehydroxylation

However, the temperatures of HA modification am@rggly influenced by various factors,
such as heating rate, initial state of the HA, andronment.
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HA + OHA + OA

TCP* TTCF,

TCP+TTCP,

CaO + melt

water partial pressure 65.5 kPa water partial pressure 1.3 kPa

Figure 1.4 Hydroxyapatite particles during thermal sprayeEffof the environment. Adapted from [44]

For example, a high degree of crystallinity of tarting HA usually reduces the tendency to
decompose. Furthermore, the “real” composition & Has a remarkable importance.

Raynaud et al. [50] observed that the degree ofddéomposition is strongly related to the
Ca/P ratio. The Authors produced several HAs witha#P ratio ranging from 1.5 up to 1.67.

They treated such HAs at 1000°C for 15 hours. Ththérs reported that a smaller value of
the Ca/P ratio usually corresponded to a greatgregeof decomposition. In fact, more than
90% of the HA with a Ca/P ratio of 1.51 decompoed@CP after the heat treatment. On the
contrary the stoichiometric HA (Ca/P ratio of 1.6sjowed a much higher stability. The

Authors also produced Ca-rich HAs, which howeverenfeund to be a biphasic mixture. The
HA present in this composite was not degraded bgt Heeatment. Thus the use of
stoichiometric or Ca-rich HA is recommended to dvdecomposition. The thermal stability

of HA can also be increased by means of appropcia¢enical substitutions. Chen and Miao
[51] reported that replacing the Ogroup with F can increase the thermal stability of HA. In

fact, when more than 60% of the OH groups are cepladecomposition of the HA matrix is

effectively restrained.

Also the environment in which the heating proced®$ place is very important to prevent
the decomposition of HA, especially the partialgsige of water. Gross et al. [52] reported
that, with a partial water vapour pressure of 500 hig, HA is stable up to about 20°C below
its melting temperature. Instead, if the parti@gzure of water is 900 mm Hg or higher, HA
can be melted without decomposition. Therefore, ggsinig HA in an atmosphere containing
water vapour could reduce both dehydroxylation aewbthposition.
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1.2.5.c Decomposition phases of HA

It is very important to exert a close control oe thermal reactions of HA, since TCP, ACP

and TTCP have a higher degree of bioactivity th@n[26], but they are also less stable in a

biological environment. In fact, the order of thisslution rates of the phases present in a

partially decomposed HA is as follows [46]:

CaO >>TCP> ACP > TTCP >> OHA/OA>>HA (in SBF)

This implies that the presence of decompositionsphanay reduce tha vivo mechanical

reliability of HA-based components. In fact, as show Figure 1.4 for the plasma spray
process, the decomposition of HA starts from theergr of the particles. Therefore, since
phases such as TCP and TTCP are less stable thapref&rential dissolution at the grain
boundaries may occur. Most of all, the presenceCa®D should be avoided since it is

cytotoxic due to its high alkalinity.

1.2.5.d Doped-HA

The scientific research is now mainly addressedl¢ntify appropriate dopants in order to
control the properties and the thermal behavioudAf Fluoride is a well known dopant of
HA, since the mineral part of teeth is compose#-stibstituted HA; on the other hand many
other elements can be used in order to providdacp&t properties to HA. For example
Cerium seems to confer an antibacterial effect,[&8lile strontium and silicon are supposed
to stimulate osteogenesis in some genes [54, BFjaiticular, numerous studies report that
silicon has a positive effect on the gene exprasarmal on the stimulation of new bone tissue
production [56, 57]. Moreover the substitution oA Kvith silicon ions may also provide
additional benefits such as the inhibition of grgmowth [58]. Si-substituted HAs were also
tested as a coating materials. Xiao et al. [59] @odhes et al. [60] produced Si-substituted
HA coatings via VPS and PS respectively. Both ggsidionfirmed the better cellular response
of modified HA with respect to pure HA.

1.2.6 Bioactive glasses

As previously mentioned, bioactive glasses arenailyaof special glasses, which have the
ability to bond to bone. The first and best knoviebtive glass, BioglaS45S5 (wt.%: 24.5
NaO, 24.5 CaO, 6 s, 45 SiQ,), was discovered at the end of the '60s by peufes.L.
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Hench [30, 31]. This finding led to a revolution time world of prosthetic materials, since
previous implants were unable to chemically bonbiviag tissues.

SIO,

A: bone-bonding glasses
B: bio-inert glasses

C: bio-resorbable glasses
D: not tecnologically
faseable glasses

Ca0 : MNa,O
The P,0; amount is 2.6 mol%.

Figure 1.5 System of Biogla§s45S5, effect of composition on bioactivity. Adaghfeom [33].

As supposed by Hench, the bone bonding ability oattive glasses comes from their ability
to form a surface layer of HCA [30]. The mechanisofisHCA layer formation, and the

resulting bond with living tissues, have been esiterly studied. In particular, a model in 12
steps has been proposed by Hench to describe #réaaial reactions. In that model, the first
5 steps consist of ionic reactions between thesglasd an acellular, protein-free,

physiological solution, while the subsequent stdps involve cells and proteins [28]:

0) bioactive glass

1&2) formation of SiIOH bonds on the glass swfac
3) polycondensation of SIOH + SiIOH Si-O-Si

4) adsorption of amorphous Ca, PO4, CO3

5) crystallization of hydroxyl carbonate apatittdA)
6) adsorption of biological moieties in HCA layer
7) action of macrophages

8) attachment of stem cells

9) differentiation of stem cells

10) generation of matrix

11) crystallization of matrix

12) proliferation and growth of bone
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The first two steps can be explained by an ionicharge that occurs between the bioactive
glass and the surrounding environment. In fact,alkaline ions of the glass are exchanged
with H" ions from the body fluids. This leads to a partiiisolution of the glass network, and
SiOH bonds form at the interface. Then the SiOHdsocondense to a hydrated silica gel.
Thus, the ions coming from the environment are disbon the surface of the silica gel, and
HCA starts to form.

The early stages occur in few hours, while the ggees that require the cells mediation may
take some days [33].

The composition of bioactive glasses is relativeigilar to those of traditional glasses,
indeed it is based on mixtures of oxides, usuatynfthe system N® - K;O - CaO - MgO -
P,Os - Si0,. Compared to commercial soda lime glasses, bimaglasses contain more
alkaline oxides and a lower silica percentage. Moee, as a general trend the composition of
bioactive glasses does not include oxides which merease the chemical durability of the
glass such as aluminium, titanium, and zirconiumdesi [33]. These compositional
differences with respect to traditional glasses enlbioactive glasses more reactive. In fact,
high-durability glasses, which are slowly leachdiew immersed in agueous media, are not
bioactive since they are not able to form a HCAelayn particular, glasses with a silica
content lower than 55 wt.% usually show high bioatyt while glasses containing more than
60 wt.% of silica induce the formation of fibroussue. Glasses with an intermediate
composition (silica wt.% between 55 and 60) gemerakhibit a low bioactivity [28].
Therefore the reactivity of bioactive glasses cagdeerned through their composition.

One more interaction between bioactive glassescatld has been discovered recently. In
fact, some studies suggest that the Si ions reldagdioactive glasses in body environment
stimulate osteoblast turnover. In particular thieses are thought to promote the growth and
osteogenic differentiation of primary osteoblaéts]|

Furthermore, it is known that Si and Ca ions redddsy bioactive glasses are able to promote
the upregulation and activation of some familieg@fes in osteoprogenitor cells [38].

1.2.6.a Sol-gel bioactive glasses

Although the composition of bioactive glasses dyeatfluences their bioactivity, this is not
the only factor to consider. For example, bioatfivdan be observed even on pure silica
samples, if they have a proper structure [62]. This be achieved producing glasses via sol-

gel instead of a traditional melt-quenching methbae different behaviour of sol-gel glasses
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is due to their structure, which is the result afaamdensation of SIOH bonds. That process
resembles the spontaneous mechanism occurring inutihan body, and thus sol-gel glasses

assume an appropriate structure to promote the pt€éipitation in biological environment.

1.2.6.b Crystallization of bioactive glasses

As in the case of HA, bioactive glasses are algenoprocessed by sintering or thermal
spraying. In bioactive glasses, decompositions dooagour, but generally they crystallize
[63]. The effect of crystallization on bioactivibf bioactive glasses is still a matter of debate,
although it is generally recognized that a widestaliization lead to a reduction of the
bioactivity [64, 65]. For this reason, in the |lgsars special glass compositions have been
developed in order to reduce the crystallizatiord &hus to preserve the bioactivity of the
glass after processing [66-69]. It is worth notthgt the kind of crystal phases, which forms
in a bioactive glass, depends on glass composdaiwh on thermal treatment, and each
crystalline phase has a different effect on bioagtiFor example Xin et. al [70] reported that
the in vitro bioactivity of sintered Biogla§s45S5 was not deteriorate by the formation of
wollastonite fine crystals on glass surface.

The crystallizations of bioactive glasses are rafags a drawback due to the production
process, but they may be specifically induced tuea® special structures. In fact, since it is
possible to promote specific crystallizations byraducing appropriate oxides in the glass
composition, an important sub-category of bioacglasses has been developed: the bioactive
glass-ceramic. An important composition is thattleé apatite-wollastonite (AW) glass-
ceramic. The AW, which was discovered by Kokubahe middle of the ‘80s, [71] has a
composite microstructure in which crystals of ougflapatite (Ca(POy)s(O;F), 38 wt-%)
and wollastonite ( CaO.SpD34 wt-%) are dispersed in a glassy matrix (;SiGaO - MgO).
Due to the glass-ceramic structure, the AW has awvgat mechanical properties with respect
to bioactive glasses. Furthermore, developing §peaiystalline phases, glass-ceramic with
special features can be produced. For examplejatd@oactive magnetic glass-ceramics

have been designed for hyperthermia treatmentraferd 72].
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1.3 Bioactive Coatings

Bioactive ceramics have been employed in manyadirapplications during the last decades,
for non-load-bearing applications, such as peritalogy [37].

The use of bioactive ceramics in structural comptseés strictly limited by their intrinsic
brittleness, which can lead to sudden and unpmadiet fractures. Furthermore, these
materials generally have low strength. Although ednoactive materials have been designed
to have good mechanical properties, such as thg&ds-ceramic [73], their use is limited to
components under compressive loads.

In order to overcome such limitations, bioceranuas be successfully used as coatings on a
strong bioinert metal implant to improve its adbesio bone tissue.

For example, this approach is commonly appliedtaltjoint hip replacement. A hip implant
must primarily meet mechanical requirements, sithds severely stressed. The elements
composing a total joint hip replacement are theadozéar cup, and the femur part [40], which
is composed by the stem and the head of the fé®dmge the acetabular cup and the femoral
head are mainly stressed in compression, and tteegudbjected to intense wear, these parts
can be made of ceramic such as alumina and zir¢treacup also in UHMWPE). The stem,
instead, is subjected to compression and flexioocofdingly, this component must be
realized with a tough material as stainless stéahium and its alloys or Cr-Co alloy [40].
Nowadays it is an established practice to incréaseadhesion of the stem through the use of
bioactive coatings. The increased adhesion has demonstrated to be positive in terms of
life expectancy of the prosthesis and rehabilitatibthe articulation [74].

Bioactive ceramic coatings have been successfully os dental screws as well. In this case
a screw, usually made of titanium or its alloydjxed into the jaw to lock a dental prosthesis.
The introduction of a bioceramic coating greatlypmowves the screw stability and hence its
life expectancy [75].

HA coatings deposited by plasma spraying are exhemiiffused in medical practice. This
kind of coatings has been used on metallic implantdentistry and orthopaedics since the
middle of the '80s [44]. Accordingly, numerous seglhave investigated the behaviour of

these coatings.

1.3.1 Properties of bioactive coatings

The microstructure of coatings strongly dependsthan production technique and on the
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feedstock materials. Generally speaking, a goodirgpahould have a compact structure,
small grain size with high cohesion, and no defeath as cracks or large pores [9]. A defect-
free microstructure usually results in good mectaproperties and resistance. If functional
coatings are considered, such as bioactive onesg tparameters may not be the most
important ones. In fact, although a good adhesmmhahesion are essential properties for all
kinds of coatings [76], other properties can playiraportant role. As far as the bioactivity is
concerned, porosity is a crucial parameter, sih@&luences the interactions at the implant-
host tissue interface, especially the reaction. rtefact, the open porosity controls the
specific area in contact with body fluids [77, 7Bloreover a porous coating allows a deeper
penetration of cells inside the biomaterial, andsthigher levels of cell attachment can be
reached [79]. Porosity can also be a way to turestiifness of a material, as it happens for
natural bones [80]. In this way, it is possibled¢duce the stiffness of biomedical materials, to
match that of natural bone tissue, thus limiting $lo-called “stress shielding” effect [40]. On
the other hand, an excessive porosity can lead oo pahesion and low bonding strength,
which may cause some parts of the coating to p#eluring the dissolution process. It is
worth noting that debris and fragments from bioactnaterials are usually innocuous from a
chemical point of view [81]. In commercial HA caags, the porosity may vary from 1% up
to 50% [44].

Also the surface roughness of a bioactive coatffegt the dissolution rate and bone growth.
In fact, the surface exposed to the physiologicadlisom increases with increasing roughness.
Moreover the beneficial effect of morphological dmdlogical fixation becomes relevant. A
marked roughness is also positive for the bioldgaivity, since the surface asperities
promote both the absorption of organic metaboétes the cell attachment [82].

Another key parameter is the coating thickness. fiekness, indeed, affects both the
resorption and the mechanical properties of bigactoatings. Most of the commercial
coatings for orthopaedic use are produced in thekileiss range 50-7pm [44]. Lynn and
DuQuesnay [83] tested the mechanical fatigue @asist of plasma sprayed HA coatings with
a thickness ranging from 0 to 15én. The Authors observed that, if the coating thedais
lower than 10Qum, it does not affect the fatigue life of the suatd. Instead when a thicker
coating (150um) is applied, the fatigue life of the substrateaduced. During the test, the
coatings did not peel off if their thickness waghe 25-5Qum range. On the contrary, 75-150
um thick coatings delaminated but, in this case, ghlestrate’s failure occurred before the

coatings’ one. In fact, the metal of the substcaseked before the coatings delamination.
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Yang et al. [84] analysed the effect of the coatimgkness in intramedullary implantations in
canine femora. The coatings were plasma sprayedvamdifferent thicknesses were tested:
50 and 20Qum. The study demonstrated that theu®® thick implants performed better than
the 200um ones. In fact, the thinner deposits showed atgreahesion to the substrate, and
also a higher shear strength at the coating-cantetbone interface. Consequently, as regards
the HA coatings, the optimal thickness should rmateed 100um. However, for highly
bioactive coatings, Borrajo et al [85] recommendkhess values greater than8@. In fact

very thin coatings may be completely dissolved kefbe formation of the HCA layer occurs.

1.3.2 Hydroxyapatite coatings

1.3.2.a Clinical performances

HA coatings have been widely studied, and themicdil performance has been determined
also in the long term.

The first clinical trials of HA coatings date batk 1985 when Furlong and Osborn [86]
applied a coating on femoral stems. Besides th@fanstem, which still remains the major
application for HA coatings, other common destimagi are knee implants, screws for fixing
bone fractures, and dental prostheses.

Some applications, such as bone screws, are notapent, since they must be removed. In
that case, the purpose of the HA coating is tolaca as much as possible the fixation of the
prosthesis. Since these implants must be remowued faiv months, the force required for
their extraction may be indicative of the bone bogdbility of the HA coating. For example,
Sandén et al. [87] studied the effects of HA cagtion the pedicle screws. Three groups of
patients were arranged: the first one received atecbstainless-steel screws, the second one
screws which were partly coated with HA, and thedtbne screws which were fully coated.
The torque required to remove the completely coatmdws was approximately 20 times
greater than that necessary to extract the uncosteslvs. The partially coated screws
required an extraction torque about 15 times highan that of uncoated screws. These
results indicate that, in the medium term, the HAatmgs greatly increased the bone-implant
adhesion.

It is commonly recognized that HA coatings favadue prosthesis adhesion and also the long
term stability. Rajaratnam et al. [88] performetbag-term study on femoral components in
total hip replacement. The Authors reported thiéer®1 years, only 2.6% of the HA-coated
prostheses failed. These results are better thase thbtained with uncoated or cemented
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prostheses. Similar conclusions were achieved byoMet al. [89], who worked on the total
knee replacement. The Authors reported that osteolyas observed only in the 4.5% of
analysed implants. Furthermore, more than 96% efimthplants survived up to 18 years
without aseptic loosening. These data indicate Hrstcoated total knee prostheses have a
survival rate comparable or even superior to tiiatemented ones. Even in dental implants,
some advantages have been observed thanks to theofu$iA-coated screws [90].
Nevertheless, some studies claim that HA-coatedtpeses have a frequency of success
similar to that of uncoated implants. For examplauhek et al. [91] reported that in root-
form dental implants the failure rate of HA-coatewplants is analogous to that observed for
uncoated ones. Moreover, the same Authors obseryegh marginal bone loss, which may
be negative for the implant. Therefore the effemtiess of HA coatings greatly depends on the

prosthesis type and destination [44].

