











Preface

The present dissertation was completed during my PhD study within the research
group of Professor Dr.R.B. Heimann at the Department of Mineralogy, TU
Bergakademie Freiberg between 2001 and 2004.

Total hip replacement (THR) has been well established for many decades and used
successfully in surgical application, with a high healing chance (>90%) and a long
service life (>15 years) /135/. The number of patients receiving these implants is
increasing. Every year more than 1 million hip endoprostheses, many of them coated
with bioconductive ceramics such as hydroxylapatite (HA), are being implanted
worldwide. However, long-term stability still is a major problem, in particular as the
number of cases showing aseptic implant loosening increase with increasing number
of implantations but with some delay. Frequently bioconductive hydroxylapatite
coatings will be applied by plasma-spraying to the stem of hip endoprostheses to
facilitate improved implant integration. Many studies and experiments have been
performed to optimize the properties of these HA coating in terms of
osseoconductivity, phase composition, mechanical adhesion strength as well as
implant lifetime. In-vivo investigations were also performed to show the biological
response of the implant and bone ingrowth into the implant coating. It is known that
chemical stability and integrating capability of the bioconductive coating are
associated closely with the phase composition and microstructure of the coating.
Thermal decomposition of hydroxylapatite was mostly investigated by XRD, where
HA, TCP, TTCP, CaO and amorphous phases were identified. However, only few
studies can be found in the literature related to structural characterization of the
decomposition products and to the reconstruction of plasma-sprayed hydroxylapatite
in-vitro. Hence, in depth knowledge of structural changes of the surface of
bioconductive coatings in contact with simulated body fluid is missing up to now. The
present study will apply sensitive analytical techniques such as nuclear magnetic
resonance (NMR) spectroscopy and Raman spectroscopy (LRS) to as-sprayed
plasma-sprayed hydroxylapatite coatings and coatings incubated in simulated body

fluid and thus contribute to the improvement of biomedical knowledge.




Zusammenfassung

Hydroxylapatit (HA) wird seit etwa 30 Jahren als biokonduktives
Beschichtungsmaterial fir medizinische Huftgelenks- und Zahn-Implantate
verwendet. Die Beschichtung erfolgt haufig mit der Plasmaspritztechnologie. Dabei
andert sich die Struktur und die Zusammensetzung der Hydroxylapatitphase
betrachtlich.

In der vorliegenden Arbeit wurden die Zusammensetzung und die Eigenschaften von
plasma-gespritzten HA- Schichten nach in-vitro — Inkubationsversuchen untersucht.
Der Mechanismus der mikrostrukturellen Umwandlung von defektem zu gut
rekristallisiertem HA wurde eingehend beleuchtet. AuRerdem wurde der Einflul einer
Haftvermittlerschicht auf die Struktur der HA-Schichten charakterisiert.

In den analytischen Arbeiten kamen NMR-Spektroskopie, Laser-Raman-
Spektroskopie, Rontgenphasenanalyse, Rasterelektronenmikroskopie,
Thermogravimetrie und Kathodolumineszenz zum Einsatz.

Folgenden wesentliche Erkenntnisse wurden erhalten:

e Das Plasmaspritzen verursacht erhebliche Anderung der HA-Struktur und die
Bildung von feinen Kristallen. Unterschiedliche Calciumphosphatphasen
koexistieren in den plasma-gespritzten HA- Schichten. Verschiedene lokale
elektronische Protonenzustande wurden mittels NMR festgestellt.
Oxyhydroxylapatit kann als Hydroxylapatit mit einer Defektstruktur betrachtet
werden.

e OH - lonen diffundieren wahrend der in-vitro-Inkubation in simulierter
Korperflissigkeit aus der wassrigen Losung in die Schichten. Als Ergebnis wird
HA mit einer Defektstruktur allmahlich in HA mit einer Perfektstruktur
umgewandelt. Ein Haftvermittler aus TiO, scheint diesen Prozel} zu
beschleunigen.

e Die Umstrukturierung von Defekt- HA zu gut-kristallinem HA dauert lange. Selbst
nach einem in-vitro- Test von 24 Wochen wurde immer noch Oxyhydroxylapatit in
der HA-Schicht nachgewiesen.

e Die Inkubation von plasma-gespritzten HA-Schichten in einer proteinfreien
korpereigenen Losung (simulated body fluid — SBF) ermdoglicht eine Bildung von
feinen knochenahnlichen Apatitkristallen auf der HA-Schichtoberflache. Sie
konnen vorteilhaft fur die Integration des mit HA-beschichten Implantats mit dem
Knochen nach der Operation sein. Die Verwendung eines TinOzn.1 —
Haftvermittlers wirkt sich ausgesprochen positiv auf diese Bildung neuer Kristalle
aus.

e Die Starke der Haftvermittlerschicht soll 40 um nicht Gberschreiten.

e Innerhalb der HA- Schicht gibt es eine deutliche Differenzierung zwischen den
Phasen an der Substrat (Haftvermittler)/ HA-Schicht — Grenzflache und den
Phasen nahe der Schichtoberflache.

e Eine thermische Nachbehandlung von HA-Schichten fuhrt zu einer Verringerung
bzw. zu einer vollstandigen Beseitigung der Defektstruktur von HA. Dadurch
werden biokeramischen Schichten aus Hydroxylapatit mit hoher Kristallinitat
erhalten. Die optimalen Behandlungsparameter ergeben sich aus den
Thermogravimetrie- Daten.




1. State-of-the-art of biomaterials
1.1. Biomaterials

Biomaterials are synthetic materials used in medicine. They replace a part or a
function of a living system and hence contact with living tissue and body fluid. In use,
biomaterials have to fulfil several requirements. They must be safe, body acceptable
and able to integrate progressively with living tissue. All those requirements are
characterized by interaction at the interface between the living tissue and the
biomaterial. Considering the mentioned interaction at the interface, biomaterials are

classified into three groups (Tab.1) /1/:

Table 1: Classification of implant materials according to the material influenced

reactions in the surrounding bony tissue.

Class of Kind of influence Tissue Typical materials in this

materials reaction class

Biotolerant lons and/or monomers Distance Stainless steels,
go into solution, osteogenes polymethylmethacrylate (PMMA
biochemical effects on bone cement), cobalt based alloy,
differentiation and polyethylene

proliferation

Bioinert No matter influencing the Contact Al,O3 ceramics, carbon, titanium
adjacent tissue goes into osteogenes
solution

Bioconducti Bond formation by not Bonding Calcium phosphate based

ve yet completely osteogenes  ceramics and calcium phosphate
understood processes containing glasses and glass-

ceramics

In the following, the work will focus on joint replacement systems, in particular
bioconductive ceramic coatings. According to their chemical compositions, materials
used in joint replacement are made of metals, ceramics, polymers, or composites. A

summary of these implant materials is given in Tab.2.




Table 2: Summary of materials used in total joint replacement /2/

Materials Application

Metals:

Stainless steels: Femoral stems, femoral heads.
316L

Cobalt-based alloys:

Cast Co-Cr-Mo
Wrought Co-Ni-Cr-Mo
Wrought Co-Cr-W-Ni

Titanium-based materials:

Porous coatings, femoral stems, femoral heads, tibia components.

C.P.Ti Porous coatings, 2 phase in composites and PMMA composites.
Ti-6Al-4V Femoral stems, femoral heads, tibial components, porous coatings.
Ti-5Al-2.5Fe Femoral stems, femoral heads.
Ti-6Al-7Nb Femoral stems, femoral heads.
Ceramics:
Bio-inert ceramics:
Carbon Coating on metallic femoral stems, 2 phase in composites and
bone cement
Alumina Femoral stems, femoral heads, acetabular cups
Zirconia* Femoral heads

Bioconductive ceramics:
Calcium phosphates

Coatings on metallic and ceramic femoral stems, scaffold materials,
2 phase in PMMA and UHMWPE composites

Bioglasses Coatings on metallic and ceramic femoral stems
Polymers
PMMA Bone cement
UHMWPE/HDPE Acetabular cups, tibial plateaus, patellar components, porous
coatings on metallic femoral stems
Polysulfone Femoral stems, porous coatings on metallic femoral stems
PTFE Femoral stems, porous coatings on metallic femoral stems
Composites Femoral stems

Polymer-based:
Polysulfone/carbon
Polycarbonate/carbon
Polysulfone/Kevlar
Polycarbonate/Kevlar

Ceramic-based:
Carbon/carbon

* Recent results have shown that the use of zirconia as a material for femoral heads

should be discouraged owing to a lack in hydrolytic stability in-vivo.