Year Installation Net Phase composition Porosity [%] Adhesion
power [Mpa]
high ACP, CaO 13 for pure HA,
2000 Metco, USA 37.7 (XRD) - 17.3 HA + 60%Ti
Plasma Technik
2001 M1100C, 40.2 - 3.5-4 2.7-9.2
Switzerland
SG-100 Praxair, Strong CaO
2003 USA 12 peak, high ACP 18.9 18.5

Strong CaO peak at

2003 Metco 3MB, USA  27.5-42 42 KW 12-7 -
Plasma Technik 65% cryst. HA35%
2004 M1000, F4 gun 28 ACP i i
n.a. except by XRD:
Sulzer Metco, F4 low: cryst. HA; high:
2005 gun, (VPS) 452 ACP, TCP, TTCP, i 4.5-6
CaO
HA, TTCP, TCP,
2007 Metco 3MB 35 ACP, Ca0 - 18.1-24.1
70-55% HA
10.7-13.9% TCP,
2008 Metco 3MB 28-36.4  41:69%TTCP,  10.7-9.1 (low at ]
4.7-10.9% CaO, high power)

10.7-13.2% ACP (low
to high power)
Table 1.3 Overview of used plasma installations, power esngnd characteristics of the deposited
HA coatings. Adapted from [92].

26



1.3.2.b Innovative thermal spray techniques

Although the production and the clinical use of El#atings are well established, the study of
new coatings is still in progress. The researchddressed to define innovative post-spray
treatments, composite coatings, and deposition igaés.

For example Vilotijew et al. [92] used an innovative PJ-100 plasma llasitan. The plasma
jet generated by means of this equipment has imdrokaracteristics with respect to the one
generated by a conventional torch. In particulze, gilasma reaches a laminar flow condition,
with a speed which is 5-10 times higher than thaialg observed for conventional
installations. The resultant HA coatings showedva porosity (0.4-1.1%) and a high amount
of fully molten particles. Moreover coatings witldegree of crystallinity higher than 80-90%
could be obtained, with an adhesion strength greélaéen 60 MPa. Unfortunately nio vitro

or in vivo tests were performed to assess the bioactivith@fcoatings. This is a key point,
since the low porosity and the high degree of afysity conferred good mechanical
properties to the coatings (see Table 1.3), but #re also expected to hinder the reaction
kinetics, which induces great stability and weabaotivity.

Yugeswaran et al. [93] used a gas tunnel type @asmch, namely a high-power plasma jet,
to produce HA and Yttria Stabilized Zirconia (YSHEA composite coatings. The torch has a
double anode and a special design which drivegdises to form a vortex and to move in a
tunnel-like shape. The plasma jet is affected bygiae movement, and the efficiency of the
deposition process is higher than that of tradifiglasma spray. The addition of YSZ
significantly increased the coating hardness antbsmm resistance, while the porosity and
sliding wear rate were reduced. Both the compaziegings and the HA ones were able to
promote the development of HGA vitro, after 10 days of immersion in SBF. The coatings
were not cytotoxic.

Low power torches may represent an alternative agmgbr. Demnati and co-workers [94]
designed a portable low-energy plasma device taysptA coatings. The aim was to coat
small-sized prostheses with complex geometries usingelatively simple and small
equipment, without the need for high technical neuents (power supply, water cooling
rate, exhaust...). By means of this new system -tigstallinity coatings were produced.
Another new technique suitable for the productiofiéfcoatings is the SPS. One of the first
example of bioactive coatings produced by meanSRfs was proposed by Tomaszek et al.
[10]. The Authors demonstrated the flexibility dig method by producing different types of
TiO,-HA composite coatings. In fact, they analysechiqmire HA coatings with a Tibond
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coat, and TiIQ-HA graded coatings. The addition of Ti@as expected to increase the coating
adhesion.

Further investigations allowed to determine tharogt parameters for the deposition of HA
via SPS [95, 96]. The coatings were also analyyeddans ofn vitro tests, in order to assess
their bioactivity [25]. As expected, the HA behawiowas influenced by the deposition
parameters. From a microstructural point of vievghly crystalline HA coatings, with a
degree of crystallinity exceeding 90%, could be posdl. Quite interestingly, the deposits
showed a peculiar microstructure including denseegomith well molten big lamellae and
sintered zones with very fine sub-micrometric grdRfs. The coexistence of these different
morphologies suggests that the particles followadtiple trajectories inside the plasma,
which were characterised by different heating coos. Two different methods of
suspension injection were also tested: continutnears jet and pneumatic atomization; the

former was preferred [95, 96].

1.3.2.c Post-spray treatments

Another way to improve the properties of HA coasing to perform post deposition thermal
treatments; the greatest part of these treatmeatdesigned to increase the crystallinity and
reduce the porosity of the coatings. Among posigprocesses, furnace heat treatments, and
laser treatments are the most important. They bleeta increase the degree of crystallinity
and to convert the decomposition phases into HA.

Lu et al. [97] investigated the effects of time aathperature: temperatures were in the 500-
800 °C range, while the times were in the 2-6 haarsge. The Authors observed that
temperature had a stronger efficacy with respettrte.

Yang [98] analysed the adhesion of plasma-sprayetiokyapatite coatings after a heat
treatment in vacuum conditions. Treatments in th@&W0°C range were effective to release
the compressive residual stresses in HA coatingsh@mce to increase the adhesion to the
substrate. Nevertheless the adhesion strength eldogdpthe coatings were processed at
temperatures exceeding 600°C.

An alternative solution is given by laser treatnsenthich are superficial and therefore they
do not involve the substrate nor cause adversefaote reactions between coating and
substrate. On the other hand, laser treatmentsreequcareful setting of the processing
parameters to reach an adequate depth [99], arst,ahall, to avoid a further decomposition
of HA[100].
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A different type of post spray treatment is the evatapour treatment. Cao et al. [101]
performed a post spray water vapour treatment kgepie samples at 125 °C in water vapour
for 6 hours. The process promoted the transformatfdhe amorphous and secondary phases
into crystalline HA, thus reducing the amount ofOH, TCP and CaO.

The water vapour positively affects HA in post-gprieatments, but also during the
deposition process. In fact a steam treatment gwgmaying may reduce HA decomposition
and loss of OHgroups [17]. It is worth noting that post spragatments generally increase
the mechanical properties and the stability of Khatags, but they also imply a reduction of
bioactivity [101-103]. This is caused by the in@ean the degree of crystallinity and the
reduction of the porosity.

1.3.2.d HA-based composite coatings

As previously discussed in the case of JJKDA samples, a different approach relies on the
production of composite coatings, in which the pewgdof two or more materials are
processed simultaneously. HA-based composite caating generally designed to increase
the mechanical properties and the adhesion witpergdo pure-HA ones. For example, HA-
Ti alloy composite coatings [104-106] have beerppeed to reduce the difference between
the coefficients of thermal expansion (CTE) of tmating and the substrate. Moreover the
addition of a metal can increase the toughnessfoddhtings.

Also ceramic powders, such as 2r[@3, 107], can be sprayed with HA to produce cusi
with high mechanical properties. The Zr@ddition, in fact, confers greater hardness and
wear resistance to the coating. Secondary phasageaerally added to a HA coating in order
to increase its mechanical properties. Sometimegosite systems are produced to enhance
the HA bioactivity. In fact, since bioactive glasdeave the greatest bioactivity, they can be
used to boost the HA reactivity. Carvalho et aQJLfor example, produced bioactive glass-
HA composite coatings which exhibited greater bivéy than HA ones.

Also multi-layered coatings, which include variaisata of different composition, are special
multi-phase systems and, in this respect, they beagssimilated to “composite materials”.
The simplest example is given by the introductiéram appropriate bond-coat, which is an
additional layer applied between the coating (nmezisely, the “top coat”) and the substrate.
The addition of a bond layer may offer several atlvges, and primarily it improves the
adhesion of the coating to the substrate. Bondscarat generally composed of {10, 109]

if the substrate is a Ti alloy, but they may als@heduced with Zr@or other materials [110].
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A further evolution of this approach is the prodomctof graded coatings, whose composition
gradually changes as a function of depth [10, 103, 112]. In this way, the additional
interface between the bond coat and the topcaginsnated, and the variation of properties
within the coating is more gradual. Generally sji@gkthis leads to improved properties with
respect to standard bi-layered systems [10].

Of course, the introduction of a bond coat or thedpction of a graded coating are expected
to preserve the system bioactivity, since the esesurface is still made of a bioactive
material. Instead, if a composite coating combihks with a bioinert second phase, the
overall bioactivity may be dramatically reduced. Maver the introduction of bioinert
particles within a coating which is intended to Hieintegrated can be dangerous. In fact,
although the debris resulting from HA coatings @b injure the host tissue, bioinert particles
could have negative effects. These debris, indassl,not reabsorbed, so they can reside
within the human body for long time [113] and tlekrthat they could drift to a junction is
therefore high.

1.3.3 Thermal sprayed bioactive glass coatings

Only few articles in the literature report the ati@i use of bioactive glass coatings. For
example, Alonso-Barrio et al. [114] discussed tke aof bioactive glass coatings applied to
stems in hip replacements. The study was carried\arta period of 8 years, and the survival
rate of the prostheses was greater than 91%.

However, the greatest part of the literature retergreliminary research studies on the
production and characterization of bioactive glasatings. Bothin vitro andin vivo tests
have been carried out, but the results are not éntuglefine the clinical performance of
bioactive glass coatings in a definitive way.

The first studies on bioactive coatings producedhgymal spraying date back to the middle
of the '90s [115]. These investigations showed ttetrmal spraying does not induce a
significant crystallization on bioactive glassesdahat their bioactivity is not adversely

affected by the process.

1.3.4.a Adhesion of bioactive glass coatings

One of the major problems, which still limit theeusf bioactive glass coatings, is their poor
adhesion to the substrate [37]. Several methods haen proposed to solve this problem. For
example, the substrate can be pre-treated by dastidg [116-118]. Through this process,
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the roughness of the substrate is increased. Coasttguhe contact area between coating
and substrate is increased and the irregularitieth® surface may favour a mechanical fixing
of the coating.

As previously mentioned, a method to increase tbatimg adhesion is to reduce the
interfacial stresses due to the CTE mismatch. Vetrad. [119] produced a titanium-bioactive
glass composite coating on a Ti-6Al-4V substratethis way the residual stresses due the
CTE mismatch were reduced. Moreover the additiotitafiium to the coating did not affect
the bioactivity of the bioactive glass.

Another method to improve the coating adhesioroigtroduce a bond coat. For example,
Lee et al. [117] proposed to deposit a titaniumdenat upon a Ti-6Al-4V substrate. As
already seen for the sandblasting procedure, thgopa of the interlayer was to increase the
roughness of the substrate so as to promote agstrmthanical bonding of the top coat.
Instead Goller [116] introduced a 2én thick ceramic bond coat. The interlayer was maide
Amdry 6250 (60% AlOs, 40% TiQ), and it increased the coating bonding strengthbaiut
three times. The Author focused on a ceramic baad, ¢gnstead of a metal one, because its
coefficient of thermal expansion (CTE) is more $mio that of the bioactive glass. In this
way, the residual stresses can be significantly geduMoreover the Amdry interlayer may
act as a barrier between the biological environnaent the metallic substrate. Accordingly
the diffusion of metal ions from the substratewadi as the corrosion of the substrate, can be

significantly reduced.

1.3.4.b Innovative thermal spray techniques

Several studies have been focused on the produatibioactive glass coatings by means of
innovative technologies .

An interesting evolution of the standard PS techamiguthe reactive deposition [118, 120,
121]. In this method, the synthesis of the glassoistextual to the deposition. Therefore the
preliminary step to produce the glass (for exampyestandard melting techniques or sol-gel
method) is bypassed. In order to minimise the uitalbe gradients in the glass composition,
Helsen et al. [118] produced an aqueous suspensitire raw materials required to produce
the glass. Then the suspension was mixed in atoatind spray dried. The obtained powder
was then pressed and sintered, and finally theergdt material was milled to obtain the
feedstock powder for the PS process.

The powder production required several steps, Higtrhethod avoided the preliminary glass
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melting and grinding procedures, which are highlgrgy- and time-consuming.

The coatings obtained via reactive deposition weoactive. Moreover, a special adhesion
test was designed to reproduce the real conditfonse, and the coatings showed a good
adhesion to the substrate even afteritro trials [120, 121].

Another non-conventional thermal spray techniquedus produce bioactive glass coatings is
the high velocity suspension flame spray (HVSF3) [[22-124].

HVSFS is an evolution of HVOF, in which the torehmodified to enable the direct injection
of liquid suspensions instead of dry powders. Cqusgtly the technique allows the use of
sub-micrometric and nanometric powders. Bolellakt[124] used HVSFS to coat Ti plates
with the AW glass-ceramic. The so obtained AW aaggishowed a dense structure with a
good interlamellar cohesion and limited porosititeTactivity in SBF of the coatings was
remarkable, inducing the formation of a silica rigdyer and HCA crystals. However, the
HCA did not create a continuous superficial layeut it formed various spots dispersed
throughout the coating thickness. Bolelli et al.]J[@fbduced also BioglaS15S5 coatings via
HVSFS. The resulting coatings showed a microstratgnadient, with a small and dispersed
porosity in the deeper layer and larger and spalkepores in the superficial layer. This effect
is probably due to a viscous flow sintering of superficial layer. The surface was supposed
to reach temperatures high enough to activateititermg process thanks to the deeper layer
which acts as a thermal barrier during the spraycess. The coatings showed a high
biocompatibility, as demonstrated by vitro tests carried out with osteoblast-like cell. The
same research group also studied the producti@oeaifngs by HVSFS using high reactivity
bioactive glass, both with [122] and without [128]1iIO2 bond coat. The coatings proved to
be extremely reactivia vitro. Furthermore, their entire thickness reacted 8B# and hence,
after soaking, only some residual bioactive glaamsiges were present in the coatings. Most
of the glass was transformed into silica gel andAHThe TiQ, bond coat improved the
adhesion of the coatings to the substrate withibettiag their microstructure.

Xiao et al. [125] used a liquid precursor plasmeaging process to produce Biogl35S5
coatings. The process consists in the injectiotiquid precursors inside the plasma. The
chemical reagents react during the deposition givise to the glass. The precursors were the
same organic compounds used in the productionasisgby the sol-gel method. The coatings
consisted of two phases: an amorphous phase aecobadary crystalline phase of calcium-
sodium-silicate. As often observed in coatings poedl by PS using a liquid feedstock, the

surface exhibited areas with two different morph@eg namely pancake-like splats and
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nanoscale spherical particles. The coatings westedein SBF: HCA was observed already
after 4 hours of soaking. The HCA layer continuedrow as soaking time increased.

Thickness  Adhesion Strength

Year  Tech. Substr. Coating Composition
g ~omp [um] [MPa]
1995 PS Ti6AI4V Biovetr8 80 21-32 [N]*
glass [wt.%: 50 SigQ) 25 CaO,
15 NgO, 10 BO4]
1995 PS Ti6AI4V HA, composite, glass [wt.%: 50
Si0,, 25 Ca0, 15 N, 10
P20Os]
1996 PS Ti6AI4V  Ti bond coat + Biogld545S5 130+50
React. . glass [wt.%: 52 Sig) 30.5 CaO, -
1997 "pg T 9.8 N3O, 6.2 BOs, 1.5 Cah] 150 >35
AP40/TAP/RKKP
1998 VPS Ti6AI4AV 150 21-22 (1.5)*
AP40/TAP/RKKP, composite, Ti
1998 PS Ti alloy Biovet(d 80

1999 PS Ti6AI4V  HA, composite, Biogld545S5 160

1999 React. TiGAIAY glass [wt.%: 52 Sig) 30.5 CaO, 50 40.1 (4.8)™
PS 9.8 NgO, 6.2 BOs, 1.5 Caf) 69.4 (9.4)°
4 HB6LD
React glass [wt.%: 52 Si@ 30.5 CaO (7.9 p-?sﬂf
R ¥ -70- : : vitro
2000 “pgT TIBAIV 4 N30, 6.2 BOS, 1.5 Cap] 50
842 75.5'posin
Vitro

HA, composite, glass [wt.%: 50
Si0,, 25 Ca0, 15 N®, 10 100-130  52-56# _5( after 30

2000 PS Ti6Al4V P,0d] daysin vitro#
HA 120 53.6#
glass [wt.%: 50 Si@ 20 NaO,
2001 PS Ti6AI4V 16 CaO, 6 KOs, 2 Al,03, 1 50-100
MgQ]

) Amdry 6250 bond coat + 27.18 8.56 (0.57)
2004 PS i Bioglas§ 45S5 20+80 (2.24)# no b-coat #
2009 HVSFS Tigr2 AW-glass 100
2010 HVSFS Tigr2 BioK 50-60

Table 1.4 Properties of bioactive glass coatings produgadhermal spray. Adapted from
[126]. Values in the bracket indicate standard agm. *Scratch critical load. **Shear test. »

Tensile test (derived from shear test). #Accordmg§STM C-633

1.3.4.c Composite coatings
In order to combine the high bioactivity of bioaetiglasses with the specific characteristics

of different materials, composite coatings can toelpced. For example, as mentioned above,
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the reduction of the CTE mismatch between substmatecoating can be achieved by means
of composite systems, but other types of functibywadan be developed in this way. For
example, bioactive glasses have the highest biocindex among biomaterials, while
plasma sprayed HA coatings usually show betterlgiatiian bioactive glass ones [114, 127].
Then, the production of bioactive glass-HA composibatings can be a successful approach
to improve the performance of bioactive coatingd also to control their bioactivity rate. In
fact, the higher the HA volume fraction, the higherthe long term stability. Then, it is
possible to obtain coatings with the desired resmmptate by modifying their microstructure
and composition [108, 128, 129]. Moreover, the HAynincrease the mechanical properties
of the coating; in particular the adhesion with shéstrate.
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Chapter 2:

Experimental Procedures

2.1 Comparison of different bioactive glasses byamseofin situ Raman

spectroscopy durinim vitro tests.

(Published: D. Bellucci, G. Bolelli, V. Cannillo, A. Gai, and A. Sola. In situ Raman spectroscopy irigatibn of
bioactive glass reactivity: Simulated body fluidwmn vs TRIS-buffered solution. Materials Charaiztation. (2011) pp.
1021-1028.)

2.2 Suspension plasma sprayed bioactive glassgsati

(Published: A. Cattini, L. tatka, D. Bellucci, G. BbigA. Sola, L. Lusvarghi, L. Pawtowski, and V. Qailio. Suspension
plasma sprayed bioactive glass coatings: Effectprotessing on microstructure, mechanical propgeréied in-vitro

behaviour. Surface and Coatings Technology. 201QI:10.1016/j.surfcoat.2012.10.076 Article in press

2.3 Production aneh vitro characterization of hydroxyapatite coatings with

and without a bioactive glass topcoat.

2.4 Suspension Plasma Sprayed hydroxyapatite/lleaglass composite

coatings. Comparison of different microstructures.

2.5 Production and characterization of a gradedrdxy@patite/bioactive

glass coating.
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2.1 Comparison of different bioactive glasses by mearisn situ

Raman spectroscopy during in vitro tests.

Introduction

In this study,in situ Raman micro-spectroscopy was applied to inve&idhe in vitro
reactivity of various bioactive glasses [130]. Thexperimental bioactive glasses belonging
to the NaO\K,0 - CaO - ROs - SiO, system were analysed, moreover the standard 45S5
Bioglas§ was considered as a term of comparison. The cdtigresof the three new glasses
were inspired by the 45S5 Biogl&ssn particular, a novel glass composition, naménkB
was obtained by substituting the sodium oxide wittassium oxide in the 45S5 Biogl8ss
formulation; in this case, the potassium oxide wa&pected to reduce the tendency of the
parent glass to crystallize during possible praocgsand/or sintering treatments [66]. The
composition of the other glasses, named BG_Na a@ad, were formulated in order to
contain respectively as much Jaand as much CaO as possible, still remaining withe
region A (Fig. 2.1) of the N®-CaO-SiQ ternary diagram. In fact, compositions belonging t
the region A are able to form strong bonds witlnlivtissues, hence the region is known as
the “bioactive bonding boundary” [131].

In the present study, in order to simulate ihevivo environment, a simulated body fluid
(SBF) was used, according to the protocol develdpedokubo et al. [34]. Moreover the
same experiment was carried out immersing the ggassa simple TRIS-buffered solution
[132], taken as a reference. In this way, two fundatal items were addressed, i.e. the effect
of the glass composition and the nature of theisgdkuid on the overall reactivity.

Raman spectroscopy was chosen as the techniqualgss since it is virtually insensitive to
water or aqueous solutions, therefore it can bopaed directlyin situ duringin vitro tests.

In this way, it is possible to go deep inside inb@ reaction mechanisms, since glass
modifications can be followed directly in solutiorthus avoiding any air-induced

contamination or ageing.
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sio,

A: bone-bonding glasses
B: bio-inert glasses

C: bio-resorbable glasses
D: not tecnologically
faseable glasses

Ca0 Na,O

Figure 2.1 Na&O-CaO-SiQ ternary diagram showing the compositions of tlesggs under examination.
The BOs amount is fixed at 2.6 mol%.

2.1.1 Materials and methods

2.1.1.a Bioactive glasses

The glass compositions are reported in Table Zhg. 8xperimental glasses (BG_Na, BG_Ca
and BioK) were produced from commercially availatdes powders (Si@ NaCOs;, CaCQ,
NagPOy: 12H0, Ca(PQy)2, KsPOw.H,O and KCO; by Carlo Erba Reagenti, Italy), which
were properly weighted (Table 2.2), mixed in a labory shaker for 2 h and melted in a
platinum crucible. The following thermal cycle waserformed: heating from room
temperature to 1100°C at 10°C/min; holding at 18®r 1 h; heating from 1100°C to
1450°C at 10 °C/min; holding at 1450°C for 30 miihe melt was cast into a graphite mould

at room temperature and annealed at 550°C for 2 h.

Na,0 K,0 CaO P,Os SiO,
Bioglas$ 45S5[30] 24.4 - 26.9 2.6 46.1
BG_Na 33 - 15.6 2.6 48.7
BG Ca 4.6 - 45.6 2.6 47.2
Biok - 24.4 26.9 2.6 46.1

Table 2.1 Composition (molar %) of the analysed bioactilesges.

Samples were cut and ground to the desired size (Mx 5mm) using SiC papers. Polishing
was performed on a short nap cloth using diamorsiepa(3 and 0.nm) and an alcohol-

based lubricant. Samples were then cleaned in temsahic bath for 15 min in acetone and

left to dry.
Sio, Cag(POy); CaCO;  NaPO,12H,0  NaCOs;  KsPO,H,0 K,COs3
BG_Na 32.1 - 17.1 21.6 29.2 - -
BG_Ca 35.8 10.2 47.8 - 6.2 - -
BioK 30.9 - 30.1 - - 13.4 25.6

Table 2.2 Raw materials (expressed in g per 100 g batain) ts produce the analysed glasses.
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2.1.1.b Soaking Fluids

A Simulated Body Fluid solution (SBF) was prepaaatording to the standard protocol
proposed by Kokubo et al. [34]. A Tris-bufferedgan (hereafter TRIS) was prepared by
dissolving 6.1 g/l of tris(hydroxymethyl)aminomettea(Sigma-Aldrich, USA) in deionized
water and buffering the pH of the solution at 8&xgsa 1 M HCI solution. For both solutions,
the sample surface-to-fluid volume ratio was 20cmf] as suggested by Kokubo et al. [34].
During the immersion tests, both fluids were rdiexsevery day [133].

2.1.1.c Experimental Set-up

Different glass samples were prepared for diffesmtitions and times of immersion. Every
glass sample was immersed in a beaker containengdbking fluid - SBF or TRIS - which
was continuously stirred and thermostated at 37/E3@ry sample was completely covered by
the soaking fluid and the beaker was sealed todaaoy evaporation. At fixed time periods,
i.e. 1.5, 6, 24, 48, and 96 h, in order to perfoinen Raman measurements, the corresponding
sample was taken out from the beaker with its pagsoaking solution (SBF or TRIS) and
transferred into a plastic capsule. Great attentvas paid to keep every sample completely
covered by the solution at any time, in order t@idvany contact with the atmosphere.
Therefore, all the Raman spectra were acquireattiiren immersed samples. In this way, no
contaminations occurred and the samples did naéngackhe drying and cracking phenomena
which are frequently observed in the literaturedonventionally analysed samples [134]. To
conclude, after 96 h of immersion, the samples isetkin SBF were extracted, air-dried and

transferred into closed capsules. The Raman spseteacquired again one month later.

2.1.1.d Raman Instrument Details

Raman spectra were recorded by using a Jobin-YvamaR Microscope spectrometer. A
laser emitting at 632.8 nm was employed, which hadoutput power of 20 mW at the
sample. Photons scattered by the sample were despeny a 1800 lines/mm grating
monochromator, and simultaneously collected on ® €&mera; the collection optic was set
at 10xULWD objective. The spectra collection setafipen acquisitions, each of them taking
40 s, was adopted. A preliminary test was perforimedrder to check the transparency of
both soaking fluids to the laser beam employedcha Raman apparatus. Moreover Raman
spectra were acquired on a commercial hydroxyapativder (CAPTAL Hydroxyapatite,
Plasma Biotal Ltd, UK) in order to have a direaieof comparison for the interpretation of

the patterns collected on the bioactive glasses.
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All spectra were normalized by re-scaling eachgpatsuch that the difference between the

maximum intensity and the minimum one was 100 {eaby unit).

2.1.1.e Microstructural Characterization

The effect of ageing on the samples microstrucfsmefaces and polished cross-sections) was
investigated by means of a scanning electron niogs, SEM (ESEM Quanta 200, FEI Co.,
Eindhoven, The Netherland). Moreover, a local cltamanalysis was performed by X-ray
energy dispersion spectroscopy, EDS (Inca, Oxfostrliments, UK). The SEM was operated

in low-vacuum mode with a water pressure of 0.5-.Tor

2.1.2 Results and discussion

Figs. 2.2 and 2.3 show a seriedrokitu Raman spectra obtained on the considered bioactive
glasses, put in contact with the SBF and TRIS &mist respectively. The 200-1200 €m
spectral range was considered because the main pkaksh silicate glasses and HCA fall
within this interval [135, 136]. For comparison pases, the graphs of the as-produced
glasses were reported as well. It is interestingliserve that the spectra of the original
glasses (directly compared in Fig. 2.4a) presemessimilarities. In particular:

« A broad peak is present at about 635 grwhich can be ascribed to the Si-O-Si groups.
This peak is usually observed for glasses belontginge NaO-CaO-SiQ system [137] and
moves toward higher wave numbers for glass compasitwith a low Si@ content [138].
Further peaks from 800 to 1150 Cnare associated to the Si-O-Si bond in silica hetdaa
with a different number of non-bridging oxygens @B In particular, the 860 crh 920
cm ™t and 975 crit peaks can be ascribed to monomers, INBO), dimers SO (3 NBO),
rings and chains 8Ds (2 NBO), respectively. Finally, the peak at ab®080 cm* can be
assigned to vibrations involving two-dimensionalistures SIOs (1 NBO) [137].

« Besides the silica features, in the spectra tenge band is present at 950 tnit can be
assigned to the vibration (symmetrical stretchiafjhe PQ group [135]. This is the most
intense peak, and it partially hides the aforenceretil peak at 920 cih the peaks at 975 and
1030 cm™ appear as shoulders on the right hand side op#ak.

« The BG_Na spectrum (Fig. 2.2b) resembles the 4B&flasS one (Fig. 2.2a).
Nevertheless the peaks occurring in the 950-1100" cange are broader and stronger,

especially the “shoulder” at about 1050 ¢nThis is probably due to the higher acontent
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in the BG_Na composition, since this is a veryrmsgranodifier, which is likely to augment the
Si-O-NBO vibrations and the stretching vibratioh3§].

» The spectrum of the BG_Ca sample is similar eogtevious ones, however the peak at 975
cm s less visible, and there is an unidentified pedlabout 1002 ¢, which is probably
related Si-O-Si stretching.

« Despite the aforementioned differences, the 4BBglas$, BG_Na and BG_Ca spectra
look mutually similar since these glasses belonthtosame N#®-CaO-BOs-SiO, system.
This analogy does not hold anymore when the Bia&glis considered, since its spectrum is
sensibly different due to the presence of th® lhstead of the N® in the glass composition.
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Figure 2.2 Raman spectra acquired on bioactive glasses isadén SBF for different times:
(a) 45S5 Bioglass (b) BG_Na, (c)BG_Ca, (d)BioK

When the bioactive glasses react in TRIS or SBEtwl, their spectra evolve gradually, as
reported in Figs. 2.2-2.4. In particular, as shawrFig. 2.4b, the spectra of the samples
immersed 96 h in SBF become very similar to that@hmercial hydroxyapatite, which is
also included in Fig. 2.4b as a term of comparisthnis interesting to observe that,

independently of the glass composition, the mainngba in the Raman spectra after
immersion in SBF occur in the band at 800-1150"cin fact, the peaks associated with the
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Si-O-Si stretching vibrations become less intetise, peak associated with the P@oups
shifts to higher wave numbers (at about 960 Fmvhile its relative intensity greatly
increases. Moreover a peak at about 1070' @ppears. This peak, which is associated to a
carbonate group [139], is particularly pronounced the reacted glasses compared to the

hydroxyapatite spectrum (Fig. 2.4), since thevitro grown hydroxyapatite is carbonated

(HCA).
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Figure 2.3 Raman spectra acquired on bioactive glasses isadén TRIS for different times:
(a) 45S5 Bioglass (b) BG_Na, (c)BG_Ca, (d)BioK
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As already mentioned, all the samples show a sireitalution after immersion in SBF (Figs.
2.2 and 2.4b) however the direct comparison betwlercorresponding spectra proves that
45S5 Bioglasy and BioK are the glasses that promote a fastendtion of HCA. In fact,
already after 24 h, the main peaks of,Rift to 960 crii’; then, after 6 h of immersion, a
peak at 430 cif appears. The peak at 860 ¢nwhich is associated to the Si@®onomers,
disappears in all the spectra (except that of BG a®r 96 h. When the spectra of the
glasses soaked in TRIS (Fig. 2.3) are compared thidke of the samples immersed in SBF
(Fig. 2.2), it is possible to observe that the ferrfluid promotes a slower evolution than the
latter. In particular, the spectra obtained aftely® h in SBF (Fig. 2.2) are similar to those
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acquired after 96 h in TRIS (Figs. 2.3 and 2.4d)e Tifferent reaction rate is mainly due to
the composition of the immersion media. In factFS8a solution supersaturated with respect
to apatite [16], instead TRIS is basically a tng{foxymethyl)aminomethane solution in
water and hence the ions necessary to form HCAebntderive from the ion leaching
phenomena and subsequent dissolution of the gi&ssrk. For this reason, the development
of a HCA surface layer is easier in SBF than in §Rdspecially if the glass composition is
relatively poor in calcium. This fact is confirméy the spectra acquired on BG_Na (Fig.
2.3b), which is the glass with the lowest contentaltium among the presented samples.
Indeed, the formation of HCA on the BG_Na sampteersed in TRIS is very slow and the
typical peak of hydroxyapatite at 960 Cnis not very intense and defined even after 96 h
(Fig. 2.4c). To conclude, it is worth noting thaetpeak at 1070 cih which is associated to
the carbonate group, is slightly stronger in thecga of the samples in TRIS than in those of
the glasses in SBF. Since TRIS does not containcanlyonate ions, the shoulder at 1070
cm* could be due to carbonate species dissolved b$ Tiem atmospheric CO
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Figure 2.4 Raman spectra acquired on bioactive glassestéafa after soaking, compared with the spectrum
of commercial HA: (a) As produced glasses, (b)sgasafter 96 h in SBF, (c) glasses after 96 h ilBTR
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Figure 2.5. Effect of ageing on the BioK sample soaked in SBF
(a) Raman spectra acquired on the locations inglicat (b), i.e. on the external surface of thedkiak
(Spectrum 1 — red bold line), the internal surfatéhe flakes (Spectrum 2 — blue bold line) and the
underlying glass bulk (Spectrum 3 — green bold)lihe (a) the spectra of the sample after 96 hBf §ed
faint line) and the as-produced glass (green faia) are reported as well as terms of comparison.

Since the growth of HCA is more appreciable onglasses immersed in SBF, these samples
were further investigated. Once extracted from SBE,glasses were kept in air (in a clean
and safe place) for one month and characterizeith §§&y. 2.5a). After the ageing in air, the
surface of the samples appears completely charnigesl confirming the deep effect of air on
the immersed glasses. In particular, the surfagerls macroscopically cracked and partly
detached, as schematized in Fig. 2.5b. This phemomis very striking in all the investigated
samples except for BG_Ca, whose surface layer ladkerent and crack-free. Raman spectra
were acquired on the outer surface of the “flakes’the inner surface of the flakes adhering
to the underlying glass, and on the glass subsiisgt (Fig. 2.5). Spectra acquired on the
outer surface (Spectrum 1, Fig. 2.5) are virtuadlgntical to those acquired before the
extraction, except for the peak at 1070 tmhich, in this case, is more intense. This facyma
be due to a further carbonation of the HCA layetuoed during the ageing. The spectra
acquired on the internal surface of the flakes ¢8pen 2, Fig. 2.5) are similar to those of the
HCA precipitated on bioactive glasses. Howeversehgpectra show a broad band in the 300-
550 cm® range, which can be associated to siliceous hibliational modes, typical for silica
gel [132], thus confirming the model originally pased by Hench to explain the HCA
precipitation on bioactive glasses [32]. Finallye spectra of the glass substrate (Spectrum 3,
Fig. 2.5) are very similar to those of the unredctgasses. The effect of ageing on the
microstructure at a local level was further invgsted by means of a scanning electron
microscope. Micrographs of the aged BG_Na and BGs@taces are reported in Fig. 2.6.
The BG_Na and BG_Ca samples look rather similasilida gel layer covers the surface of

both glasses. It is possible to observe white sgdlemicro-agglomerates, with the typical
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Figure 2.6. Micrographs of the BG_Na (a) and BG_Ca (b) sw$aafter one month-ageing in air. (c, d): results
of the EDS analysis carried out on the whole arepsrted in (a) and (b).
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Figure 2.7: Micrographs of the 45S5 Biogl&sga) and BioK (b) surfaces after one month-ageinaii. (c, d):
results of the EDS analysis carried out on the @laobas reported in (a) and (b).
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morphology of the HA precipitated in SBF. An EDSabysis was also performed to assess the
composition of these precipitates (Fig. 2.6c-d)paA from local fluctuations, the Ca/P ratio
in the globular features approaches 1.4, whichnmsla to that of stoichiometric HA (~1.67
[140]). Micrographs of the aged 45S5 Biogfassid BioK surfaces are reported in Fig. 2.7.
While the 45S5 BioglaSssurface is rather similar to the BG_Na and BG_6aspthe HA
deposits on the BioK sample are relatively smal&oreover fine cracks can be seen on the
entire BioK surface. Nevertheless the EDS analgsisormed on the BioK sample (in the
reported area of Fig. 2.7b) confirmed the presaridg@a and P in a proportion similar to that
in HA. The detection of Si (Fig. 2.7d) is due tos#ica gel layer underneath the HA
precipitates, while the presence of K can be reteto an incomplete ion leaching from the
glass. Therefore, from this point of view, the depenent of smaller HA deposits and the
survival of K ions in the glass suggest that theabiivity reactions are at is in an earlier stage
in BioK glass than in the 45S5 Biogl&sdhe cross-sections (Fig. 2.8) of the aged BioK an
45S5 Bioglasd samples look rather similar, and the main diffeeecencerns the morphology

of the HA precipitates.