1.2. Bioconductive ceramic materials

Bioconductive ceramics are bioconductive glasses, glass ceramics and calcium

phosphate ceramics, which have poor mechanical fatigue, but extremely high

biological compatibility. When bioconductive ceramics are implanted in the body, a

biochemical and biophysical reaction occurs at the interface between the implant and

the tissue. After short time implantation, the bioconductive ceramics form a layer of

carbonatohydroxylapatite (CHA) on their surface. The CHA phase has the same




mineral structure as the mineral phase of bone and promotes steady interface
bonding /3,4,5/. To overcome the mechanical limitations, bioconductive calcium
phosphate ceramics are often coated onto high strength, sufficiently bioinert metal

substrates such as cp-Ti and Ti6AlI4V.

Bioconductive glass and glass ceramics: contain specific amounts of SiO,, CaO,

Na,O and P.Os. When a bioconductive glass is incubated in a solution, Na*, K*, Ca**
ions tend to leach out, leaving a silicate-rich layer at the surface of the glass. A
calcium —phosphate rich, amorphous apatite layer will form on top of the silicate-rich
layer and develop to hydroxylapatite crystal. Hence, the chemical composition affects

the degree of activities and physiologic response of the glass in-vivo /2/.

Calcium phosphate ceramics: Calcium phosphate ceramics are ceramic materials

with different calcium to phosphate ratios. A comprehensive overview on calcium
phosphates can be found in Ref./6/. Some compounds like hydroxylapatite (HA),
tricalcium phosphate (TCP) and octacalcium phosphate (or tetracalcium phosphate
(TTCP)) have found wide use as bulk ceramics, granules, biocement or coatings for
medical and implant applications. Since calcium phosphate is able to bond directly to

bone, it is very attractive for surgical application /7,8/.

1.3. Calcium phosphates

In the system CaO-P,0s- (H20) (Fig.1), there are three stable phases: tricalcium
phosphate, tetracalcium phosphate and hydroxylapatite. The temperatures T1 and
T2 are dependent on the partial pressure of water vapour, as shown in Fig.1b. It is
known that some transitional phases of calcium phosphates (CP) exist in aqueous
systems, but their characteristics are not presented here. For detailed information,
see Ref./6/.







At higher temperatures and low water pressure, destruction of the apatite structure

occurs, and TTCP and o—TCP are formed according to the reaction:
Ca1o(PO4)6(OH)2-2XOx|:|x 9C84(PO4)20 + 2C83(PO4)2 + xH,O

The temperature at which equilibrium for the above reaction exists depends on the
partial pressure of water vapour. Higher pressure of water vapour shifts the
decomposition to higher temperatures, e.g.: 1598+10 K at 0.613 kPa, 1750+10 K at
9.81 kPa, and 1838+10 K at 101.3 kPa. Finally, TCP melts at 1756°C, whereas
TTCP melts incongruently at 1720°C leaving CaO as a residual solid /6/.

1.3.3.3. Non-stoichiometry of hydroxylapatite

Because of its crystal structure, hydroxylapatite is able to incorporate other ions by
substituting Ca®* cations and OH™ and PO4* anions without distortion of the lattice. A
surprising example for that is the biological apatite /21/. Here calcium is substituted
partially by Sr, Na, K, Mg, and some trace elements (Pb, Ba, Zn and Fe). CO3*
substitutes some PO,* tetrahedra. Some OH" can be exchanged by CI', F’, or COsZ.
This exchange ability of hydroxylapatite causes its high bioconductivity in medical

application /22/.

Stoichiometric hydroxylapatite possesses a molar Ca/P ratio of 1.67 and water
content of 1.79 %. Hydroxylapatite, which forms in an aqueous solution, exhibits
often a non-stoichiometric composition. There is a large number of different synthetic
routes and approaches demonstrating the difficulty of making stoichiometric
hydroxylapatite /23/. The non-stoichiometry can be described by the chemical
formula /24,25,26/:

Ca1ox(HPO4)x(PO4)ex(OH, Cl, F, CO3)2x.nH20; 0 < x<1,n=0-25

But, the anion (OH", CI', F") positions in apatite can also be substituted by O%* or by a
vacancy or by a combination of the mentioned ions. In the stoichimetric form each
anion takes up its own particular location. However, when two or more of these ions
are present at the same time, they interact with each other to produce effects not
predicted from the knowledge of the structures and the end-member alone
127,28,29/.
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In the present thesis implants with a bioconductive coating, especially with HA for

load- bearing bone replacements will be discussed in more detail.

14 Hydroxylapatite coatings

Metals are being used in load-bearing orthopaedic applications. Cobalt-based alloys
and titanium-based alloys are widely used, particular Ti-6Al-4V, because of its
superior high strength, low specific weight, biocompatibility and excellent corrosion
resistance. However, many problems posed by metallic materials in the human body
are related to corrosion, wear and negative interaction with the tissue /30/. The metal
ions from corrosion products, such as Co, Cr, Ni, Al and V can have seriously toxic
consequences. Those ions may cause inflammation, tissue damage and fibrosis of
tissue surrounding the implants and may eventually result in implant failure /31/.
Many methods have been applied to modify the surface of titanium alloy and make it
suitable for biological purposes (passivation, anodization, ion implantation, and
coating). The main method used is coating with calcium phosphate materials, mostly
with hydroxylapatite. There are different methods to coat HA, e.g. ion beam dynamic
mixing, radiofrequency, liquid immersion techniques, plasma spraying, sintering,
gluing, etc. Heimann et al. gave a thorough overview over those coating methods in
/32/. Among those coating methods, plasma spraying is very popular. Plasma
spraying of calcium phosphate coatings was described in /33/. A short introduction to

this coating technology will be given below.

1.4.1 Plasma spraying technique

Plasma spraying is a relatively old coating technology. The plasmatron is pictured
schematically in Fig.4, comprising a copper anode and tungsten cathode, both of

which are water-cooled.

Most plasmatrons operate at powers between 20-80 kW, some special devices can
operate at powers as high as 250 kW. A pressurized gas is passed between the
electrodes where it is heated to very high temperature, dissociated and ionized to
form a plasma jet, consisting of electrons, ions, neutral particles and photons. The
temperature of the plasma just outside of the nozzle can be as high as 15000 K

depending on the type of gas used and the power input. The plasma temperature
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drops off rapidly when exiting the anode. The gas frequently used is argon, but

hydrogen, nitrogen and helium are also used as auxiliary gases /35/. The energy

content of these gases is shown as a function of the

temperature in Fig.5.
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Figure 4: Schematic of plasmatron /34/
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Figure 5: Energy content of some

plasma gases as a function of

temperature /36/

The properties of the plasma and hence the deposited coatings are influenced by

many parameters. These factors are extrinsic, for example the spray distance and

intrinsic, such as the plasma characteristics. The latter one is a complex factor of the

type of gases, the ionization degree, the plasma velocity and the plasma length. The

residence time of particles within the jet is very important. It depends on the velocity

of the spray particles, which is dependent on the gas velocity, and on the flight path

of the particle in the jet. Figure 6 shows the temperature and the axial velocity of a

typical plasma arc /37/. The maximum temperature

is found to be in the core of the

jet close to the nozzle exit and along the centre line.
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Figure 6: Temperature and axial velocity distribution of a d.c. argon/hydrogen plasma arc along the

direction of propagation /37/

The plasma spraying process is based on the spraying of molten or thermally
softened materials onto a surface of a substrate to provide a coating. A granulated
coating material is fed into the plasma jet most commonly via an external powder port
near the anode nozzle exit. The powder is rapidly heated, melts and is propelled
towards the substrate with high velocity. The molten droplets then solidify and flatten
quickly. This process is repeated many millions of time and a layer-by-layer build up
takes place through interparticle bonding/anchoring and sintering reactions. The
bonding strength, density and microstructure of the coating are influenced by the
velocity and contact temperature of the molten particles upon the substrate material,
by the particle distribution of the starting material, as well as by the process

parameters /35/.

Plasma spraying can be applied in air or in a special atmosphere (vacuum chamber,
controlled atmosphere, etc.). In special atmosphere some of the properties of

coatings are improved.
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1.4.2 Plasma-sprayed hydroxylapatite coatings

Since hydroxylapatite is the main mineral of teeth and bone, it does not cause any
toxic effects when incorporated into the body. Hence, hydroxylapatite provides
excellent biocompatibility. In several studies it is indicated that HA coatings can
hasten the initial biological response to the implant devices and can form a good
biological base for bone ingrowth and interfacial stability. Bone was found to grow
directly into a HA layer, without an intervening layer /38,39,40,41/. Also, an HA
coating can decrease the release of metal ions from the implant to the body /42/ and

protects metal surface from attack by corrosive body fluid.

Although plasma spraying represents state-of-the-art in implantology, one essential
drawback of plasma spraying of HA should be mentioned: the extreme hot plasma jet

causes partial decomposition of HA. The following effects have been observed:

e The XRD pattern of HA coating is different to that of the starting material. The
intensity of the HA peaks reduces, the line shape broadens, and some
impurity phases like TCP, TTCP, CaO appear additionally /43,44,45/.

e Observing the plasma-sprayed HA coating by infrared spectroscopy (IR), Park
et al. /46/ found that the spectrum has new shoulders at 990, 942 and 550
cm™, and it loses a band at 960 cm™. The latter indicates that the structural
environment around the phosphate ion changes after plasma spraying. The
new band at 942cm™ can be attributed to the asymmetric stretching mode of
the P-O bond of B-TCP.

e With IR the dehydroxylation of HA was noted by the decreased intensity of
the OH stretching vibration band at 3571cm™ and loss of the OH librational
band at 630 cm™. The IR analysis did not show HA, so the peak of HA in XRD
can be ascribed to extremely dehydroxylated oxyapatite, because the
structural water can be lost while still retaining the HA structure /46,47/. The
HA and OHA or OA have only small differences in lattice parameters, which
produces peak overlapping in the X-ray pattern. Hence, the XRD is not
suitable to distinguish between HA and OHA.

e A much more powerful analytical method for this distinction is 'H and 3'P —
Magic Angle Spinning - Nuclear Magnetic Resonance spectroscopy. The 'H

spectra provide information on the position and environment of the hydroxyl
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groups, >'P spectra provide information on the positions of the PO,>". It was
found that the spectra of HA coatings have additional peaks compared with
the original HA powder spectra. Plasma spraying causes significant change of
the HA structure /48,49/.

When the molten HA droplets impact onto the substrate surface, their temperature
reduces to around 1000°C, because usually the substrate has a low temperature and
a high thermal conductivity. Rapid cooling freezes the molten particles under non-
equilibrium conditions and a part of the bioceramic coating re-crystallizes so fast, that
it becomes more or less amorphous. This amorphous phase is characterized by a
band at 952 cm™ in the Raman spectra /50/, appearing as weak shoulder at the low
frequency side of the PO,> band at 962 cm™. By transmission electron microscopy
(TEM), the amorphous phase was also found mostly at the interface of the coating
and substrate. Results of energy dispersive X-ray analyses indicated that the
amorphous phase is composed of calcium, phosphorus and oxygen, with a Ca/P
ratio of about 0.8 /43,51/. The components in plasma sprayed coatings include HA,
OHA, TTCP, TCP, CaO and amorphous phases. The composition and the quality of
coating depend strongly on the spray parameters, the purity and the particle size of
the hydroxylapatite powder /33,52,53,54/.

1.4.3 In-vitro and in-vivo behaviour of hydroxylapatite coatings

Plasma-sprayed HA coating has a composition and crystallinity differing from
stoichiometric HA, that in turn affects its bioconductivity and long-term stability when

it is implanted into the body.

In-vitro and in-vivo experiments are a very important part of implant materials
research. Such tests will supply fundamental knowledge on the interaction between
the implant and the living tissue. Furthermore, they help to optimize the implant
properties and thereafter to increase the osteoconductivity and osteointegration of
the implant. Therefore, in-vitro experiments have been carried out to investigate the
effects of structural changes. In-vitro tests with salt solutions, which simulate the
body conditions, are used to observe the behaviour of implants after certain
incubation time. These experiments can help to understand the behaviour of the

implant, before expensive and protracted in-vivo tests will be conducted.

16



The structure of incubated HA coatings was evaluated by X-ray diffractometry. It was
found that the TTCP phase disappeared and the amount of TCP was reduced /55,

57, 62/. TCP and TTCP can transform in aqueous solutions as follows /6/:
4Ca3(P0,); + 2H,0 — Caqo(PO4)s(OH), + 2Ca** + 2HPO,*
3Cay4 (PO4)20 + 3H,0 — Caig(PO4)s(OH), + 2Ca** + 40H

Also by XRD, the intensity of the HA peak was found to increase, whereas the
amorphous phase slightly decreases. This suggests an increase in crystallinity
/56,57,58/. TTCP, TCP and the amorphous phases dissolve in solution to create
such a level of the calcium and phosphorus ion concentration, that a re-precipitation
or ion exchange reaction will occur and a completely new layer forms on the HA
coating surface. XRD and IR analyses indicated that this new layer is akin to bone-
like apatite. In the new layer, CO5* was obviously incorporated into the apatite lattice,
and the thickness of the new layer increased with immersion time /58,59/. The bone-
like apatite layer pre-formed on the HA coating will assist the bone attachment by
promoting faster bone bonding with living tissue and hence increases the longevity of
the coating on implanting in-vivo /60/. However, the dissolution would also leave a
porous structure in the coating, that weakens the interlamellar layers, and
subsequently decreases the mechanical strength of the coating /61,62/. The
dissolution behaviour of the plasma-spayed coating depends on their phase

composition. The solubility of calcium phosphates decreases in the order /63/:
HA <OHA<TTCP < TCP

The physico-chemical and biological processes determining the transformation of a

bioconductive ceramic surface into bone can be divided in four steps /137/:

e First, the calcium phosphate layer is partially dissolved which enhances the
concentration of Ca®* and PO,” ions at the interface between the coating and
tissue /138,122/.

¢ In the next step, new HA micro-crystals form due to biomimetic mechanisms
/57,92/. This HA consumes biological ions from the surrounding fluid such as
Ca**and PO,>. It also incorporates other ions such as CO3%, Mg?* and Na*

into its lattice.
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¢ Adsorption of non-collagenous proteins onto the HA micro crystals. Such
proteins are e.g. proteoglycane, which are coupled through chrondroitin
sulfate bonds (Fig.7) to the OH" ions of the HA structure, glycoproteins
(sialoproteins), osteonectin and osteocalcin /39,12/. The non-collagenous
proteins form only a small part of the organic bone matrix (appr. 5 %), but they

play an essential role in the mineralization process.

e Adoption of the microcrystals into the collagen matrix of newly formed bone.
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Figure 7: Model of bonding of bone cells onto a Ti-implant. Collagen fibrilles attach to the protein

layer (chondroitin sulfate) which is adsorbed at the oxide layer formed at the implant surface /95/.

The bonding ability of proteins to calcium phosphates has been estimated by the
presence of charged groups on the proteins and on the apatitic surfaces /64/. It has
been suggested that proteins compete with Ca® and PO, ions for the same surface
binding sites /65,66,67/. Thus proteins can cover the surface sites and block the
growth sites of nucleated calcium phosphate /67,68/. It is possible that proteins still
continue to bind Ca?* ions after adsorption, since more than one functional group
may be available in proteins to bind to Ca®* ions. This means that even though
proteins block the natural binding sites on the calcium phosphate surface, the
adsorbed proteins may still provide additional binding sites. Thus, the proteins can
function as sites for calcium phosphate nucleation from solution /65,66,67,69/. They

can be considered defects of the previous calcium phosphate surfaces and help




actively in nucleation and growth of new crystals. Hence, this model can explain the
high integration and fast bone ingrowth into implant with a hydroxylapatite coating.
The intimate association of the inorganic mineral (incl. calcium phosphate) and
organic macromolecules, including proteins is an essential feature of bone. Many
studies have confirmed essential advantages of calcium phosphate coatings on
implant. Such coatings demonstrate osteoconducting properties with bone formation
in direct contact with the coating /70/.