I R Hydroxyapatite

Silica Gel Silica Gel

@ (b)
Figure 2.8 Micrographs of the 45S5 Biogl&sg) and BioK (b) cross-sections after one montéisagyin air.

2.1.3 Conclusions

In this work, thein vitro reactivity of different bioactive glasses, belargio the NgO\K,O-
Ca0-R0s-SiO, system, was analysed by meansaditu Raman spectroscopy. Moreover, the
reactivity was evaluated in two different media FBBRIS). The comparison between
soaking fluids, i.e. SBF and TRIS, leads to suppgbaéthe TRIS may be a good substitute
for SBF when a slow reaction rate is required. Tien problem dealing with the use of
TRIS is that in this case the development of HCA&slnot depend only on the ability of the
glass to promote its nucleation and growth, batsb depends on the amount of Ca and P that

the glass releases into the environment.
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All the glasses analysed in this study were abldoten HCA on their surface, and the
characteristic Raman peaks appear after only 6 imofersion in SBF. Direct comparison
between the four considered glasses showed thaf #&lasS and BioK are able to
promote a fast formation of HCA. In any case, ladl glasses, after only 96 h of immersion in
SBF, had a layer of HCA that can be seen to thechake.
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2.2 Suspension plasma sprayed bioactive glass coatings

Introduction

In this study bioactive glass coatings were depdsitia suspension plasma spraying [141].
The BG_Ca glass [69, 130], having composition (iR4y. 4.7 NaO, 42.3 CaO, 6.1 Ps,
46.9 SiQ, was chosen due to its low tendency to crystakiven at high temperature [69],
and its pronounced bioactivity. Fine powders of tjti@ss were produced and dispersed in
ethanol to form a suspension used as a feedstduk.va@rious deposition parameters were
tested to define the influence of deposition preagamditions on final properties of coatings.
Various sets of spray parameters were applied deroto define the influence of the
deposition process on the final coating properfiésreover, the coatings were submitted to

in vitro tests, to assess their bioactivity.

2.2.1 Materials and methods

2.2.1.a Bioactive glass suspension

The BG_Ca glass (4.7 Ma, 42.3 CaO, 6.18s, 46.9 SiQ in oxide wt. %) was produced by
means of a standard melt-quenching method as deddn Chapter 2.1.1.a. The molten glass
was splashed into room-temperature water and theinatdl frit was dried overnight at the
temperature of 110°C. Then, the frit was millecaim agate jar and sieved through a 63 um
sieve. The powders were further attrition millecethanol (95 vol. %) using 0.8 mm zirconia
balls with Beycostat C213 as a dispersant (2 wt%hefdry powder). Ethanol was chosen as
milling and suspension medium since bioactive glas®acts chemically with water [142].
The final powders had a monomodal distribution vdtimean particle size of 4.9 um (Fig.
2.9), as determined with a Partica LA-950V2 (Hoyibgranulometer. The feedstock
suspension was formulated by dispersing 20 wt. ®obdfl phase in 80 wt. % of ethanol.
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Figure 2.9 Particle size distribution of feedstock powder.
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2.2.1.b Coatings deposition

In this study, a SG-100 torch (Praxair, S.T., Indjaolis, IN, USA), with an internal radial
continuous-stream injector, was used. The injestas located inside the torch, 16 mm from
its exit. During each spray run, the suspension eegsinuously stirred in order to avoid any
precipitation or aggregation phenomena.

In order to assess the feasibility of the new SR&rtique, preliminary coatings were sprayed
onto 316L stainless steel discs (diameter: 25 nintkness: 8 mm) and the deposition

parameters were changed over a very wide rangegeasied in Table 2.3, column 2.

Screening of _ N
Spray parameters Final depositions
parameters

Plasma spray

Substrate: 316L stainless steel Ti6AI4V
Electric power [kW]: 10 to 40 see Table 2.4
Working gases composition: Arand H
Argon flow rate [slpm]: 45
Hydrogen flow rate [slpm]: 251075 7.5
Spray distance [mm]: 40 to 80 See Table 2.4
Torch scans for one session: 2t06 4
Sessions for one experiment; 1to5 5
Torch scan speed [mm/s]: 375 to 800 750
Scan-step [mm]: 6to 11 10
Cooling between sessions [°C]: down to 70

Suspension injection
Diameter of injector [um]: 300 and 500 300
Suspension flow rate [g/min]: from 20 to 60 30
Static pressure in suspension

] 0.16-0.17 0.16-0.17
container [MPa]:

Table 2.3 Optimization of spray parameters.

Then, in order to refine the optimal parametexse &dditional depositions were performed on
Ti6AI4V titanium alloy discs (diameter: 25 mm, tkieess: 8 mm as before) according to the
sets detailed in Table 2.3, column 3, and in Tabfe For clarity reasons, the coatings on
Ti6Al4V were denoted as BGCal-BGCab5 (Table 2.4).
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Experimental run  Power [kW]  Spray distance [mm] Max temperature, mean [°C]

BGCal 36 50 344 + 34
BGCa2 40 50 569 + 36
BGCa3 38 60 473 +29
BGCa4 36 70 278 £ 32
BGCa5 40 70 461 + 47

Table 2.4 Spray parameters.

Since preliminary tests on mirror-like polished states showed that the coating adhesion
was poor, the surface roughness was increased rimblsating with 250um corundum
powder at a pressure of 5 bar to reach the roughoiR.,=3.4 um. After sandblasting, the
substrates were ultrasonically washed with ethandlacetone.

During the final depositions on Ti6Al4V substratése coatings’ surface temperature was
monitored using a pyrometer IN 5 Plus (Impac). Tlemmvalue of the maximum temperature

reached during the deposition is reported in Table

2.2.1.c Mechanical Characterization

Scratch tests were performed on the as-sprayedngsatvith the Open Platform Micro-
Combi set-up (CSM Instruments, Switzerland) equippeth a conical Rockwell-type
diamond indenter with a spherical tip of 200 um wadiThe applied load was increased
linearly from 20 mN to 30 N, with a loading rate ¥ N/min and a scratch length of 3 mm.
The acoustic emission was analysed in order todefie critical loads, whose value was also
verified by ESEM-based optical analysis. For eahe, five scratch tests were carried out
to obtain representative values.

Depth-sensing nano-indentation tests were perfororedhe coatings’ cross-section. The
samples were preliminary mounted in resin, cut gulished following a standard
metallographic procedure. The maximum applied iwad 50 mN, with a loading rate of 40
mN/min and a holding time of 15 seconds. The aasibdulus was calculated according to
the Oliver and Pharr method [143]. At least 15 mtd&ons were performed for each sample.

The mechanical characterization was focused osdhgles BGCal-BGCab.

2.2.1.dIn vitro tests
In vitro tests were carried out on the BGCal-BGCa5 sampyesmmersing them in a
simulated body fluid (SBF) according to the staddamotocol defined by Kokubo et al. [34].

The SBF volume-to-coating surface ratio was fixed?0 ml/cnf. The SBF was refreshed
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every 2 days in order to simulate the dynamic s@pkonditions. The samples were extracted
from the SBF, washed with bi-distilled water, drigdroom temperature and characterised

(morphology and chemical composition) after timeques of 1, 3, 7, and 14 days.

2.2.1.e Microstructural Analysis

The surface and polished cross section of the rigativere observed with an environmental
scanning electron microscope, ESEM (ESEM QuantaREIOCompany, Eindhoven, The
Netherlands), operated in low-vacuum mode (presfuseTorr) and equipped with a X-EDS
microanalysis system (Inca, Oxford Instruments, .J.K-or selected samples, BGCal-
BGCab, the ESEM evaluation was repeated after $Bf5.t The coatings were also analysed
by means of X-ray Diffraction (XRD) before and afs®oaking in SBF, with a X'pert PRO
diffractometer (PANalytical, Almelo, The Netherlapdsmploying a Cu-Kradiation. Data
were collected in thet2range of 10°-65° with a step of 0.017° and a timterval of 71.12 s
(X'Celerator detector).

The surface of as-sprayed samples and SBF-soalexiveas investigated by micro-Raman
Spectroscopy (Jobin-Yvon Raman Microscope SpectiemeHORIBA Jobin Yvon
S.A.S.Villeneuve d’Ascq, France). He-Ne laser éingtat 632.8 nm was employed, with an

output power of 20 mW without any filter and a 1Qfbjective.

2.2.2 Results and discussion
2.2.2.a Screening of spray parameters
A feasibility study was performed spraying morent#0 different coatings, as detailed in
Table 2.3, column 2. The morphological and compmstl evaluation of such exploratory
samples via ESEM, XRD and micro-Raman spectroscaealed that the coatings’
properties were governed mainly by following opieradl parameters:

e spray distance;

e electric power input to plasma;

¢ hydrogen content in working gas mixture.
A few initial spraying experiments were unsuccelssince it was not even possible to melt
the glass powder completely (Fig. 2.10). To overedms problem, the electric power input
was increased up to 40 kW and the hydrogen floe/weats augmented up to 7.5 slpm.
In this way, the glass particles reached the melpoqt, as confirmed by the ESEM

observation. Indeed, due to the increase in thetrelepower input and the hydrogen flow
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rate, it is reasonable that the “Ability-of-Heatintactor (AHF) of the plasma [2], i.e. its
capacity to heat and melt the particles, increapet® exceed the Difficulty-of-Melting factor
(DMF) of the powder (which depends on the heat@ainper unit mass of the particles, on the
diameter of the largest particle in the distributeomd on the density of the particle) [2]. In
fact, the particle may be melted in plasma jet ahtiie parameter DMF which characterizes

it is lower than the parameter AHF characteriziragpia jet [2].

Figure 2.10 Prelimiéry coatings produced with different hygen flow rates (2.5/5.0/7.5 Ipm). 'The other
spray parameters were set as follows: Ar flow #&elpm; electric power input 25 kW; spray distaifemm;
linear substrate speed 500 mm/s; scan-step 6 ratig stispension pressure 0.05 MPa; suspensiorrdée=80

g/min.

The spray distance was another important parametefact, the coatings contained the
particles which re-solidified in-flight for spraysances greater than 70 mm. On the contrary,
the coatings surface showed large drops of glasspi@y distances smaller than 50 mm what
proved that the convective heat flux from plasmanjelted the material.

The outcome of this initial parameters’ screening the depositions of BGCal-BGCa5
samples was the following: (i) hydrogen flow ratasaset to 7.5 slpm; (ii) electric power
input was increased from 36 to 40 kW; and, (jpay distance was fixed to be in the 50-70
mm range. Also, the injector, having an inner disanéiD) of 300 um, was preferred to the
larger one of 500 um. It appeared that the smHlexf injector allowed a good penetration of
the suspension into the plasma jet. The other patexm(scan speed, time of deposition, etc)

were selected in order to avoid an excessive Igpafithe substrate.

2.2.2.b Microstructure of as-sprayed final coatings

The final coatings were continuous and homogene@gmrdless of the specific deposition
parameters; in particular, the samples showed w naergh surface that included both large
flattened splats and partially crystallized zones, reported in Fig. 2.11a. A similar
microstructure has been reported in the literafarehydroxyapatite coatings produced by
SPS [25]. It is likely that suctwo-zonemicrostructure derives from the different thermo-
mechanical behaviour of small and large partiatethe feedstock powder, since they possess
different heat capacities and follow dissimilarjeécories in the plasma jet [20]. Previous
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investigations orSPS coatigs have shown that, when the suspensds injected into th
plasma flow, the liquid solint evaporates and the remaining particlan agglomerate ar
are expected to melt or tomain solid, according to their specific trctory in plasma je
When they impinge on thisubstrate (or on the previously deposibarticles), the we-
molten particles usually rest in dense and flat zones, whereas the particles, which ar
likely to resolidify in flight, create agglomerated zones with fine partally sintered grain:
[20].

_ W Crystallized

®

(a)

Figure 2.11 SEM micrographs (secondary electrons): the area reptagive of the
surface morphology ofie coatings (BGCa3 run) with molten splats arystallized zone
outlined (a); highnagnification ofa crystallized area (b) (note that trcicular
morphology tpical of CaSi(z can be observed as suggested #+])

In the present investigatiorsuch agglomerated areas underwent a |l crystallization, a:
suggested by the developnt of micrometricacicular structurg an exaiple is given in Fic
2.11b. Similar needléke crystals have already been described in theature and they ha
been associated with the gith of wollastonite, CaSis [144].

The development of a rougmorphology may be aantageous for bio:tive coatings, sinc
the surface asperities prote both the absorption of organic melites and the ce
attachment [82].

The ESEM inspection of thcross sections revealed that all the sampossessed a lamell
microstructure, wihah is typial of thermal sprayed coatings (F2.12. It is worth noting tha
the coatingsubstrate interices were continuous and almost c-free. Moreover th
microstructural features, su as the characteristic splat dimension, vrelatively fine,as a
result of the small particlesize of the glass powders used for thPS deposition. Tt
coatings’ thickness varied tween 31 (x 7) um for BGCa4 and 40 (zum for BGCal an
hence perfectly fitted the :quirements for biomedical applications fact it is usually
reportedthat a coating thikness of approximately 50 um may pre a good balanc
between fatigue resistancel resorption time[145].
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Figure 2.12 SEM micrographshack scattere electrons) representative of the crgsstion microstructure ¢
the final coatings (BGCal run).

Thanks to its relatively higkrystallization temperatui[69], the BG_Ceglass experienced
very limited devitrification aring the deposition processdeedthe brcad band in the 2-
35° @ range of the XRD»atterns (Fig.2.13 confirmed that the catings were mainl
composed of glassy phasEhe partial crystallization of the glass cad the formation ¢
silicatebased secondary pkes such as Ca$&; and CaSiO,, as provecby the weak peal
occasionally visible in the XD patterns. The presenceCaSiQ detectd by the diffractior
is consistent with the SEMbservation of typical neeclike crystals, ¢s mentioned befol
(Fig. 2.11b).

BGCab

r:\; u® o BGCad

2 BGCa3
Q
)
=

v BGCa2

\J
M v
BGCal
10 20 30 40 50 60
20

Figure 2.13 XRD patterns othe a-sprayed samples. Symbo®: CaSiQ, = CaSiC,;, o substrate

Qualitative evaluations of tt XRD patterns also suggest that the BGGnd BGCa2 sample
possess larger amounts ofrstalline phases than the BGC— BGCab. This maybe due to
the high heat flux deliveredom the plasma jet to the deposited matesince these sampls

were produced using the stest spray distance (Tabl.4). This heat ix may have eithe
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slowed down the cooling of flattened splats, prangtrystallisation during splat formation,
or caused re-crystallisation of previously depakgtass splats during subsequent torch scans.
It is worth noting that the development of Cagi@hich is characteristic of this CaO-rich
glass formulation [69], is expected to preserveltbee-bonding ability of the coatings, since
this material is also highly bioactive [146].

To conclude, the XRD patterns presented well-ddfipeaks which can be attributed to the
metal substrate, due to the relatively low thiclne$ the coatings and the limited X-ray

absorbance capacity of the glass.

2.2.2.c Mechanical properties of as-sprayed samples
The Vickers hardness and the elastic modulus ofctaings were determined via depth-

sensing nano-indentation.

Run Thickness [um] Hardness, H\gsy  Elastic modulus [GPa] Critical load [N]
BGCal 40+ 6 98 £ 17 23.1+4.2 21.1+44
BGCa2 3317 66 + 10 20.8+34 19.3+2.7
BGCa3 36+9 60 + 13 21.0+34 18.9+0.6
BGCa4 317 346 156 +5.6 18.2+5.4
BGCa5 398 8522 18.2+43 179+1.9

Table 2.5 and mechanical properties of coatings (mean valsiandard deviation).