During application of the implant, coating thickness was observed to be reduced, but
a faster fixation of the implant into bone is induced /71/, and no intermediate soft
tissue layer is seen between the bone and the implant surface /41,72/. Histological
investigations showed that CP coated implants appear to induce more bone
formation than non-coated implants /73/. Geesink et al. /74/ found that plasma-
sprayed hydroxylapatite coatings can form a chemical bond with high strength
comparable to cortical bone itself. At the begin of the healing process the
hydroxylapatite coating is better for creating earlier and strong fixation with bone
/72,75/. The in-vivo behaviour of implants is among others influenced by the
crystallinity of the hydroxypatite coating. Coatings with high crystallinity show a
higher shear strength and remained integrated for long term stability, while coatings
with low crystallinity are easily separated from the metallic implant, but the low
crystallinity can helpfully support the initial fixation of bone /76/. A further important
feature of bioconductive ceramic coatings is that the bone has a higher affinity to the
bioconductive ceramic materials than to titanium and polymers. Not only direct
accumulation of bone at the implant surface is known, but also the newly formed
bone penetrates deeply into implant cavities /77/. Consequently, bone contacts much
more to the HA surface than to the surface of titanium substrate as well as to a

porous plasma-sprayed titanium layer /78,79/.

A recent study by Lintner et al. /80/ confirmed the increased formation of new bone
on the surface of implants with an HA coating in comparison to the implant without an
HA coating, where the thickness of the coating decreases continuously by resorption.
Even, when the HA coating has been completely degraded, the new bone contacts
directly to the surface of the titanium alloys. This process leads to further (secondary)

stabilization of the implant.
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Bond coat for hydroxylapatite coatings

The in-vivo stability of implants with a bioconductive coating is of great importance. It

depends on porosity, sufficient resorption resistance, chemical purity, phase

composition, crystallinity, fracture toughness, and adhesive strength of HA coatings.

To optimize these characteristics, many methods have been proposed, such as heat

treatment of the coating before implanting /81,82, 83/, optimization of plasma spray

parameters /54,62,84/, or utilization of a bioinert bond coat between HA and metal
substrate /85,86/.

Applying a bioinert bond coat (BC) between HA and metal substrate has been

chosen to improve the quality of the HA coating, for the following reasons /87/:

The bond coat binds well to both the metal and the HA coating. Hence, the
risk of the formation of a gap between metal and coating that promotes
invasion of acellular connecting tissue and hence implant loosening will be

considerably reduced.

The hydroxylapatite coating itself can absorb ion metals released from
Ti6AI4V and stainless steel implants /42,88,89/. However the plasma-
sprayed HA coating is not stable in-vitro and in-vivo because the coating
contains TCP and TTCP and amorphous phases. Those phases dissolve
easily in solution. The coating thickness will be reduced and the metal ions
can still be released to the surrounding living tissue. The bond coat will
reduce or prevent completely the release of metal ions diffusing from the
substrate to the living tissue, which cause hypersensitivity, toxicity and

carcinogenic reactions /31/,

The BC prevents the direct contact between the metallic substrate and HA
since this could catalyse the thermal decomposition of HA towards tri- or

tetracalcium phosphate or even undesirable CaO,

The BC reduces the heat transfer rate of the substrate, so that the molten
splats have enough time to crystallize and hence to improve in-vivo
performance, e.g. longevity of implants. The heat transfer rate is not only
related to the thermal conductivity, but is also dependent on the porosity of

the bond coat. The surface roughness affects the heat transfer also.
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e The BC alleviates the gradient of the coefficients of thermal expansion
between the substrate and the coating hence minimizing crack generation,

chipping and/or delaminating, as well as,

e The BC decreases the damage initiated by cyclic micro-motions of the

implant during movement of the patient in the initial healing process.

Since the failure of HA coating/Ti alloy - bone specimens under tensile testing usually
occurs at the interface HA coating/Ti alloy, it indicates clearly that the interface
bonding between the HA coating and the Ti alloy is not strong enough. Filiaggi et al.
/83/ found that the surface roughness of the Ti alloy correlates with bonding strength
and fracture toughness. When TiO, and ZrO, were applied as a bond coat, the
adhesion strength of the bond coat systems determined by peel tests increased by
50 to 100% when compared with the HA coating without a bond coat /90/. Other
studies /86/ also observed a higher adhesion strength of the coating in case of a ZrO,
bond coat (36.2+3.02 MPa with the ZrO, bond coat in comparison with 28.6+3.22
MPa without a bond coat). The roughness of the bond coat measured by the authors
in /86/ is higher than that of the substrate after grit blasting. As a consequence,
mechanical interlocking between the HA coating and the bond coat is better than
between the HA coating and the metal substrate. Hence the adhesion strength of the

bond-coat systems increases.

In a recent study /142/, it is thought that the bond coat acts as a thermal barrier
suppressing the fast quenching of superheated spray particles at the cool substrate
surface that results in ‘amorphous’ calcium phosphate (ACP?) and various distorted
and crystallographically ill-defined intermediate thermal decomposition products. The
hydroxyapatite remaining after 4 weeks incubation in R(revised)-SBF is highly
crystalline and ordered thus possessing a high degree of resorption resistance
towards the aggressive action of body fluid in vivo. Consequently, the application of
such bond coats to Ti alloy implants will improve significantly both the adhesive
strength of the ‘duplex’ coating to the implant material and the chemical stability of
the coating. This improvement prevents formation of gaps between implant and

coating that give rise to aceptic loosening of the implant.
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1.5 Brief summary of literature study

Although hydroxylapatite has been plasma-sprayed on Ti6Al4V alloys for implants for
quite a while, some knowledge is still missing in the literature. The following essential

questions should be answered by the present thesis:

e Plasma spraying considerably changes the structure of hydroxylapatite. Such
micro structural changes and the dehydroxylation/ decomposition products will

be characterized more extensively.

e How does the incubation process affect the reconstruction of distorted
hydroxylapatite in-vitro and in vivo? Because of limitation of time and

resources, only in-vitro experiment will be conducted in this thesis.

¢ An explanation of the mechanisms of transformation of distorted
(oxy)hydroxylapatite to well-ordered hydroxylapatite should be given in this

work.

e The advantage of applying a bond coat to the implant system has been
discussed so far only from a mechanical point of view. Beside of the above
questions, the influence of a TiO, bond coat on the structure and behaviour of

the bioconductive coating will be highlighted.

e Finally, the possibility of achieving hydroxylapatite coatings with a high

chemical stability will be shown.

2 Materials and investigation methods
21 Materials
2.1.1 Hydroxylapatite for bioconductive coatings

Hydroxylapatite powders with the following properties were used for plasma spraying
(Fig.8):

Powder 1:
¢ Mn-doped hydroxylapatite (DePuy Bioland, Toulouse, France)
e Particle size: +80-160 pym (information by supplier).

e Mn content: 188 ppm.
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e Mineral phases analysed by XRD: 91.7 + 0.6 % hydroxylapatite , 8.3 +
0.6% B-tricalcium phosphate

Powder 2:
e Hydroxylapatite (Plasma Biotal Limited, North Derbyshire, United Kingdom)
e Particle size: +100-140 ym (information by supplier)
e Mineral phases analysed by XRD: 100% hydroxylapatite

The Mn-doped hydroxylapatite powder (Powder 1) was used to provide a basis to
compare the results previously reported in cathodoluminescence studies by

Hildebrandt /91/ and Gotze et al. /92/. After exhaustion of this powder, the powder 2

was used for further experiments.

Figure 8: HA powders used for coatings in the present thesis: a) powder 1 and b) powder 2. Note:

The pictures have different scale of magnification.

2.1.2 Titanium dioxide as a bond coat

A titania powder (trade name AMDRY ™ 6500; Sulzer Metco GmbH) with a grain
size of 5-22 ym was applied to produce the bond coat. This powder was also used in
other studies /91,85/.

21.3 Titanium alloy Ti-6Al-4V as a substrate

A commercially available Ti6Al4V alloy sheet was used as substrate for coatings.
From this sheet coupons of dimensions 50 x 20 x 2 mm were cut.
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2.2 Preparation of coatings
2.21 Atmospheric plasma spraying

Before coating, the surface of the coupons was blasted by corundum grit (grain size
0.5-1.0 mm) with 4.0 bar compressed air, cleaned with deionized water in an

ultrasonic bath, then dried in air.
Sprayed coupons were prepared with or without a bond coat of TiO,.