From the results reported in Table 2.5, it is passto observe that the BGCa4 sample
exhibited the lowest values of both Vickers hardnesd elastic modulus. This is not
surprising, since such coating was processed uesefavourable spraying conditions (Table
2.4) with respect to the other final samples, behgelectric power relatively low (36 kW)
and, at the same time, the spray distance relgtlealg (70 mm). As a result, the maximum
coating temperature remained as low as 280°C (ab™R.4). This suggests that a significant
fraction of the sprayed material impinged at lomperature and that there was little chance
for sintering of the previously-deposited materihlshould be noted that this is also the
thinnest coating on Ti6Al4V substrates (Table 2.5he BGCal coating has the best
mechanical performance, suggesting that the canebpg set of deposition parameters
represents a good balance between the melting icapaplasma jet (AHF) and the in-flight
residence time of the particles. The mechanical gntags of the BGCal-BGCa5 samples are
slightly worse than those reported in the literatéor other bioactive glass coatings. For

example, in a recent contribution by Altomare etddicated to Biogla8s45S5 coatings
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obtained by the high-velocity suspension flame spFYSFS) technique [24], the hardness
was reported to reach values as high as 290-500akt)/the elastic modulus 40-57 GPa,
according to the specific deposition parametersvelbeless a direct comparison is not
straightforward, since SPS and HVSFS are inherdliffigrent techniques, although they both
employ powder suspensions. In particular, the HVSR&hod usually confers a higher
velocity to the sprayed particles, which is likety promote the flattening process of the
splats. This is evident in the coatings investigdig Altomare et al. [24], which possess a
very compact microstructure with few spherical goile the present contribution, instead, the
coatings produced by SPS retain a greater intat-g@rosity, which directly affects the
mechanical properties. However it is worth notihgtta richer porosity, which results in a
large reactive surface, may be advantageous, gicee aid the coating bioactivity [77]. The
analogy has some limits because of the differeaingsize and composition of the feedstock
powders used, since the Bioglast5S5 particles sprayed by Altomare and her colleag
were finer (1 - 2um average size) than the present ones.

Even if the elastic properties of the BGCal-BGCaétings are lower than those declared in
the literature for Biogla§s45S5 coatings obtained via HVSFS, they resemhsettof the
cortical bone, whose elastic modulus is in the B range [147]. This could be beneficial
to limit the so-called stress shielding effect, @hmay cause a dangerous reduction in bone
density after implantation.

The critical loads were defined by combining thalgsis of the acoustic emission and the
ESEM inspection of the scratch lines, as shownign E14. The results were similar for all
the final coatings and they were comparable todhgsnerally found in the literature for
bioactive glass coatings, namely 16-32 N [126].
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Figure 2.14 Definition of the critical loads for the BGCalnsple by combining the acoustic emission analysis
and the ESEM inspection (backscattered electrons)
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2.2.2.dIn vitro tests

As shown in Fig. 2.15, the ESEM investigation af #amples after soaking in SBF indicates
the progressive development of the “cauliflower-likgglomerates which are characteristic
for in-vitro grown HCA [148].

7 days SBF

14 days SBF 14 days SBF

100.04m 100.04m
@) (b)

Figure 2.15 Surface evolution of the samples immersed in 8Bfcreasing times:
(a): BGCa3 run belonging to the first group (1GJl én): BGCal run belonging to the second group (2G)

According to the growth rate of such dome-like tees, the coatings on Ti6Al4V substrates
can be classified in two groups: the samples BGB&3-a4 and BGCab, belonging to the
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first group (1G), showed well-defined formationsealdy after one day of immersion in SBF
(Fig. 2.15a); the other two coatings, belonginthsecond group (2G), reached well-defined
spherical structures after 3 days in SBF (Fig. R)1% is likely that such difference in the
coatings’ reaction rate results from their microsture; specifically, the coatings possess a
different porosity, which leads to dissimilar reagtand exchanging surfaces which, in turn,
are responsible for different behaviours in SBF.fdot the BGCal and BGCa2 coatings
(belonging to 2G) were processed with a lower smliayance than those belonging to 1G,
therefore they were more affected by the heatfiflom the plasma jet. As a consequence, the
2G coatings were mainly formed by the dense zorssribed previously and they were less
porous than the 1G samples. This fact delayedehetion between the 2G coatings and the
SBF. Moreover, the 2G coatings (BGCal and BGCaZjtaoed a larger amount of
crystalline phases (as seen in Fig. 2.13), which haae reduced the rate of dissolution of the
coatings since crystalline phases are typically teactive than glassy ones.
The difference between the two groups can be ajgpeelcalso by the inspection of the cross
sections. In fact, already after one day in SBI, ¢loss-section of a 1G sample typically
shows a multi-layered structure, which is exemgtifin Fig. 2.16. The X-EDS chemical
analysis, supported by the available literature9],Ll4nakes it possible to identify the strata
according to the following scheme:
e superficial layer, which is rich in calcium and gpborus (zone 1 in Fig. 2.16):
hydroxy-carbonated-apatite;
¢ intermediate layer, which is mainly composed oitsi oxide (zone 2 in Fig. 2.16):
silica gel;
e deep layer, which still preserves the compositiomhef starting feedstock (zone 3 in
Fig. 2.16): residual glass splats.
The clear distinction between such layers was @elayp to the third day of immersion in
SBF for the 2G samples. However, the stratificatiprogressively disappeared with
increasing soaking times and, after 14 days in SBIFthe surface deposits were entirely
composed of calcium phosphate with a few residaaks of silicon. This result suggests that
the original glass coatings were gradually resordéed then completely replaced by the re-
precipitated hydroxyapatite (HA). It is worth notititat, according to the ESEM and X-EDS
observations, the reaction kinetics between theimgsm and the SBF is (qualitatively)
analogous to that commonly reported in literaturesilicate-based bioactive glasses in bulk
form, since a gradual growth of HA may be observeddiated by the transient development

of a silica gel layer [126, 130].
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Figure 2.168 ESEM micrograph (backscattered electrons) and El@Eoanalysis of the cross section of a
sample belonging to the first group (BGCa4) afteiay of soaking in SBF.

The diffraction patterns of the samples immerse&iF (Fig. 2.17) are consistent with the
ESEM data. The identification of the HA was basadaovide peak at abou6 2 32°, which
corresponds to the main peak of hydroxyapatite,aasdcondary peak at abo@t=26°. The
XRD spectra of 1G samples showed such peaks aleselyone day of immersion, whereas
the spectra of the 2G samples exhibited them tftee days of immersion. In both cases, the
broad shape of the XRD peaks indicates that theoydpatite had a microcrystalline and
defective structure, as often stated for HA préatpd in SBF [150].

14d SBF
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Figure 2.17 XRD patterns of the samples immersed in SBFrfordasing times: thin lines correspond to the
sample BGCab, representative of the first group)(bGld lines correspond to the sample BGCaz2,
representative of the second group (2@).hydroxyapatitem Ti6AI4V, e CaCQ.
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Besides, in the XRD patterns of samples 2G, the&kgped the crystalline phases (most
notably, those belonging to Ca3)®ecame more clearly recognisable after 1 daypakisg,
which suggests that the reactivity of crystallinegds with the SBF solution is slower than
that of the glassy phase. This corroborates to pgrevious comments on the role of
crystallinity in determining the behaviour of th& land 2G samples. For increasingly long
soaking times, the CaSi(peaks progressively got weaker and eventuallypgisared. This
indicates that crystalline phases also react Wik, onsistently with the mentioned reports
on the bioactivity of CaSi¢) although at a slightly lower rate than the glasisgse. Therefore
the BG_Ca glass represents an interesting solwinoe it basically remains amorphous, and
hence bioactive, after the deposition and eversétendary crystalline phases resulting from

the SPS process are still bioactive.
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Figure 2.18 Raman spectra of the samples immersed in SBiRdogasing times: thin lines correspond to the
sample BGCab, representative of the first group)(bald lines correspond to sample BGCal, reprasigatof
the second group (2G). The Raman peaks correspaheé vibrations of A hydroxyapatitem carbonate group.

The Raman spectra, shown in Fig. 2.18, followedstdmae evolution for all samples. In fact,
independently of the spraying parameters, a peakait 970 cim appeared already after one
day in SBF; then, with increasing immersion timms;h peak shifted towards 960 tnTwo
secondary peaks were detectable after 3 days &ingpalro conclude, an additional peak
appeared at 1070 ¢hfor longer times. All these peaks are consistdtit the typical pattern
of HA grown in SBF. More precisely, the Raman spedavolution was similar to that
previously observed for bulk glasses [69, 130].fdot, the peak at 970 ¢m which is
associated to the phosphate groups, quickly moweab6 cm', which is the main peak of

hydroxyapatite. Similarly, also the secondary npldtipeaks were due to hydroxyapatite,
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while the peak at 1070 ¢hwas caused by the carbonate group, thus suggebtghe
growing hydroxyapatite was carbonated, as oftetedta the literature concerning SBF tests
on bioactive glasses [130].

It is interesting to note that the XRD and SEM gse$ allowed dividing the samples into 2
groups based on their reaction rate (Figs 2.15 24d). Inversely, the Raman spectra
evolution was the same for all samples (Fig. 2.I8)is indicates that, regardless of the
differences in the reaction rates revealed by tREM and XRD studies, all the samples were
immediately covered by a very thin layer of hydrapgtite when immersed in SBF.
Therefore the micro- Raman spectroscopy, which ghlii sensitive to the surface of the

samples, was not able to detect the differencesgdaet the coatings.

2.2.3 Conclusions

In this study, the suspension plasma spray tecknigps employed to obtain coatings starting
from a suspension of micron-sized bioactive glasw/ders. A preliminary screening of
processing parameters revealed that the microgteugtas mainly governed by the hydrogen
flow rate, the spray distance and the electric paweut to plasma. Glass coatings suitable
for biomedical applications were achieved workinighva hydrogen flow rate of 7.5 slpm, a
spray distance of 50 to 70 mm and a power of 380&W. The use of a bioactive glass,
characterized by a reduced tendency to crystatisiped to obtain amorphous coatings, with
a very limited development of crystalline phasesthBthe thickness and the mechanical
properties of the coatings are adequate for bioca¢dpplications in orthopaedic implants.
The SBF tests proved that all the coatings were abidevelop a surface layer of hydroxy-
carbonated-apatite when immersed in a simulatedy bfigid, following interaction
mechanisms previously observed also for bulk bivacglasses. Nevertheless the overall
reaction kinetics, especially in the first daysimmersion, were influenced by the coatings’

porosity and degree of crystallinity, which werémarily controlled by the spray distance.
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2.3 Production and in vitro characterization of hydroxyatite

coatings with and without a bioactive glass topcoat

Introduction

The aim of this work was to test whether a bioacglass topcoat could be able to increase
the bioactivity of hydroxyapatite (HA).

With that purpose HA coatings were plasma sprayedsteel substrates starting from
commercial powders (samples “PS-HA”). The HA cogsinvere subsequently coated with a
thin layer of bioactive glass produced by suspenplasma spray (SPS), thus obtaining the
multi-layered “PS-HA/SPS-BGCa” samples.

The so-called BG_Ca (wt.%: 4.7 p 42.3 CaO, 6.1 85, and 46.9 Sig) was selected as
the bioactive glass since it has a high bioactiaity a relatively low tendency to crystallize at
high temperature [69]. In order to assess the ®ffwess of the bioactive glass topcoat, the

samples with and without the BG_Ca layer were tBst®itro, soaking them in SBF.

2.3.1 Materials and methods

2.3.1.a Feedstock materials
Hydroxyapatite powder:

The powder was pure hydroxyapatite (HA) commeroeiby Tomita (Japan). The powder is
spray dried, with a mean diameter =20 um and porosity of about 12% [151].
Bioactive glass suspension:

The bioactive glass (BG_Ca) was produced by theverional melt-quenching method.
Appropriate raw materials were mixed, and then emoih a platinum crucible at 1450°C. The
molten glass was poured into water. The obtainédvas dried overnight at 110°C and then
it was dry milled in an agate jar and sieved apu®3 The powder was further milled by an
attrition system using 0.8 mm zirconia balls andiragithe dispersant Beycostat C213 (2 wt%
of the dry powder). Since bioactive glass powdexgehthe tendency to react with water,
ethanol was selected as the suspension liquidobtaned BG_Ca powder had a monomodal
distribution with a mean diameter ofgd4.7 um, (determined with a granulometer Partica
LA-950V2, Horiba). The feedstock suspension wamidated by dispersing 20 wt% of solid
phase in 80 wt% of ethanol.
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2.3.1.b Coatings deposition

Plasmaspray runs were performed using a SG-100 torchx@aS.T., Indianapolis, IN,
USA). Substrates were 316L stainless steel disGs{éh in diameter, thickness of 8 mm)
which were roughened via sandblasting. The regutmighness of substrates was®K3 um
(determined by means of Tester T500, Hommel). Afandblasting, the substrates were
ultrasonically washed with ethanol and acetone.

During the PS deposition, the HA powder was suppbg means of a laboratory feeding
apparatus consisting in an Ar-pressurized chamidgavibrating system.

As regards the BG_Ca topcoat, a pneumatic systesruged to feed the suspension; to avoid
agglomeration and sedimentation, the suspensionoeasnuously mixed by means of a
magnetic stirrer. Both feedstock materials werepBeg into the plasma by internal injection.
The injection orifice was radial inside the anotdld& mm from torch’s exit. The used spray

parameters are listed in the Table 2.6.

PS-HA coating SPS-BG topcoat
Power [kW]: 21 40
Gases Ar [slpm]: 48 45
Ho [slpm]: 2 7.5
Distance [mm]: 100 70
Torch speed [mm/s]: 500 750
Scan step [mm]: 10 10
Feedstock flowrate [g/min]: 10 30
Injector diameter [mm]: 1 0.3
Carrier gas [slpm]: Ar, 3

Static pressure [MPa]: - 0.17

N° of torch passages: 36 2 x 4 sessions

Table 2.6 Spray parameters

Many preliminary deposition tests were carried udi@gtative parameters taken from the
literature [141, 152]. Then, on the basis of theliprinary trials, the final spray parameters
were defined, with the aim of optimizing the compass and the thickness of the HA layer
(and also to guaranteeing a high repeatability) @nfhvouring the bioactivity of the glass
topcoat, which must therefore remain amorphouspaoperly porous.

During the deposition sessions, the temperatutbetoatings’ surface was measured using
an optical IN 5 Plus pyrometer (Impac).
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2.3.1.cIn vitro tests

In order to investigate the effect of the glassct@t on the reactivity in physiological fluids,
the samples were soaked in SBF according to thelatd procedure proposed by Kokubo
[34]. The SBF was refreshed every 2 days to mirhee dynamic condition of the human
body. The samples were removed from the SBF after periods of 1, 3, 7, and 14 days. The
samples were carefully washed with distilled watargd after that they were dried at room

temperature.

2.3.1.d Characterization

The samples were analysed before and after soaki@Bk through different techniques.

The surface of the coatings was investigated byns\ed X-Ray Diffraction, XRD, with a
X’pert PRO diffractometer (PANalytical, Almelo, Théetherlands) equipped with
X'Celerator detector. Diffraction patterns werelected in the 10°-70° €@2range (step size:
0.017°, step time: 71.12 s).

An accurate microstructural analysis was carriedavuthe coatings’ surfaces and polished
cross sections by means of an environmental scgrelgctron microscope, ESEM (ESEM
Quanta 200-FEI Company, Eindhoven, The Netherlandglipped with a X-EDS
microanalysis system (Inca, Oxford Instruments, .lJ.Khe microscope was operated both in
high-vacuum and low-vacuum mode (pressure: 0.48).Tor

The coatings’ surface was analysed by micro-RampectBoscopy (Jobin-Yvon Raman
Microscope Spectrometer, HORIBA Jobin Yvon S.AMblleneuve d’Ascq, France). The
laser source emits 20 mW at 632.8 nm; 100x objeetineno filters were employed.

2.3.2 Results and discussion

During the deposition of the HA layer, the surfaemperature did not exceed 250°C and, at
the end of the process, the temperature was ab68€20

Instead, during the deposition of the BG_Ca topdbattemperature was slightly higher, with

an average value of about 250°C and local peak836FC. However such values are

relatively low with respect to those usually acle@wyn SPS deposition with ethanol [141]. In

fact, the parameters were purposely defined todasniexcessive heat flux to the coating in
order to prevent the glass devetrification. Thgdimited the sintering process and therefore
it conferred a porous microstructure to the glagsaoat, which is expected to enhance its

bioactivity [141]. To reduce the heat flux to thengle, the spraying distance was set at a
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high value (70 mm), and the coatings were sprayed different sessions, with two torch
passes for each session. Moreover, in order taraotite surface temperature, the samples
were left to cool down below 70°C before each s#ssi
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Figure 2.19 X-ray diffraction patterns of the coatings andte HA feedstock powder
L: larnite (CaSiOQ,), X: TTCP, O: TCP, C: CaO

The X-ray diffraction pattern of the PS-HA sampleig( 2.19) confirmed that the HA
basically preserved its nature after the depositiofact, the spectrum was basically identical
to the X-ray diffraction pattern of the HA feedstqmowder. However secondary phases could
be detected, which resulted from a partial decoitipasof the HA. In particular, the peaks in
the 29°-31° B range are associated to tetra-calcium phosphdt€PT and to tri-calcium
phosphate, TCP. Instead the peak @t=237.5° corresponds to CaO. Since the amount of
decomposition phases of HA may be related to tlaive intensity of their peaks [153], the
low intensity of these peaks suggests that secgmpdases were present in low amounts.