All coating experiments were performed by atmospheric plasma spraying (APS)
using a PT M-1000 system equipped with a Sulzer Metco PT MB plasmatron at the
Department of Mineralogy, TU Bergakademie Freiberg. The applied parameters were
optimized in earlier studies by the research group of Prof. Heimann /57,91/ and are
listed in Tab.3:

Table 3: Plasma spray parameters used in this work

Parameters Units TiO2 bond coat HA coating
Plasma power kW 39 32
Hydrogen flow rate l/min 12 6.5
Argon flow rate I/min 40 45
Powder carrier gas (Ar) I/min 3 5
Disk rotation % 8 20
Stirrer rotation % 40 40
Translation speed m/min 20 6
Spray distance mm 100 90

Two sets of coatings were prepared:

Set 1:
¢ A bioconductive coating was sprayed with HA powder 1 (Mn-doped)
e The thickness of the TiO, bond coat was adjusted to 15 pm.

Set 2:
¢ A bioconductive coating was sprayed with HA powder 2

e The thickness of the TiO, layer varied between 0, 15, 30, 40 and 50 pym.
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Actually the bond coat consists of substoichiometric Ti,O2,.1 (Magnéli) phases.
However, for sake of convenience the term “TiO, bond coat” will be retained

throughout this thesis.

In both sets 1 and 2, the plasma-sprayed hydroxylapatite coating was about 150 pym
thick.

2.2.2 Incubation of coatings

A revised protein-free simulated body fluid (r-SBF) was used in the in-vitro
experiment. This solution was prepared in conformance with recommendation in /93/,
because it should enable a high activity in nucleating precipitated HA crystals on the
coatings immersed. Furthermore, a high content of HCO3 ions in this r-SBF could
favour formation of carbonated bone-like apatite /94/. Table 4 shows the composition
of the r-SBF. Before incubating, the samples were carefully washed with methanol
and deionized water to remove dusty and fatty contamination. Coatings were
immersed in the r-SBF, in covered boxes for 1, 2, 4, 8, 12 or 24 weeks at 37 £ 0.5°C.
The quantity of solution was calculated to be 0,3 ml per 1 mm? coating surface. After
different immersion times, the samples were removed from the solution, washed with

deionized water, and dried in dust free air at 105° C for 24 h.

Table 4: lon concentration of the revised simulated body fluid in comparison with

blood plasma /93/

lons Blood plasma r-SBF
(mmol/l) (mmolll)

Na* 142.0 142.0
K* 5.0 5.0
Mg?* 1.5 1.5
Ca®" 2.5 2.5
cr 103 103
HCO3 27 27
HPO,* 1.0 1.0
SO, 0.5 0.5
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The buffer agents HEPES (2-(4-(2-hydroxyethyl)-1-piperazinyl) ethane sulfonic acid
[CsH18N204S]) (11.928 g/l) and NaOH 1M (15 ml /1) (both substances were analytical
grade from Merck Eurolab GmbH, Dresden) served to stabilize the solution for the

entire immersion period.

2.2.3 Thermal post-treatment of coatings

Two powder samples were scratched of the plasma-sprayed HA coatings without and
with a bond coat. These powders were then subjected to thermal post-treatment at
630°C for 24 h in air. Since under these conditions no decomposition of HA and other
calcium phosphates would occur /95,96/, the transformation of amorphous phases
into crystalline phases was expected. During this treatment, TCP may react with
TTCP and water vapour to form HA. The goal of the experiment is to characterize the

influence of post-firing on the structural changes.

23 Description of analytical methods

In this chapter, the analytical methods used in this study will be briefly introduced.

2.3.1 Nuclear magnetic resonance spectroscopy

Nuclear Magnetic Resonance spectroscopy: NMR. The nucleus of all elements
carries a charge and rotates about an axis. It possesses a nuclear or intrinsic angular

momentum P, quantified by /97/:

P=II+1 JL
21

where h is Planck’s constant and I is the angular momentum number, called the
nuclear spin. The spin has usually values from 0to 6 (I1=0, %2, 1, 3/2, ...6), but the

highest spin values can be 1=7 ("®Ho and ""°Lu), 1=9 ("*Ta).

P is associated with u, the magnetic moment, and both P and p are vector quantities.

h
=yP=y/IlI+1) —
=Y Y o
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where v is a proportionality factor and is constant for each nuclide.

When the nucleus is placed in a strong external magnetic field By, some nuclei act as
magnets, aligning either parallel of antiparallel to the external magnetic field. The

magnetic moment will orientate to the z-axis along the direction of the external field at
a certain rate or frequency (Fig.9).

h
PZ= m .
21
where m is the magnetic or directional quantum number, that takes values m =1, I-
1,..., -1. Hence m can have 2I + 1 values and equals the number of possible

orientations of the angular momentum and the magnetic moment in the external
magnetic field.

P,=
P=- =
-
__ Ty m=+
Pz=h¥ N
AY
\
Pz=0 { m=0
\ ) Figure 9: Directional quantization of the angular
Pp=-hy .o 3 / ; . -
) o7 m= momentum P in the magnetic field for nuclei with

[=1/2 and 1 /97/

The energy of a magnetic dipole in an external magnetic field By is

E= -Uz Bo = -my —Bo
2T

Because the nucleus has (21 + 1) possible orientations, the nucleus has also (21 + 1)

energy states. The energy difference between two adjacent levels is:

AE h B
:»Y_ 0
2
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When the nuclei are irradiated with a superimposed field B of the correct quantum
energy, the nuclei will reside between two energy levels. The transitions occurs only

when v is chosen so that (Fig.10):
hV1 = AE
v4 : frequency of electromagnetic wave

E

———

hvi a |e
Figure 10: Energy scheme for a system of

e

nuclei with spin [=1/2. Irradiation with the

frequency v4 such that hvy = AE induces

absorption (a) and emission (e) transitions /97/.

When the transition occurs the nuclei are said to be in resonance, hence the name
Nuclear Magnetic Resonance. From NMR spectra, three parameters are obtained:

chemical shifts, indirect spin-spin coupling, and intensities.

Since solid-state NMR spectra are very broad and weak, the broadness of solid-state
NMR spectra makes it more difficult to interpret signals, which give information on the
molecular structure. Magic-angle spinning in solid-state NMR is one method (MAS-
NMR), invented by Andrew /98/, to deal successfully with the signals of solid state.
MAS-NMR can eliminate the broadening due to the anisotropy of the chemical shift.
In MAS-NMR the sample is rapidly rotated about an axis at an angle of fy= 54.74°
relative to the direction of the external magnetic field By (Fig.11). This angle solves

the equation:
3cos?0-1=0,

and is known in NMR as the magic angle. In the experiment, the sample is packed
into a small ceramic cylinder (rotor), which is spun rapidly around the magic angle

axis in a stream of air about a few thousand revolutions per second.
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By =54.74° ]
w Figure 11: Magic-angle spinning introduces

artificial motion by placing the axis of the

sample rotor at the magic angle (54.74°) /98/.

Cross-polarization (CP) is one of the most important techniques, which is used in
solid state NMR. In this method, the polarization from abundant spins such as 'H and
'*F is transferred to dilute spins such a "*C, N and *'P. The CP will indicate which

nuclei are dipolar coupled to one another /139/

Two-dimensional NMR spectroscopy (2D-NMR) is an important tool for chemical
analysis. All 2D-NMR methods are based on the coupling between nuclear dipoles.
One of the 2D techniques is HETCOR (Heteronuclear Correlation). In the HETCOR
spectrum, the 1D NMR of one kind of nucleus is plotted on one axis, and the 1D-
NMR of another nucleus is presented on the other axis. If a signal of one axis
interacts with a signal of the other axis, then a cross peak is observed at the
intersection of the two axes. The cross peak in the HETCOR spectrum indicates

interaction of the two kinds of nuclei /99/.

NMR is very powerful and widely used in natural sciences, from solid state to liquid,
all branches of chemistry, biochemistry, biology and medicine. NMR is used for

determining the composite content and molecular structure of a sample.

In the present work, the NMR experiments in chapter 3.1-3.9 were conducted with a
BRUCKER AMX 400 and a TECMAG (300 MHz) spectrometer, at the Department of
Optic and Quantum Electronics, University of Jena. The one-dimensional 'H and *'P
spectra were obtained using Magic Angle Spinning (MAS) with rotation rates up to
f(max)= 12.5 kHz, typical /2 pulse length of t, = 2 uys, and repetition rates of 200 s.
The chemical shifts were referred to a solution of phosphoric acid (85%) for *'P and
tetramethylsilane for 'H NMR, respectively. The "H-*'P 2D HETCOR spectra were
acquired using cross polarization (CP) with variable contact magnitude of the *'P

contact pulse (contact time t, = 5 ms).
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2.3.2 Laser Raman microspectroscopy

Laser Raman MicroSpectroscopy: LRS. Raman spectroscopy bases on the principle
of the Raman scattering effect, discovered by the Indian physicist V.C.Raman, that a
small fraction of the radiation scattered by certain molecules is different to that of the
incident beam, when electromagnetic radiation passes through materials. The

Raman scattering principle is shown in Fig.12a.

Raman spectra (Fig.12b) are obtained by inelastic scattering of light at molecules
/100/. A monochromatic laser source in the visible or near infrared range is used to
produce the necessary excitation of molecules. Approximately 10°® parts of the
incident radiation are elastically scattered and form the so-called Rayleigh line with
the same frequency as the exciting radiation (v,). About 10™'° parts are consumed to
excite vibrational and rotational levels of the electronic ground state (N;) of the
molecules. This brings about an energy loss of the incident radiation and induces a
band shift to longer wavelength (v,) than the Rayleigh line (Stokes shift). Anti-Stokes
lines have higher frequencies (v,") than the incident radiation and occur when the
molecules were in an excited level (Ns, e.g., at higher temperatures) before
interaction with the laser source. At room temperature these anti-Stokes lines are
very weak. Hence, only the Stokes part of the spectrum is generally used.
Furthermore, the abscissa of the spectrum is often labelled as simple frequency in
cm ~" rather than as wavelength shift (Raman shift). Raman-scattered light can be
shifted by as much as 4000 cm™ from the incident light /101/.

Raman scattering is a versatile characterization technique for molecular analysis of
bulk samples, surface or near surface species identified by their characteristic
vibration frequencies. Raman spectroscopy can work with solid, liquid or gas
samples, if they can be inserted into the spectrometer. Raman spectroscopy needs
only a small amount of sample and very little sample preparation in comparison with

another analysis methods.

All LR spectra of plasma-sprayed coatings were recorded with a Raman microprobe
model T64000, Jobin Yvon at the Department of Theoretical Physics at the TU
Bergakademie Freiberg. A monochromatic Ar*- laser with a beam diameter of ca. 3

pum, energy of 5 mW and with a wavelength of 514.5 nm were used.
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- l;vﬁ_ Figure 12: Principle of Raman scattering. a)
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v 5 i " shells 0 and 1 of the molecule.

b) Raman spectrum /102/.

2.3.3 X-ray diffraction analysis

X-Ray Diffraction analysis: XRD. X-rays are electromagnetic radiation with a very
short wavelength in the range of 10° nm to 10 nm. A high-energy electron beam
directed onto a cooled metal target in either an X-ray tube or synchrotron usually
produces X-rays. The atomic planes of a crystal cause an incident beam of X-rays to
interfere with one another as they leave the crystal. This phenomenon is called X-ray

diffraction. Diffraction can occur only when Bragg’s law is satisfied /103/:
2*d*sin® = n\
A: wavelength of the X-ray
0: scattering angle
n: integer representing the order of the diffraction peak

The diffraction of X-ray by a crystal is illustrated in Fig.13, where the atom layers

scatter certain portion of the beam.

Because the wavelength of X-rays is comparable to the size of atoms, they are
ideally suited for probing the structural arrangement of atoms and molecules in a
wide range of materials. X-ray diffraction is an efficient analytical technique to
identify, characterize and quantify unknown crystalline materials in a mixture. XRD

can be used to analyse all kind of materials, from fluid, to powder, to perfect crystals.
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Each crystalline material has a characteristic atomic structure; hence it will diffract X-
rays in a unique pattern. To quantify a phase a minimum content of 5% is necessary
in a mixture /104,52/.

Figure 13: Diffraction of X-rays by a
crystal /103/

To analyze the coatings, a Philips PW3020 diffractometer and a URD-6
diffractometer was used. CoK,-radiation with secondary beam graphite
monochromator was applied in the XRD analysis. The program “BGMN Autoquan”
(Department of Mineralogy, TU Bergakademie Freiberg) enables quantifying the
phases occurring in coatings. Rietveld refinement was carried out using structural
data of different calcium phosphate phases given in the Inorganic Crystal Structure
Database (ICSD).

The content of the amorphous phase was determined by mixing 80 % HA coating
with 20 % SRM 676 (alumina internal standard), whereas the crystallographically
disordered material fraction was determined from the discrepancy between the ratio
of the crystalline phases of the coating to alumina determined from Rietveld

refinements.

2.3.4 Thermal analysis - Thermogravimetry

ThermoGravimetrie (TG) is a technique by which the mass of a sample is monitored
as a function of temperature or time, while the sample is subjected to a temperature
control program. By this method one can determine sample purity, water, carbonate
and organic content, or study the thermal reactions of sample at different

temperatures.
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Differential Thermal Analysis (DTA) is a method to measure the difference of
temperature between a sample and an inert reference material, when both are
subjected to a controlled temperature programme. DTA can therefore be used to

study thermal properties and phase change /105/.

For measuring TG, an apparatus TGA 92-16.16 from SETARAM-France was used.
The samples were heated from 25°C to 1400°C in air, with a heating rate of 10 K/min.

2.3.5 Scanning electron microscopy, energy dispersive X-ray analysis

The Scanning Electron Microscopy (SEM) is most widely used for surface mapping
techniques. SEM uses an electron beam generated in the electron gun, which is
located at the top of a column. Two electron beams are used. One beam strikes the
surface of the specimen to be examined, another strikes a cathode ray tube (CRT)
viewed by the operator. When the incident beam impacts on the specimen, it
generates many low energy secondary electrons that are converted into photons by a
CRT. The secondary electrons are collected, detected and amplified, so that a big
collected signal produces a bright spot on the CRT, a small signal produces a
dimmer spot. The two beams are scanned synchronously, so that every point on the
specimen will have a corresponding point on the CRT (Fig.14). The whole surface

will be scanned corresponding to a grid /106/.

Incident beam

Scan
generator Scan deflectors

Scan deflectors

|
! Detector ™y
| 9,
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SPECIMEN = CRT DISPLAY

Figure 14: Schematic diagram showing the basic principles of the scanning electron microscope
1106/
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The SEM has large depth of field, which allows a large amount of the sample to be

focused at a time. The SEM is useful for studying surface morphology.

The elemental make-up of the portion of the specimen illuminated by the beam may
be determined via an X-ray energy dispersive spectrometer (Energy Dispersive X-ray
analyser - EDX) attached to the SEM. When an incident beam passes through the
sample, it is creating secondary electrons. It leaves the sample atoms with holes in
the electron shells, where the secondary electrons used to be. Other electrons
quickly neutralize those holes. In the neutralization process, an X-ray with an energy
characteristic of the parent atom is emitted. By collecting and analyzing the energy of

these X-rays, the elements of the sample can be determined.

The microstructure of the surface and the cross section of coatings were studied by a
scanning electron microscope JEOL 6400. This SEM is equipped with an energy
dispersive spectrometer (EDS, NORAN). The acceleration voltage was adjusted to

20 kV for all EDX experiments, with a take-off angle of 40°.