In the PS-HA/SPS-BGCa diffraction spectrum, a brbadd between 25° and 35°0)2s
present, as often observed for silicate glasseaddition, some new weak peaks appear, and
they may be associated toS#&,. Moreover well-defined peaks can be attributethtoHA
layer underneath the glass topcoat. The parti@sparency of the topcoat to the X-rays
results from the intrinsic properties of silicateagges and from the structure of the topcoat
itself, which was highly porous and relatively thias proved by the ESEM inspection
described below.
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The microstructure of the PS-HA samples was compatit low porosity (Fig. 2.20a). Some
dark areas could be observed in the cross secBorce the EDS analysis (Fig. 2.21)
confirmed they were composed of HA, with atomicgadions analogous to those of the
surrounding light-grey material, it is plausible ttisach dark areas were the cross sections of
unmelted HA particles incorporated into the coatifige surface of the PS-HA coatings (Fig.
2.20b) displayed both large splats, with diametérsome tens of microns, and areas with a
finer, granular microstructure.
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Figure 2.2Q PS-HA coatings: (a) cross section (b) surface
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Figure 2.21 Detail of the PS-HA cross section and correspoyp@DS microanalyses.
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The inspection of the cross:ction of thePS-HA/SPSBGCa samples coirmed that the glas
topcat was relatively thin, ith ar indicative thickness of about 20n (Fig. 2.22a). Most of
all, the top layer was chararised by a very fine microstructure : by a rich porosity, quit:
superior to that previously tected in the HA coating of the -HA samoles As regards the
surface morphology, the gls topcoat was extremely rough, as showrigure 2.22b. A high
roughness may be extrery advantageous, sie it increases the iecific surface are

available for chemical reacths and it favours the cell attachmin vivo [82].
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Figure 2.22: PS-HA/SPS-BGCa coatings:
(a) cross section (b) surface

Furthermore very fine acicu structureccould be observed on the surfaxféhe PS-HA/SPS-
BGCa coatingsThey probaky are the crystals of the ,SiO, phase idenfied by the XRD
After the immersion in SBFthe surface of both types of coatings wavered by the don-
like structures which are/pical of HCA deposits growrin vitro [148]. However, a
comparison between the twypes of sample(Fig. 2.23)suggests that ttPS-HA/SPS-BGCa
system reacted more rapi than the P-HA one. Indeedthe fine cystalline structure
originally present on the PBA/SPS-BGCa sampleompletely disappeed, and the surfau
quickly assumed a more glalar morphology

The diffraction spectra of tt P&-HA sample did not show sensiblariations (Fig.2.24) as a
result of thammersion in SF. Starting from the first day of immersiofne peaks associat
with the seconary phases (CP, TTCP and CaCgradually disappearedlore in detail, the
peak associated to Ca@nishec already after one day of immersionhereas the peaks
TTCP and TCP completelyeased to be visible after seven d Instead lhe peaks of HA di

not varywith increasing imnersion time
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Figure 2.23 Coatings’ surfaces aftan vitro test:
(a) PS-HA; (b) PS-HA/SPS-BGCa.

The diffraction patterns of the PS-HS/SPS-BGBa dasff-ig. 2.25) showed visible changes
as a result of the immersion in SBF. Starting fritv first day of immersion, the diffraction
spectrum showed the main peaks of HA, although eoad. The width of the peaks was
related to the poor crystallinity of HCA, an effabt is often observed fan vitro grown
HCA. At the same time, the peaks due to theSEa, disappeared, supporting the hypothesis
that the crystallizations were mainly constitutgdsiiperficial fine crystals, readily dissolved

by the SBF. The peak ab 2 29.4°, which can be observed occasionally inXR® spectra
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of the soaked samples, is due to CagCGOmineral that may co-precipitatevitro with HCA

[141].
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Figure 2.24 XRD, PS-HA coatings, evolution of the spectragift vitro tests (As: as-sprayed — to be

considered as a term of comparison).
X: TTCP, O: TCP, C: CaOs: HA
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Figure 2.25 XRD, PS-HA/SPS-BGCa coatings, evolution of thecima aftein vitro tests (As: as-sprayed — to

be considered as a term of comparison).
L: larnite (CaSiOy), *: calcite (CaCGg), e: HA
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Further information on the reactions occurring BFSould be obtained by means of Raman
micro-spectroscopy. Figure 2.26 compares the speftthe PS-HA samples soaked in SBF
to that of the as-sprayed coating. In particul&rthe pattern of the as-sprayed HA is
considered, the peak associated to the symmetitiegthing of the POgroup, at about 960
cm?, can be separated in two different contributiorenely a broad and weak peak, and a
sharp and intense one. The latter can be asso¢@téd, while the former is probably due to
the decomposition phases: ACP, TTCP and TCP [1B4fier immersion in SBF, the Raman
peaks associated to HA became broader and lessedetbut they didn’t shift to different
wavenumbers. The gradual change in the peak shapgrubably due to the precipitation of

poorly crystallized HCA on the original surface.
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Figure 2.26 Raman spectra, PS-HA coatings, evolution of trexa aftein vitro tests

The Raman spectra acquired on the surface of tHdASPS-BG coatings showed a marked
change after the immersion in SBF (Fig. 2.27).Ha spectrum of the as sprayed coating,
three bands related to BG_Ca glass were obsemecdands at about 635 &nand from 800

to 1150 crit, which are associated to the Si-O-Si bonds inailand a third band at 950 ¢m
which is due to the symmetrical stretching of ti@ Broup [130]. From a qualitative point of
view, the evolution of the spectra in SBF was samib that observed for the XRD patterns:
starting from the first day in SBF, the peaks ofdlass are progressively replaced by those of
HA. The latter, in turn, became sharper with insireg@ immersion time. Moreover, after
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immersion in SBF, a peak at approximately 1070 @ppeared, which is associated to the
carbonate group of HCA [130]. In the spectra of #®-HA sample the peak was less
pronounced, confirming that the bioactive glass l@yer increased the reactivity of the

system.
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Figure 2.27 Raman spectra, PS-HA/SPS-BGCa coatings, evolufidime spectra aftén vitro tests

Figures 2.28-2.31 propose some representative SEddas of the samples soaked in SBF.
After one day ofn vitro test, a few micron-thick reaction layer grew onHt% coatings; as
shown by EDS analysis (Fig. 2.28), the layer h&h# ratio of 1.49, a value similar to that
of calcium-deficient ACP, as already mentioned hrafter 1.2.5.

Instead, if the PS-HA/SPS-BGCa system is consid@tigd 2.29), the topcoat entirely reacted
after one day in SBF, and just silicon and oxygesrendetected by EDS analysis, thus
suggesting the development of a silica gel surfager. The very high reactivity of the
topcoat was due to the concomitant effect of thenisic bioactivity of the BG_Ca glass [69]
and of the porous microstructure of the layer.dct the rich porosity of the topcoat favoured
the penetration of SBF in depth and greatly ina@dabe specific surface area available for
the chemical reactions. It is interesting to obsdhat, after one day in SBF, the silica gel

layer, in turn, was already covered by a very tteposit of calcium phosphate.
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The growth of the calcium phosphate layer continieedncreasing immersion time and, after
one week in SBF, the topcoat was completely coaded HCA (Fig. 2.30), with a Ca/P ratio
close to that of stoichiometric HA (Fig. 2.30, Spem 1). Furthermore, the grown HCA was

well integrated in the coating, since the interfa@es not easily detectable.
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As a general consideration, the reaction kinetiesewaster on the PS-HA/SPS-BGCa system
than on the pure PS-HA coating. Indeed, the HC&idayown in the PS-HA sample after 14

days in SBF was thinner than that grown on the R&RS-BGCa system after 7 days in

SBF, as it is apparent from the comparison of tireesponding SEM images in Fig. 2.30 and
Fig. 2.31.

2.3.3 Conclusions

In this study HA coatings with and without a bioaetglass topcoat were testedvitro.

With respect to pure HA coatings, the samples Wi glass topcoat showed a greater
reactivity, since the surface was entirely covdrgdHCA in less than one week. Nevertheless,
this is only a preliminary trial, since cell tesiie necessary to determine the effectiveness of
the topcoat. In this way it could be possible tafyavhether the high porosity of the topcoat,
associated to the intrinsic bioactivity of the glasould be able to increase the absorption of
metabolites and the cellular activity.
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2.4 Suspension Plasma Sprayed hydroxyapatite/bioactyiass

composite coatings. Comparison of different micnasgttures

Introduction

The aim of this work was to produce different cosipm coatings with bioactive glass and
hydroxyapatite, and then to verify which of thensgessed the best properties.

Bioactive glass and hydroxyapatite were chosenesihey are the most common bioactive
materials, and they both have their unique charattss. In fact, bioactive glasses have a
very high index of bioactivity, while HA is stabile biological environment.

The so-called BG_Ca was selected as the bioactass ¢69], since it has good bioactivity
and a limited tendency to crystallize at high terapge, due to its formulation which is
relatively rich in CaO and poor in Ma with respect to conventional bioactive glasseseta
on the standard Biogla$45S5 developed by Hench [30]. The same BG_Ca bassliready
been used to produce bioactive coatings in prestudies [141].

The suspension plasma spray technique was choseswdseit makes it possible to obtain
coatings with a fine microstructure and, most gfl@cause it works on powder suspensions,
which may result in easier mixing of different fegatk materials.

Three different types of composite coatings weipced, which were named: Composite,
Duplex and Graded. The Composite coatings wereuoext! spraying a mixture of the two
raw materials and therefore the constituent phasge randomly distributed throughout the
coating.

The Duplex coatings consisted in a double-layetagcttre: BG_Ca on the surface and HA
in contact with the substrate. In this case theréwyhpatite worked as a bond coat for the
bioactive glass. The layering sequence was designedder to take full advantage of the
high bioactivity of bioactive glasses, which is etipr to that of HA thus making them more
suitable to interface with the biological environtheOn the other hand, HA has a great
vivo stability, thus it provides a more stable protattio the substrate.

The Graded coatings were an evolution of the Dugleatings, in which the composition
varied gradually from HA to BG_Ca. The coatings evebtained by spraying many layers
with progressively different composition. The adwaye of a graded structure is that the
abrupt glass/HA interface, which may be a weak fpimirconventional bi-layered systems, is

removed.
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2.4.1 Materials and methods

2.4.1.a Feedstock materials

Bioactive glass suspension:

The BG_Ca glass was produced by the conventiontidquenching method (as described in
detail in Chapter 2.1), then it was dry milled, atttition milled in ethanol with 2 wt.% of
Beycostat C213. The obtained BG_Ca powder had aomwdal distribution with mean
diameter of ¢=4.7 um (Fig. 2.32), as determined with a granuteme®artica LA-950V2
(Horiba). The feedstock suspension was formulatedigpersing 20 wt% of solid phase in 80
wt% of ethanol. Ethanol was chosen as an attrifad suspension fluid since bioactive

glasses are water-reactive [142].

-..BG_Ca —HA
16

r 12

[+]
Particles [vol.%]

0.01 0.1 1 10

Diameter [um]

Figure 2.32 Grain size distribution of the powders

Hydroxyapatite suspension:

The starting powder was pure Hydroxyapatite (HA}hwinean diameter ofsgE120 pm
commercialized by Tomita (Japan). The powder wdtedby an attrition system using 0.8
mm zirconia balls and adding the dispersant Bepat @213 (2 wt% of the dry powder). The
obtained powder had a slightly bi-modal distributieith mean diameter ofsg=4.6 um, (Fig.
2.32). The feedstock suspension was formulatedigpedsing 20 wt% of solid phase in 40
wt% of ethanol and 40 wt% of water. The use of atane of water and ethanol was chosen
since water vapour prevents the decomposition of HA

Moreover, it should be underlined that, in ordeobtain HA-glass composite layers, it was
necessary to spray the HA and the bioactive glassders together, so the deposition
conditions were set in between of those optimizedHe constituent phases, BG_Ca and HA,
when sprayed individually [25, 141]. Since the B@ @Glass requires a more powerful
treatment than HA, the high power may increasedldmmposition of HA. Then, the addition
of water, which reduces the enthalpy of the plafh®&], may preserve the structure of HA,

especially during the deposition of HA-rich compedayers. On the other hand, if the HA
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powder were dispersed in pure water, the enthdlplyeoplasma would be reduced to such an
extent that the glass particles could not be pigpeelted. Moreover, the mixing into the
injector of a water-based suspension and the B&GtRanol one may favour the clogging of
the injector.

2.4.1.b Coatings deposition

An SG-100 torch (Praxair, S.T., Indianapolis, INSA) was used to produce the coatings.
Both the suspensions were supplied by means dftpkic pumps (Fig. 2.33a). The pumping
systems were two and independent, the suspensieres mixed only at the entrance of the
injector. Two non-return valves were mounted ineorth avoid undesired mixing and reflux
(Fig. 2.33b). During spraying, the suspensions weomtinuously stirred to avoid

sedimentation and agglomeration. An injector withb@ um-large hole was used; the

injection of the suspension was internal to thelipat 16 mm from its exit.

One-way valves

J

(b)

Figure 2.33 Suspension feeding system: (a) peristaltic purgisnjector

Various trials were made to find the depositionapagters that could combine a minimal
decomposition of HA with a good cohesion of the Ba particles. The final spray

parameters are listed in the Table 2.7.

Power [kW]: 34
Ar [slpm]: 45
Gases
H, [slpm]: 7.5
Distance [mm]: 55
Torch speed [mm/s]: 750
Scan step [mm]: 10
Suspensions flowrate [g/min]: 30

Table 2.7 Spray parameters
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All the coatings were obtained through 8 sprayiegsfons, each of which corresponded to 4
torch passages. Before each session, the samfdeeswas left to cool down below 80°C.

In order to obtain the different microstructures tbkE Composite, Duplex and Graded
coatings, the flow rates of the two suspensionsewmoperly regulated by means of the
peristaltic pumps. The used values are listed iblef2.8. The expected compositions are

schematically shown in Figure 2.34.

Session Composite Duplex Graded

BG_Ca HA BG_Ca HA BG_Ca HA

1 15 15 - 30 - 30

2 15 15 - 30 4 26

3 15 15 - 30 9 21

4 15 15 - 30 13 17

5 15 15 30 - 17 13

6 15 15 30 - 21 9

7 15 15 30 - 26 4

8 15 15 30 - 30 -

Table 2.8 Suspensions flow rates [g/min]

]
I
]
I
.
I
.
I

a C

m BG_Ca m HA
Figure 2.34 Theoretical microstructure of the composite auggi (a) Composite, (b) Duplex, (c) Graded

Substrates were 316 | stainless steel discs (25mthiameter, thickness of 8 mm). They were
sandblasted using 250m corundum powder at 5 Bar. The resulting roughness R=3.5
pm. Before spraying the substrates were ultrastiymwashed with ethanol and acetone.
During the deposition an optical IN 5 Plus pyrometempac) was used to record the
superficial temperature. The mean values of thepézaiure were calculated for each spray

session, and they are reported in Table 2.9.

Composite Duplex Graded
Trmear "C] 321 247 297
Std. Dev. [°C] 10 53 46

Table 2.9 Mean surface temperatures measured during sgrayin
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Coatings of pure BG_Ca and of pure HA were alsaygid using the same spraying
parameters of the composites. The mono-componestings were used as a reference.
Composite, Duplex, and Graded samples in the fatigwvill be referred to as “bi-phasic” to

distinguish them from mono-component coatings.

2.4.1.cIn vitro tests

The samples were testedvitro by soaking them in a simulated body fluid (SBF¢cArding

to the standard protocol defined by Kokubo and dakaa, the SBF volume-to-coating
surface ratio was fixed to 20 ml/énTherefore the samples were cut to obtain a seirdaea

of 1 cnf and each sample was immersed in 20 ml of SBF.saheples were removed from
the SBF after time periods of 1, 7, and 14 daysifguhe tests the SBF was refreshed every
2 days in order to simulate the dynamic conditiohthe human body. The temperature was
constant at 37°C and the sealed containers werdrkepivater vapour saturated environment
to avoid fluid evaporation. At the extraction froBBF, the samples were carefully washed
with distilled water, and dried at room temperature

2.4.1.d Characterization

The samples were analysed before and after soakiBBk through different techniques.

The surface of the coatings was investigated bynsie& X-Ray Diffraction (XRD). The used
instrument was an X'pert PRO diffractometer (PANiabl, Almelo, The Netherlands)
equipped with an X'Celerator detector. The diffractpatterns were collected in the 10°-70°
20 range (step size: 0.017°, step time: 71.12 s).

An accurate microstructural analysis was carriedauthe coatings’ surface and polished
cross section by means of an environmental scanglieciron microscope ESEM (ESEM
Quanta 200-FEI Company, Eindhoven, The Netherlanelgliipped with an X-EDS
microanalysis system (Inca, Oxford Instruments, .)J.Khe microscope was operated in
high-vacuum and in low-vacuum mode according tosiecific sample to analyse (pressure:
0.45 Torr).

Scratch tests were performed on the surface ofathproduced bi-phasic coatings (Open
platform, CSM Instruments, equipped with 100 um Reall diamond tip). The parameters
of the scratch were: linear load from 20 mN to 3Gstratch length 3mm, load rate 10 N/min.
Critical loads were determined by optical analy3istee scratches were performed on each

sample.

78



2.4.2 Results

Regardless of the composin, the obtaine bi-phasic coatingappeared ontinuous

To verify if the obtained ncrostructures corresponded to the expe ones, the pished
cross-sections were anadysthrough EDS analysis. Compdonal mapswere acquired (Fi
2.3H. The silicon was selead a: the marker of BG_Ca, while the phoorou: was chosen to
indicate the HA.