2.3.6 Cathodoluminescence

The CathodoLuminescence (CL) process is based on the generation of visible
radiation excited when an external electron beam is radiated through a solid sample.
The energy of the beam ranges from 5-25 kV, the depth of penetration is 1-3 um. The
wavelength of the CL emission corresponds to visible light from ultraviolet (UV) to the
infrared (IR) when the beam returns to low energy (Fig.15). The colour and intensity
of CL result from a variety of defects and impurities in the crystal structure of a
mineral /107,108/.

primary electron beam

cathodoluminescence

backscattered electrons

secondary electrons

Auger electrons

| sample
inelastica;yﬂww o i B
scattered X . .. .
olectrons == specimen Figure 15: Schematic illustration of the
oelastically
Sored  unscaftered interactions of an electron beam with a solid
electrons
surface /108/
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The cathodoluminescence can be used in mineralogical and petrological
investigations of crystallographic and typomorphic properties of minerals (real
structure, zonation, etc.), for identifying the minerals and mineral distribution, the
reconstruction of mineral- and rock-forming processes. Furthermore, CL can provide

information about phase distribution and phase transformation of technical products.

The CL analysis was conducted on thin sections (appr. 30 ym thick), which were
prepared from cross section of the coating and coated with carbon to avoid
electrostatic charging. A hot cathode CL microscope of type HC1-LM was used. The
acceleration voltage and the electric current were 14 kV and 10 pA/mm?,
respectively. A digital video camera (KAPPA 961-1138 CF 20 DXC) recorded the CL

microphotos.

3 Results and discussion

Before results of experiments will be presented, two types of amorphous calcium

phosphate (am-CP) should be distinguished:

e One type originates from rapidly quenched HA particles in the plasma-spray
process (am-CP/l). The chemical composition of this am-CP/I may correspond
to OHA, TCP, TTCP, CaO, defect HA and/or stoichiometric nano-scaled HA.

e The other type forms on contact with an aqueous solution (am-CP/Il) during
either in-vitro incubation in simulated body fluid or in-vivo reaction with protein-

containing body fluid.

Oxyapatite still contains a small amount of OH (chapter 1.3). Therefore, no distinction
between oxyapatite and oxyhydroxylapatite will be made. Both mineral phases are

collectively called oxyhydroxylapatite during the following discussion.

Two types of oxyhydroxylapatite with different amounts of vacancies were prepared
by heating a stoichiometric hydroxylapatite powder at 900°C, or 1000°C for 24 hin a
dry nitrogen atmosphere. A heating rate of 10 K/min was chosen. Before the powder
was put in the furnace, 20 I/h of nitrogen were led through the furnace for 1 h. A

nitrogen stream of 10 I/h was applied during the entire treatment process. The
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oxyhydroxylapatites obtained were denoted HAP900 and HAP1000, respectively.
These materials serve as references for some investigations by LRS, XRD and TG.

31 Structural analysis of as-sprayed and incubated coatings by NMR

spectroscopy

It is well known that plasma spraying induces changes in the structure of
hydroxylapatite. The characterization of such changes is difficult due to the formation
of amorphous and distorted crystalline phases in the coatings. The frequently
discussed oxyhydroxylapatite cannot be distinguished from stoichiometric
hydroxylapatite by X-ray diffraction. However, solid-state NMR spectroscopy allows
analysing the short and intermediate range structure of inhomogeneous
bioconductive coatings. A two-dimensional 'H->"P-NMR plot will give much
information on the relationship between 'H and *'P of calcium phosphates in the

coatings.

Figure 16 shows the 'H and *'P MAS NMR spectra of crystalline stoichiometric
hydroxylapatite used as standard reference material. NMR spectra of as-sprayed
coatings and of coatings immersed in r-SFB for different times are presented in
Fig.17, 18.
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Chemical shift (ppm) spectra of crystalline hydroxylapatite
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The NMR spectra of stoichiometric hydroxylapatite are characterized by only a single
band position at -0.09 ppm for 'H and at 2.3 ppm for *'P, respectively. However,
several additional band positions can be seen in analogous spectra of plasma-
sprayed HA coatings. These band positions mark significant changes in the structure
of HA caused by the high heat input during plasma- spraying, and still remain in HA
coatings incubated in r-SBF at 37°C for up to 24 weeks (Fig.18). Hartmann et al.
/18,48/ elaborately investigated thermally treated hydroxylapatite by NMR to simulate
plasma-spraying conditions. Heat treatment results in the occurrence of four bands
(A-D) in the *'P spectra. The authors suggested from the double quantum "H
correlation spectrum that all NMR bands may belong to only one dehydroxylated
oxyhydroxylapatite single phase. Furthermore, in /18,48/ the relative intensity ratio of
the bands C and D is nearly 2:1 at all temperatures, suggesting again only one type
of phosphorus short-range structure. However, the idea of this work group that heat-
treated samples are analogous to plasma-sprayed material, cannot be confirmed in
the present work. The plasma-sprayed HA coatings shown in the present thesis
clearly prove that different types of phosphorus-short range structures exist since the
ratio of bands C and D in the *'"P NMR spectra varies much. The discrepancy
between the thermal treatment and the plasma spraying is well understood
considering that the heat treatment generates equilibrium of thermal decomposition
of HA, because the sample was prepared by relatively slow heating and cooling, and
therefore, it may have a more ordered distribution of cations and vacancies in the
central channel of the unit cell compared to plasma-sprayed coatings. However, non-
equilibrium always exists during the plasma spray process, where rapid quenching of
molten particles freezes several intermediate structural states of decomposition
products. It should also be mentioned that shock waves associated with impacting
molten particles onto the substrate surface lead to extremely high compressive stress
within the coating material /35,109/, thus intensifying the deformation and damage of
the HA crystal structure.

In the coating samples immersed for up to 12 weeks, the PO, group of tetracalcium
phosphate and R-tricalcium phosphate may contribute to the C and D bands (see
also XRD results of the coatings). Moreover, poorly crystalline hydroxylapatite

possesses a band at 3 ppm (corresponding to band C) in the NMR spectra too /110/.
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Figure 17: '"H MAS NMR spectra of as-sprayed coatings and of coatings immersed in r-SFB for
different times; L at -0.1+0.1 ppm, M at 5.2+0.2 ppm, L at -1.3+0.3 ppm. Left panel: hydroxylapatite

without a bond coat. Right panel: hydroxylapatite with a titania bond coat

Being incubated in r-SBF for a long time (24 weeks), the HA coatings without and
with a bond coat still reveal the four characteristic band positions A, B, C and D (Fig.
18). This means that a certain quantity of distorted hydroxylapatite remains in the
coatings even after long-term exposure to r-SBF. This finding can be explained by
the fact that well-crystallized hydroxylapatite and distorted hydroxylapatite are very
closely mixed in the dense plasma-sprayed coatings. The dense structure of the
bioconductive coatings is visible in SEM images (see chapter 3.5). Consequently,
owing to the dense microstructure well-crystallized HA will substantially reduce the
resorption of distorted HA (including oxyhydroxylapatite), although it was reported
that decomposition products of HA (such as TCP, TTCP and dehydroxylated HA)

should immediately react with water vapour to form crystalline phases with
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hydroxylapatite structure /111/. How can this discrepancy be explained? It must be
noted that Weng et al. /111/ performed the experiment at 125°C, so that the diffusion
activity of OH™ ions through the rather dense bioconductive coatings may be strongly
enhanced. Since they determined phases by XRD, a clear distinction between

oxyhydroxylapatite and hydroxylapatite was entirely missing.

without BC with BC
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Figure 18: *'P MAS NMR spectra of as-sprayed coatings and of coatings immersed in r-SFB for

different times; A at 2.3+0.1 ppm, B at 1.5+0.2 ppm, C at 3.0+0.2 ppm, D at 5.6+0.2 ppm
Left panel: hydroxylapatite without a bond coat. Right panel: hydroxylapatite with a titania bond coat
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Hence the stability improvement of oxyhydroxylapatite found above can be

considered a notable feature of the plasma spraying of bioceramics.

In the "H NMR spectra (Fig.17), the band L represents the well-known proton band
position of the crystalline stoichiometric hydroxylapatite, while the isotropic shift band
L" could be attributed to protons in distorted HA short-range structures. The band M
relates to OH" positions missing only one neighbouring OH"ion and indicates the
existence of isolated pairs of strongly coupled protons in the channel structure. The
signal N at 7.5 ppm found by Hartmann et.al. /18/ and attributed to isolated OH"
group in the channel of sintered HA is not found in the coatings examined here. Its

absence obviously depends on the applied plasma spray parameters.