I 70 M I 70 um

(@) (b) (c)
mS mP

Figure 2.35 EDS maps showing e distribution of Si (in gree—representative of BG’a glass) and P (in r—
representative of H) on the cross sectio(a) Composite, (b) Duplex, ) Grade:

The microstructures, as is wn in Figue 2.35, were similar to ¢ghexpecec ones (Fig. 2.34).
The microstructuref the Cemposite sample (Fig. 2.a) appeared as glass matrix withii

which zones of HA werdlispersed. The crc-section of Duplex same (Fig. 2.3b) was

clearly divided into two layrs Finally, in the Graded sample (Fig. 2c35the compositiol

varied along the thicknesof the coatine The main difference bweenthe expected
microstructures and obtainexheswas the greater presence of BG_in the latterMost

likely, the higher depositiorfficiency of the bioactive glass with resg to the HA was th
main reason for such diffence In fact, the pure BG_Ca coatingas tvice as thick as e

pure HA one (Fig. 2.36aalthough botrof themwere produced using trsame parames.
BG Ca HA G : ‘

(@) ‘ O) ©
Figure 2.36 SEM images of the reference coatings:
(a) comgared cros-sections, (b) HA surface, (Bfs_Ca stface
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The mechanical characterization of the samplesfa@ssed on the scratch-resistance of their
surface. The critical load was defined as the lmiaghich the metal substrate was detectable.
The values were mainly determined by means of aptibservation, but also frictional force
and acoustic emission were used for validation.(Eig7). The critical load was 21.2 (1.7) N
for the Duplex and 27.1 (0.8) N for the ComposiDewring the scratch test of the Graded
sample, instead, the maximum load (30 N) allowedHgyinstrument was reached without
uncovering the substrate. Therefore the gradedostizrcture provided the best adhesion
between the coating and the substrate. Probablyddlible layer structure of the Duplex
sample induced the formation of residual stressdsch were strongly reduced by the

progressive change in composition of the Gradetirggpa

mmmm Acousticemission mmm Frictional force

Figure 2.37 Example of a scratch test (Duplex coating):
juxtaposition of Acoustic emission graph, Frictibf@ace graph and Optical analysis

The surface of the samples (Fig. 2.38) showed lalngghness mainly due to the presence of
semi-spherical structures which derived from sinteand swelling phenomena associated to
the BG_Ca particles. In fact, the morphology of @@mposite coating, whose surface was
the richest in HA, was quite similar to that of {hhere HA coating (Fig. 2.36b), which didn’t
display the semi-spherical structures. Insteadstiréace of the Duplex and Graded samples
(Fig. 2.38b-c), which was rich in glass, showediffused development of semi-spherical
features. At a higher magnification (Fig. 2.39), bdlattened splats and crystallized zones
were present. The crystals were very thin and pgssk an acicular morphology. As
previously observed for semi-spherical structuaés) the crystallizations were more evident
in the glass-rich surfaces.
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Figure 2.39 High magnification S-M images of the coatings’ surface: (a) Comppsib) Duplex, (c) Grade

Comparing the Xay diffraction spectra (Fig. 2.), a similarity betwenthe Duplex and
Graded samplesas observd. They also resembled the spectrum ofghes BG_Ca coating.
In the spectra, the broad bl between z° and 35° () wasdue to the (assy phase, arthe

peaks of pseudowollastoni(CaSi(;) were detectedinstead, the pattn of the Composit

samplewas more similar tohat of thepure HA coatig. This is not suirising sincein this

sample,a high amount of K was present on the surfi. In the spectrin of the Composit

coating, the peaks of HA d the band of glass were both pre, but the development ¢

pseudavollastonite was notviden.

Finally, thediffractogram of he purt HA coating, besides the peakstié HA itself, showed
some weak peakattributabl: to thedecomposition phases TTCP, TGnd CaO Since the
Composite, Duplex and Grad Coatings were sprayed with the samametersused for the
pure HA sample, it is proble that also the HA present in such cos suffered a limite
decomposition even if the pks of the secondary phases were not vidue to the presen
of the bioactive glass whiclturround= in the Composite coatinger covers— in the Duplex
and Graded coatingsthe HA.
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Figure 2.4Q X-ray diffraction patterns of the as-producedtouss.
W: pseudowollastonite, X: TTCP, O: TCP, C: Ca®d HA

Comparing the evolution of the XRD spectra aftevitro test, a similar behaviour could be
observed for the Duplex (Fig. 2.41) and Graded .(Rg2) samples. The peaks of the
crystallization phases disappeared after a we@kimiersion; at the same time the main peaks
of HA became visible. A broad halo in the 20°-2B8°range was due to the growth of a silica
gel layer and the peaks of calcium carbonate, echpitated with HCA, could be observed
occasionally. After two weeks in SBF, the peakshim diffraction spectra of the Duplex and
Graded samples were exclusively associated to H@Avever the peaks were broad, thus

confirming the low crystallinity of the HCA develegdin vitro.

—14 days

—7 days

Intensity [a.u.]

—1day

10 20 30 40 50 60 70
28

Figure 2.41 XRD, Duplex coatings, evolution of the spectreerh vitro tests. *: CaCg e: HA
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Figure 2.42 XRD, Graded coatings, evolution of the specttaraf vitro tests. *: CaCg e: HA
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Figure 2.43 XRD, Composite coatings, evolution of the speeftarin vitro tests. *; CaCg@ e: HA

The diffraction spectra of the pure BG_Ca coatihgvged the same trend. However, in this
case, after two weeks of immersion the silica gas wtill detectable and the peaks of the
precipitated HCA looked even broader than in thelBxi and Graded spectra. This result
suggests that the presence of HA underneath tlaetive glass layer on the working surface
does not compromise the reaction kinetics in thpl®uand Graded coatings.

Also the diffraction spectra of Composite coatifgg( 2.43) showed a similar trend: starting
from the first day in SBF the pattern of BG_Ca giaty disappeared and, after two weeks of

immersion, only the main peaks of HCA were detdetaowever in this case the HA pattern
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was already present in the as produced samplelygitiee diffraction spectra of the pure HA
coating showed a slight variation as a result ahersion in SBF: the peaks associated with
the secondary phases gradually disappeared stémimghe first day of immersion.

As sprayed As spf:ayfed.i“.'= )

£

1 day SBE

o
by
ik

14 days SBF

14 days SBF 14 days SBF

(b) (©)

Figure 2.44 SEM images (secondary electrons) of the surfaftesimmersion in SBF.
(a) Composite, (b) Duplex, (c) Graded

The SEM analysis of the samples corroborates tipothgsis of the HCA developmeint
vitro. In fact, already after the first day of immersionSBF, the surface morphology of the
samples changed; indeed “cauliflower-like” featurdsveloped (Fig. 2.44), which are
characteristic ofn vitro grown HCA [141]. All samples showed a similar ex@n. The
surface of the BG_Ca coating showed the same balvaof the bi-phasic coatings, with the
development "cauliflower-like" features (Fig. 2.45a&hile the bioactivity of the HA coating
was less noticeable. In fact, the coating surfadendt undergo significant changes as a result
of the immersion in SBF (Fig. 2.45b).
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(b)
Figure 2.45 SEM images of the reference coatings after 14 dapBF:
(a) BG_Ca, (b)HA
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Figure 2.46 EDS analysis, Duplex coating after 1 day in SBF
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Figure 2.47 EDS analysis, Graded coating after 1 day in SBF

After one day of immersion in SBF, the cross sextiof the Duplex (Fig. 2.46) and Graded

(Fig. 2.47) samples showed a typical layered atrectindeed, both samples had a surface

layer
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Figure 2.48 EDS analysis, BG_Ca coating after 7 days in SBF
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Figure 2.49 EDS analysis, Composite coating after 1 day ifr SB
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Figure 2.5Q EDS analysis, HA coating after 7 days in SBF
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rich in calcium and phosphorus, and a deeper laygenly composed of silicon; below them,
the deepest part of the coating was not yet alteyedhe SBF. On account of the data
available in the literature, it is possible to dowle that the surface layer was the result of the
precipitation and growth of HCA induced by the te&at between the glass and the SBF,
mediated by the development of a silica gel lage6].

The same behaviour was observed on the cross-seft®G_Ca coating, which showed the
layered structure composed by HCA surface andatasgel thick zone. In fact, after one week
of immersion in SBF the entire coating was conwktie silica gel (Figure 2.48). Also the
Composite coating (Fig. 2.49) showed a similar beha, since a superficial reaction zone
rich in Ca and P formed. However, although siliehzpnes and un-reacted glass areas were
detected, in this case there was not a stratiftaectsire, but just various spots dispersed
throughout the coating thickness. This is due ®itfitial microstructure of the Composite
coating in which areas of BG_Ca were interspersigldl M/A zones. As previously noted, the
bioactivity of the HA coating was less marked. Hoerearea with different Ca/P ratio were
observed in the cross-section of the one week sbedating (Fig. 2.50). In particular, in the
surface a Ca-poor layer was detected, which maespond to the Ca-poor ACP mentioned
in Chapter 1.2.5. However the HA coating showeddgstability in SBF.

After two weeks ofin vitro test in SBF, the Duplex (Fig. 2.51) and Graded.(R2.52)
samples had an anomalous microstructure. In fagtlibth showed the highest concentration
of silicon in the deepest layers of the coatingselto the interface with the metal substrate.
This behaviour is usually observed in bioactivesgts [126], since the reaction with SBF
starts at the glass surface and moves toward thpedet levels. Then, in bioactive glass
coatings, the layers in contact with the substeate normally the last part of the coating
which undergoes chemical changes thus convertisgita gel and then to HCA.

Such phenomenon is difficult to explain for Dupkaxd Graded samples, since in the original
un-reacted coatings there was not silicon at therfete with substrates (Fig. 2.35). One
possible explanation is that, during the first ssagé reaction in SBF, the surface zone of
BG_Ca transformed to layers of silica gel and HGAg( 2.46-47). Afterwards, also the
process of dissolution and re-precipitation of¢batings' HA occurred. However, in this case
the deepest layers of the coatings, consisting Af Were dissolved by the SBF, and the
precipitation of new HCA did not take place in #@mne point, but on the surface of the silica
gel layer. In this way the layers below the silgel were gradually dissolved, and new HCA
developed above the silica gel. This involved algeh migration of the silicon-rich stratum

downward in the direction of the substrate. Commathe EDS analysis of the cross-sections
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(Fig. 2.51-53), the Duplex sample was the coatmghich the silicon appeared more present

throughout its entire thickness.
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Figure 2.51 EDS analysis, Duplex coating after 14 days in SBF
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Figure 2.52 EDS analysis, Graded coating after 14 days in SBF

The silicon-rich stratum close to substrate wasaiserved in the Composite coating (Fig.
2.53) in which silicon-rich particles were stillggent throughout the thickness of the coating,
even after two weeks of immersion in SBF. Once ragtie different behaviour of the
Composite coating may be attributed to its stanmimgrostructure.
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Figure 2.53 EDS analysis, Composite coating after 14 day3B&

2.4.3 Conclusions

In this study various coatings made with BG_Ca glasd HA were produced. All the bi-
phasic samples showed a high reactivity in SBF,taadhbility to form HCA on their surface.
The produced bi-phasic structures, which includetyaificant amount of HA, did not affect
the bioactivity of the bioactive glass. Then, althoumore detailed investigations and more
advancedn vitro test are required, it can be expected that thesadh rate of the coatings to
the bone tissue is only slightly lower to that ofg@bioactive glass coatings.

The Graded sample seems to be the most promisiagsimce it combines a good apatite-
forming ability and a strong adhesion to the suatbsiras qualitatively observed by means of

scratch tests.
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2.5 Production and characterization of a graded
hydroxyapatite/bioactive glass coating.

Introduction

The purpose of this research work was the produdtidnoactive glass/hydroxyapatite (HA)
graded coatings. The constituent phases were sdléat combine the high bioactivity of
bioactive glasses with the long-term stability ialbgical environment of HA.

In a previous study (Chapter 2.4) different comfgosiicrostructures were compared, and the
graded composition resulted to be the best one.

The advantage of the graded structure is that gap dayers of HA provide stability to the
coating and protection to the substrate, whileltioactive glass surface ensures a great bone
bonding ability to the system.

Compared to the previous coatings described in t€h&», many changes were introduced
to improve the properties of the coating. Firsalbf micron-sized powders were used with the
aim of achieving a finer microstructure, with impeal mechanical properties and bioactivity.
Moreover the percentage of HA was increased toongthe stability of the coatings without
affecting the bioactivity. To conclude, an industrrobot was used to control the torch
movement, and the number of layers having diffel@rhposition was reduced. The last
changes were expected to facilitate the scalaliditywdustrial applications. In order to assess
their reliability, the coatings produced in thisywaere characterized from a microstructural
and mechanical point of view. They were allsovitro tested by immersion in SBF to verify
their bioactivity. Finally, the adhesion of the ting to the substrate was qualitatively

evaluated by scratch tests both before and iftétro the tests.

2.5.1 Materials and methods

2.5.1.a Feedstock materials

Bioactive glass suspension:

The BG_Ca glass was produced by a conventionaleueihching method, then it was dry
milled and attrition milled in ethanol with 3 wt.%8 the Beycostat C213 dispersant. The final
BG_Ca powder had a bi-modal distribution with me&meter of ¢p=1.7 um, (Fig. 2.54) as

determined with a granulometer Partica LA-950V2ribla. The feedstock suspension was

formulated by dispersing 10 wt% of solid phase im&® of ethanol.
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Hydroxyapatite suspension:

The starting powder was commercial pure HydroxyigpafTomita, Japan) with mean
diameter of €=120 um. The powder was attrition milled in ethamolding 3 wt% of
Beycostat C213 as dispersant. The obtained powdkmlaha-modal distribution with mean
diameter of d50=1.7 um, (Fig. 2.54). The feeds®uspension was formulated by dispersing
10 wt% of solid phase in 45 wt% of ethanol and 4%wf water.
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Figure 2.54 Grain size of the powders

2.5.1.b Coatings deposition

Plasma spraying was carried out using a Praxailampncluding an SG-100 torch (Praxair,
S.T., Indianapolis, IN, USA) configured in subsomiode. The torch was mounted on a 5-axis
ABB IRB-6 industrial robot (Fig. 2.55). The intetnajection was used, with a radial 90°
injection hole at 16 mm from torch's exit. A doulgeristaltic pump system was used to

supply the suspensions. During spraying, the sugpensvere continuously stirred to avoid
sedimentation and agglomeration.
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In order to ensure an appropriate momentum tortredl size particles, a 3Qdn injector was
used. Compared to the previous study, the suspensiere diluted to a solid content of 10
wt.% to avoid clogging the injector; for the sameason the dispersant was increased up to 3
wt.% of the dry powders. The use of finer powdensre dilute suspensions, and different

equipments required a new optimization of the spayameters (Tab. 2.10).

Power [kW]: 38
Ar [slpm]: 45
Gases

H, [slpm]: 6

Distance [mm]: 55
Torch speed [mm/s]: 750

Scan step [mm]: 3
Suspensions flowrate [g/min]: 20

Table 2.10 Spray parameters

The coatings were produced in five sessions, amdadkvrate of the feedstock suspension was
varied each session (Tab. 2.11). During sprayimg suspensions were continuously stirred to
avoid sedimentation and agglomeration. Since tip@slaon efficiency of the HA powder is
lower than BG_Ca one (as previously observed inp@na2.4), the number of passages was
adjusted (Tab. 2.11). During spraying a jet of coesped air was used to avoid excessive
heating of the coating. Moreover, before each easshe sample surface was left to cool
down below 80°C.

Session BG Ca HA Passages mear [°C]
1 - 20 12 270
2 16 12 317
3 12 10 336
4 15 5 8 333
5 20 - 8 347

Table 2.11 Suspensions flows [g/min], and mean surface teatpees
during spraying

Substrates were 316 | stainless steel plates sastddlusing 25@m corundum powder at 2.5
Bar. The resulting roughness was Ra=1.6 um. Bef&prying, the substrates were
ultrasonically washed with ethanol and acetoneirguthe coating deposition, an optical IN
5 Plus pyrometer (Impac) was used to record ther§io@l temperature. The mean values of
the temperature were calculated for each sprayosesmd they are reported on Table 2.11. In

order to understand better the microstructure ef dbatings, single scan depositions were
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performed using the same spray parameters. Inysit was possible to separately analyse
the splats of the two materials. Two different kimdsubstrates were used: mirror like 316 |
stainless steel plate (“SS”), and microscope gilises (“glass”). The former was used to
analyse the interaction between sprayed partiohes the actual substrate. The latter was
employed to simulate the interaction between thrayga particles and the superficial layers

of forming coating.

2.5.1.cIn vitro tests

In order to assess the bioactivity of the gradedtings, in vitro tests were performed
according to the standard procedure proposed byib@k34]. The SBF was refreshed every
2 days to mimic the dynamic condition of the hurbaxly. The samples were removed from
the SBF after time periods of 1, 3, 7, and 14 day& samples were carefully washed with

distilled water, and after that they were driedomim temperature.