Typical 2D-"H-*'P HETCOR spectra of coatings without and with a TiO, bond coat
are shown in Fig.19. The peak A-L unambiguously belongs to an undisturbed
stoichiometric hydroxylapatite short-range ordered structure. The broad band L
correlates to the phosphorous position A too, but the intensity of that correlation peak
is very low. The Lorentzian deconvolution of the peak A-L shown in Fig.20 highlights
the triple nature of this peak (C-L; A-L and B-L). This fact suggests that the band B is
associated with large distorted domains, but undistorted OH". This assignment of B is
contrary to the study of Hartmann et al. /18,48/, who proposed distorted PO4*
tetrahedra at this band position located in an environment with nearby OH".
According to /18/ and to own analyses the PO4> environment of the coatings in the
present work shows several non-equivalent positions that can be assigned to a

variety of states:
e AC'P) +L("H) -> ideal hydroxylapatite (stoichiometric)
e AC'"P)+L*("H) -> undistorted PO4>, but perturbed OH"
e B('P) + L('H) -> distorted PO,%, but undistorted OH"
e B('P)+M('H) -> distorted PO,> with isolated paired OH"
e C('P) + L("H) -> strongly distorted PO4*, but undistorted OH"
e C(*'"P) + M(*H) -> strongly distorted PO, with paired OH"

e D(®*'P) -> very strongly distorted PO,4* with no nearby OH"
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As shown in the HETCOR spectra (Fig.19), the peaks B-M and C-M gradually
disappear with increasing incubation time. The environment around OH" ions
obviously tends to a proton-balanced state, where vacancies along the OH" channels
are partially or entirely filled. This process is enabled by diffusion of OH" ions from the
simulated body fluid into the coating. Definitively, the progress of such structural
changes develops more rapidly in coatings with a bond coat than in one without a
bond coat. Hence, due to its low heat transfer coefficient the TiO, bond coat plays an
important role in decreasing the heat loss of molten particles during the deposition
process, which essentially facilitates the reconstruction of oxyhydroxylapatite towards

stoichiometric hydroxylapatite.

The analysis of the cross section of the HETCOR spectrum at the proton frequency
of the band L by fitting to a Lorentzian function underscores the triplet nature of the
peak in the *'P dimension (Fig.20). The state “undistorted PO,>, but perturbed OH™
is responsible for both shoulder peaks in the cross section. This finding coincides
well with the result of "H NMR that a certain amount of distorted hydroxylapatite was
not removed from the coating even when incubated for very long time up to 24

weeks.

Aue et al. /110/ reported that the introduction of COs* groups has a pronounced
effect on the *'P MAS NMR line widths of calcium phosphates. In accordance with
this, the line width should be approximately 5 ppm. Figure 21 shows the line full
widths at the half maximum height (FWHM) at the positions A-D. Concerning the
relatively small values (< 1.63 ppm) in the plasma-sprayed coatings in this work, only
a small amount of carbonatohydroxylapatite was formed during the in-vitro test.
Furthermore, the relative amount of the newly formed hydroxylapatite layer is small in
comparison to that of the bulk coating. Because of that clear broadening of the peak
is not expected. House /112/ found that CO, may affect the precipitation of HA by
blocking phosphate nucleation sites.
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Coating without a bond coat

Coating with a TiO, bond coat
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Figure 19: Typical 2D-"H-*'P HETCOR spectra of coatings without and with a TiO, bond coat

immersed for a) 0 week; b) for 1 week and c) for 12 weeks
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coating immersed for 12 weeks
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Figure 20: Fitted cross section of the 2D-"H->'"P HETCOR spectrum at the proton frequency of band

L of samples immersed in r-SBF for 12 weeks and 24 weeks, respectively.
(The HETCOR spectrum of the sample incubated for 24 weeks was unfortunately lost, when the NMR

group at the Department of Optics and Quantum Electronics at the Jena University was dissolved).

Figure 22 renders the relative integral intensity of the four band positions A, B, C and
D of the plasma-sprayed coatings immersed in r-SBF for different periods. The
intensity changes of the band position shown no systematic correlation with the
immersion time. A reason for this may be the interaction between dissolution of the
coating and precipitation of the new hydroxylapatite layer, whose kinetics is unknown
until now. It must also be noted that all incubation experiments were conducted in

closed boxes without matter exchange with the outside.
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Figure 21: The full widths at half maximum height (FWHM) at the band positions A-D of coatings

without and with a bond coat as a function of the incubation time.

Summarizing the NMR results, one can say that plasma spraying causes clear
changes in short- and long- range structure of hydroxylapatite materials. It evokes
different local environments of OH™ and PO,* groups. The existence of these
environments is strongly influenced by the set of plasma spray parameters. Rapid
quenching of molten HA/ OHA particles and shock waves associated with large
compressive stress complicate the structural distortion of bioceramic coatings. A
long-term in-vitro test up to 24 weeks still shows states with distorted PO,*/
undistorted OH", as confirmed by NMR spectroscopy. The distorted states gradually
rearrange with increasing immersion time. The 2D "H->"P HETCOR spectra support

the assumption of a rearrangement of the phases in the HA coatings without and with

a TiO, bond coat.
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Figure 22: Influence of the incubation time on the relative integral intensity of the four band

positions A, B, C and D of the plasma sprayed coatings with (left) and without a bond coat (right)

3.2 Characterization of coating surfaces by Raman spectroscopy

Laser Raman spectra of the coatings were recorded. Because of low lateral
resolution of the LRS, the results obtained from the incubated bulk coatings pertain
exclusively to the information about newly formed calcium phosphates. These

calcium phosphates consist of nearly 100% am-CP/Il (for a definition see p.35).

The vibrational normal modes of the PO,>-tetrahedron are well known and
characterized by four different frequencies: vi, v2, vsand v4 (Fig.23). v¢ at 940 cm™
corresponds to the symmetric stretching mode of the P-O bonds. The v3 frequency
arises at 1020 cm™ from the triply degenerate mode involving asymmetric P-O
stretching and also P motion. The v frequency at 420 cm™ belongs to the doubly

degenerate O-P-O bending modes, and the v, at 560 cm™ is due to the triply
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degenerate modes of mainly O-P-O bending character. The values of the normal-
mode frequencies of PO,> -tetrahedra were obtained from LRS measurement on
phosphate ions in an aqueous solution /113/. In molecular crystals, such as HA, the
crystal field induces distortions of the PO,* - tetrahedra, which give rise to shifts and

splitting of the PO, -normal modes.

Figures 23 and 24 represent the Raman spectra of stoichiometric HA powder and of
the surfaces of the prepared coatings (as-sprayed coatings and incubated coatings),

respectively.
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Figure 23: Laser Raman spectrum of stoichiometric HA.
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Figure 24: Raman spectra of the as-sprayed HA coatings (Ow) without or with a bond coat (BC),

and coatings incubated for up to 24 weeks.

It can be said that prolonging the immersion time leads to strong broadening of

individual peaks of the bands v, vzand v4 (Fig. 24). Hence the LRS spectra are
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typical of very fine hydroxylapatite crystals newly formed on the coating surfaces.
These small precipitates have been confirmed during the microstructural

investigations (s. chapter 3.5).

The Raman spectra of the samples were analysed using a suitable mathematical
model for fitting particular peaks. This analysis approach permits to detect hidden
(superimposed) shoulder peaks and should supply further information on the coating
structure. A Lorentzian-Gaussian deconvolution function was applied to fit the peak
of band v; (962 cm™), because this model delivers the best result in term of the

standard deviation /116/. An example of the fitting analysis is shown in Fig.25.
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Figure 25: An example for fitting the peak of the band v4(PQO,) with a Lorentzian-Gaussian function.

In all samples (as-sprayed coatings with or without a bond coat, as well as incubated
coatings), three typical deconvolution peaks of the band v, located at 949, 962 and

971 cm™ were found. Previous investigations by other authors (for example /50/ )
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ascribed a peak at 952 cm™ (that to the standard deviation of the measurement also
corresponds to 949 cm'1) to an amorphous phase which always exists in plasma-
sprayed hydroxylapatite coatings. In the present work, the peak at 949 cm™ was also
found in the spectra of the coating surface and of the thermally treated HA powders
HAP900 and HAP1000 (see chapter 3). According to the XRD results, HAP900 and
HAP1000 contain exclusively the crystalline phases hydroxylapatite/
oxyhydroxylapatite. 