2.5.1.d Characterization

The surface of the coatings was investigated bynsi@d X-Ray Diffraction, XRD, with an
X’pert PRO diffractometer (PANalytical, Almelo, Thbletherlands) equipped with the
X'Celerator detector. The diffraction patterns weddlected in the 10°-70°62range (step
size: 0.017°, step time: 71.12 s).

The coatings' surface and polished cross-sectiae weestigated using an environmental
scanning electron microscope, ESEM (ESEM QuantaFEIOCompany, Eindhoven, The
Netherlands) equipped with a X-EDS microanalys&ey (Inca, Oxford Instruments, U.K.).
The microscope was operated both in high-vacuumlewevacuum mode (pressure: 0.45
Torr).

The surface and the cross-section coating wereysathlby micro-Raman Spectroscopy
(Jobin-Yvon Raman Microscope Spectrometer, HORIB®Id Yvon S.A.S., Villeneuve
d’Ascq, France). The laser source emits 20 mW at&8m; 100x objective and no filters
were employed.

Open platform (CSM Instruments) equipped with trenaindenter module was used to
perform depth-sensing nano-indentation tests on dhess-section of the as-produced
coatings. The sample was mounted in resin, angdhpdi to obtain a mirror like cross-section.
A 50 mN force with linear loading/unloading rate4ff mN/min was applied, the maximum

load was held for 15 seconds. The indentations werrmed using a Berkovich tip and the
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elastic modulus and Vickers hardness were caldilateording to the Oliver and Pharr
method [143]. Because of the graded microstructiiréne coating, the indentations were
carried out in three different areas: next to thterface with the substrate (HA-rich area) at
the half thickness of the coating (Middle) and ioxmity to the surface (BG_Ca-rich area).
15 indentations were located on each area.

Scratch tests were performed on the surface otdatings before and aftém vitro tests.
Open platform (CSM Instruments) equipped with 100 Rockwell diamond tip was used.
The parameters of the scratch were: linear loach fB® mN to 30 N, scratch length 3mm,
load rate 10 N/min. Critical loads were determitgdoptical analysis. Three scratches were
performed on each sample.

2.5.2 Results and Discussion

Splat investigation

First of all, the splats obtained from a singlensaeere analysed (Fig. 2.56).

Both the constituent phases, BG_Ca and HA, showelifferent behaviour on different
substrates. This was mainly due to the intrinsapprties of the substrate materials, especially
the wettability and the thermal diffusion coefficie

The BG_Ca particles impinging on the SS substrfmesed various structures (Fig. 2.56a),
including "pancake" splats, "drop-like" particlemnd irregularly shaped ones. The latter
probably resulted from incompletely molten partcl&€he "drop-like" splats probably derived
from the splashing of larger particles. Some plasicesolidified in-flight and they retained a
spherical shape when they reached the substrate. péincake structures are typically
observed in coatings deposited by SPS [2].

On the glass substrate, instead, the BG_Ca patgdeerated flattened splats (Fig. 2.56c¢).
This fact was due to the great chemical affinitywmen the particles and the substrate.
Beside, also the low thermal conductivity of thasyl, with the consequent slow cooling of
the particles, could play a significant role. Itnerth noting that some splats had a "shell-like"
shape, that seemed to derive from gas bubbles tlappeer the splat. This structure may
explain the porosity that was previously observedtite bioactive glass coatings (Chapter
2.2-2.3)[141]. The HA powder showed a more clasdiehaviour: flower-like lamellae were
formed on the metal substrate (Fig. 2.56b), whilgiples gave rise to well flattened splats on
the glass substrate (Fig. 2.56d). Moreover, on Batistrates, small irregular particles could
be observed. As already proposed for the BG_Ca envedich irregular splats could derive
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from particles that were dragged in the plasmapbery [20].

Pressure A
Scan_BG_Ca

"Entrapped bubbles"
Shell like structures

Pressure

Mag | Pressure

5.
Scan_BGCa_Glass Scan_BGCa_Glass

(d)
Figure 2.56 SEM images (secondary electrons) of single sphais
(@) BG_CaonSS, (b)HAonSS, (c) BG_Caosgla(d) HAon glass

Coating analysis:

The final graded coating was compact and continuang the compositional gradient was the
expected one as proved by the EDS map in Figurgé @bere Si was the BG_Ca marker,
whereas P was the HA marker).

The surface of the sample was rough (Fig. 2.58#l, very fine acicular crystallization (Fig.
2.58b). This is consistent with the surface feaupeeviously detected on pure BG_Ca
coatings, as well as on Duplex and preliminary @dadoatings having a pure glass layer on
the working surface.

The cross-section of the sample was analysed byaRapectroscopy as shown in Figure
2.59. Coherently with the planned microstructubee Spectrum 1 showed the HA pattern
while the Spectrum 7 had the BG_Ca peaks; the igpecliected on the intermediate layers
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Figure 2.57 EDS map of as produced coating cross sectiorcangbosition profile
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Figure 2.58 SEM images (secondary electrons) of surface#ffateht magnifications

were a combination of the patterns of the congtityghases. Although the identification of
the patterns was reliable, some differences betwleerspectra acquired on the coating and
those of the feedstock materials [130] were debéetd he variations were attributable to the
spraying process. In particular, in the Spectrurthd peak at about 960 &mwhich is
associated to symmetrical stretching of,Rffoup, was formed by two peaks. The first one
was a sharp peak related to the HA, while the stgmak was broad and it was probably
caused by the decomposition phases, mainly ACP][1l8gtead, in the Spectrum 7 the peak
centred at about 860 ¢hwas more intense than in bulk BG_Ca [130]. Thiskpis associated
with the presence of non-bridging oxygens, whichgasts the glass network had an open
structure. The Spectrum 4 deviated from the singplperposition of the HA and BG_Ca
patterns. In fact, weak secondary peaks at abolit 8415 and 1185 cfhappeared in the

spectrum. The new peaks were probably due to apt@se which resulted from a reaction
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between HA and BG_Ca. Unfortunately the identifmatof the new compound was not

possible.
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Figure 2.59 Raman spectra acquired on coating’s cross section

The coating cross-section was tested by depthssgnsno-indentations (Fig. 2.60). The
mechanical properties were measured at three eliffedepth levels (Fig. 2.61): next to the

substrate (HA-rich area), at mid-thickness (Midde)l on the surface (BG_Ca-rich area).

Load [mN]

nomn |
T

0anm

Depth [nm]
Figure 2.6Q Load/unload curve recorded during depth-sensamgpimdentation, HA-rich area

The obtained values had a relevant standard denialihis was due to the ceramic nature of
the coatings, to the composite microstructure, @nthe porosity. The hardness and elastic
modulus values of the BG_Ca-rich area were mucteb#tan those previously measured on
pure BG_Ca coatings which were produced by the stauknique (Chapter 2.2). Such
improvement might be due to the addition of HA, leeer the most important reasons were
surely the smaller size of the feedstock powders thrdrefined optimization of the spray
parameters. The mechanical properties of this aveee comparable to those of pure
Bioglas§ coatings obtained by means of HVSFS [24]. The fith-dayers showed the
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highest elastic modulus and great hardness, confirthe high compactness and adhesion of
the HA particles. The measured values were eveeritian those of pure HA SPS coatings
[156]. To conclude, the intermediate zone exhibaadelastic modulus similar to that of the
BG_Ca-rich area, while the hardness was the loamsing the three areas. The relatively low
value of hardness could be attributed to a notegerbdhesion between HA and BG_Ca
lamellae. Furthermore the new phase, which wasctietan this area, may have contributed

to a reduction of hardness.
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Figure 2.61 Mechanical properties calculated by means of nadentations on coating cross section

The samples were test@u vitro to assess their bioactivity. The SEM inspectiomy.(2.62)
showed that the morphology changed starting from fitst day of immersion, with the

formation of "cauliflower-like" deposits. This mdrplogy is typical of HCA which develops
in vitro [157].

As sprayé‘&"‘ ~ 1 day SBF 3 days SBF 7 days SBF

100.04m

Figure 2.62 SEM images (secondary electrons) of samplesasaréfter in vitro tests.

Furthermore, the composition of the coatings' s&favas monitored by means of EDS

analysis (Fig. 2.63). The elementary compositionfiomed that, after one day of immersion
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in SBF, the silicon percentage dropped while theowmh of phosphorus increased.

analysis also revealed that the main changes axtwrithin the first
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Figure 2.63 Coatings’ surface composition determined by ER%® mm area
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Figure 2.64 Raman, evolution of the spectra as resuihafitro test.

The

The Raman investigation carried out on the surfaap 2.64) agreed with previous analyses:
the main peak of HA could be detected already aftexr day in SBF. Besides the peak at
about 960 cri, which is due to the vibration of the P@roup in HA, another peak at about

1070 cnt was present. This peak is commonly related to dagonate group [139];

accordingly than vitro developed HA was carbonated, i.e. HCA. With insineg immersion

time in SBF, the pattern of HCA was more eviderd a8 secondary peak groups occurred at

about 430 and 600 ¢

The evolution of the X-ray diffraction pattern (F@.65) confirmed the results of the Raman
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analysis: after one day of immersion, the pealkdAdtould be identified and, with increasing
immersion time, the peaks became sharper. It &asting to note that the XRD spectrum of
the as produced sample showed some peaks due dtallizgtion phases. Indeed, in this
pattern the peaks of pseudowollastonite (Cgsand larnite (Cg5i0,) were detected. The
development of such crystalline phases was ceytduné to the spray process, and they were
still present after one day of immersion in SBReAtthree days ah vitro test the peaks of

the crystalline phases completely disappeared.

14d SBF

Intensity [a.u.]

3d SBF

—1d SBF

——As sprayed

10 20 30 40 50 60 70
20

Figure 2.65 XRD, evolution of the spectra as resulirofitro test.
W: pseudowollastonite, L: larnite; HA

In order to verify what happened during the imnasin SBF, the cross-section of the
samples was analysed (Fig. 2.66-67). The maps ofethments were acquired, and
compositional profiles as a function of depth weaéulated. After one day of immersion in
SBF (Fig. 2.66a), a superficial layer rich in catoi and phosphorus formed. In addition,
under this layer, an area mainly composed of siliegeas observable. According to the
available literature [33], the former was the gnogviHCA, while the latter was a silica gel
layer. Below these areas, a zone composed byrsiiod calcium may be attributed to some
BG_Ca glass survived during the first day in SBF.

After three days in SBF (Fig. 2.66b), the HCA layeas thicker, while the glass was
completely replaced by the silica gel. MoreovermeoHCA formed within the silica gel
matrix. After one week of immersion in SBF the HG&er further thickened (Fig. 2.67a),

and the silicon rich area concentrated at the sarféhis phenomenon was more prominent
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after two weeks (Fig. 2.67b) when a silicon-richelawas clearly detectable. A similar but

opposite behaviour was observed in preliminary gfadeatings (Chapter 2.4). In the

previous case the silica gel accumulated closkdstibstrate, while in this case the silica gel

migrated on coating’s surface, below the HCA laybr. agreement with what was

hypothesized in Chapter 2.4, the HCA grew prefeafinton one of the surface of the silica

gel, resulting in a gradual migration of the sihiench stratum. In this case it can be assumed

that, in the layers below the silica gel, the HGAwth rate was greater than the dissolution

rate of the coating’s HA. Consequently the silieh\was led to move towards the superficial
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Figure 2.66 EDS maps and compositional profile of samplesraftvitro test.

(a) sample immersed one day in SBF,

(b) samnphedrsed three days in SBF
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Figure 2.67 EDS maps and compositional profile of samplesrafivitro test.

a) sample immersed one week in SBF,

(b) sammieeirsed two weeks in SBF

layers. The high stability and compactness of H&-i@rea were probably the reason for this

behaviour. In order to determine the adhesion efdabating to the substrate and to test the

interface stability as a function of the immerstone in SBF, scratch tests were carried out.

During all the scratch test the maximum load alldveg the instrument (30 N) was reached

without the detachment of the coating (Fig. 2.@B)en in the sample soaked two weeks, the

detection of the substrate was not possible, arowmd by optical and SEM analysis (Fig.

2.69a).
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Figure 2.69 SEM immages (secondary electrons) of scratch:
(a) Scratch track of 14 day SBF sample, (b) cratlksratch track of as produced coating

Although the detachment of the coating never happeaturing the tests, transversal cracks
formed inside the scratch track (Fig. 2.69b). Toedl at which the cracks formed decreased
for increasing time of immersion in SBF (Fig. 2.7Thus the reactions occurred with the
SBF worsened the properties of the coating; intfaet‘cracking load” was almost 9 N for the
as-sprayed coating, while it was about 5.2 N aftee day in SBF. It is worth noting that
bioactive glasses are transformed into hydratedasgel during the reaction with SBF [33].
This implies that the surface of bulk bioactivesgias often cracks after the extraction from
the SBF because of drying processes [130] and dhsermine the surface integrity.
Accordingly, if the aim is to measure the mechanjm@perties of a sample containing
bioactive glass in operative conditions, the te$isuld be completed in situ directly during
the in vitro tests, prior to the drying process. In this wag #rtifacts due to the samples’

drying, which does not occur in the human body, lmaavoided.
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Figure 2.7Q Loads at which transversal crack appeared iniglscratch track as a function of time in SBF

2.5.3 Conclusions

In this study a bioactive glass/HA graded coatirag wroduced and characterised.

The coating showed good mechanical properties aramarkable bioactivity. Furthermore,
the adhesion of the coating to the substrate wgisdwen aftem vitro tests.

Further long-termin vitro tests and cytotoxicity tests must be carried autcheck the
properties of the coating. However, the coating waxy promising, especially because it can

be produced with a protocol easily scalable to stlal applications.
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Chapter 3:

Conclusions and Future Perspectives

3.1 Conclusions

The production of prosthetic implants is a wellagdished practice, nevertheless research is
constantly evolving to enhance the prosthesis padoces. In order to promote
osteointegration of implants, a common practicéigover them with a bioactive coating,
usually composed of hydroxyapatite (HA).

This approach has been proved to increase the dinfipa of prosthesis with bone and
extend their lifespan expectancy. However, revissongeries are common, and implants
failure still occurs. In addition, in some applicais, fixing times shorter than HA coated
implants ones would be preferable. For this reasmagy studies are ongoing to apply new
materials and coatings production techniques totipets.

The aim of this research project was the produatiannovative coatings of bioactive glasses
and HA for biomedical applications. The suspengi@asma spray process was employed to
produce the coatings.

In the first part of the work, bulk bioactive glassweren situ analysed duringn vitro test
with the purpose of compare their bioactivity. Asesult of this study, and other previous
analysis , the bioactive glass BG_Ca was seledatitable for the production of coatings.
Following, the technique SPS was used to produetirgs with this bioactive glass. A
preliminary screening of processing parametersaledethat the microstructure was mainly
governed by the spray distance and the power itpyilasma. Bioactive glass coatings
suitable for biomedical applications were obtairspdaying with power from 36 to 40 kW
and spray distance from 50 to 70 mm. The obtageadings showed bioactivity in SBF, and
their porosity and degree of crystallinity wereyed to be the major factors affecting system
reactivity.

Accordingly, a highly porous and nearly amorphongcbat was produced with BG_Ca to
increase the bioactivity of traditional HA coatingshe topcoat was considered effective to
increase then vitro reactivity of HA coatings. Then, since beneficeffects from the
introduction of BG_Ca in HA coatings were observéide study progressed with the
realization of specific composite systems usindp lloé materials.

Therefore SPS process was used to spray bi-phaaiimgs of HA and BG_Ca. The coatings
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were produced with different microstructures: stddcomposite, double layered coatings,
and compositionally graded ones. The aim of thphaisic coatings was to merge the high
bioactivity of bioactive glasses with the supestability of HA. The bi-phasic coatings were
compared, and the coating with compositional gradseemed to be the most promising one.
In fact it showed high bioactivity and the strorigadhesion to the substrate respect to the
other coatings. Then graded microstructure wasctsglefor the production of an optimized
second series of coatings. The new coatings weaweyagp using smaller size powders and
higher content of HA respect to the previous seMmeover the suspension feeding protocol
was simplified and an industrial robot was used tlmch movement. Then the coating
production was expected to be easily scalabledastnial applications. The coating showed
good mechanical properties and a remarkable biogctFurthermore, even ih vitro tests
affected its properties, the adhesion of the coatintipe substrate wasot compromised by
SBF tests.

3.2 Future Perspectives

There is potential for further research on coatimg&luced in this study.

First, the bioactive glass coatings (Chapter 2.2y fine tested with more advancedvitro
test to asses cell response. Moreover, the connposit the glass could be refined in order to
further adapt it to the deposition process.

The bioactive glass topcoat (Chapter 2.3) wouldelséed with cell cultures in order to verify
if its beneficial effect on cell adhesion and metdboabsorption is the expected one.
Moreover this layer may be applied on commerciatiogs. A further evolution of the
topcoat may be the post-spraying impregnation Wity release agents, in order to further
facilitate the implants osteointegration and preunw functionality to the coatings.

The submission of Graded coating (Chapter 2.5phg ltermin vitro test could be useful.
Moreover, the properties of these coatings caruldedr improved with the introduction of a
third component, such as TiQvhich act as a bond coat.

However the proposed coatings were developed fustipetic use, then, before a clinical use
further analysis must be performed. Specificathyoider to certify the effectiveness and non-

toxicity of the coatingsjn vivotest and clinical trial must be carried out.
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